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1. Introduction

1.1 Importance of cross section data for practical applications

Cross section data for charged particle induced nuclear reactions, especially proton induced
ones, are required in a number of practical applications (medical radioisotope production,
nuclear wear measurement, radiobiology etc.). The excitation functions which represent
variations of cross sections for particular reactions with incident energy, can be used in the
field of radioisotope production to

a) determine the particle energies and optimal energy ranges required for a particular

reaction type.

b) calculate the radioisotope production yield which can be expected for a particular

reaction and a given target matrix.

¢) calculate, especially for medical radioisotope production, the production yields for

radionuclidic impurities, which help to determine the need for isotopically enriched

target materials.
In spite of the increasing need for well measured cross sections and the sometimes rich
experimental information the status of the cross section data was not satisfactory at the end of
the last decade. The reported cross sections from different groups often showed unacceptable
deviations both in the values of the cross sections and in their energy scale. Unfortunately,
these problems existed even in the case of those reactions which were used for production of
the most frequently employed medical radioisotopes. Additionally, for some reactions
important for other than radioisotope production (i.e. nuclear wear measurement, monitor
reactions etc.) the cross section data were measured with relative high errors or they were
missing in some energy regions of interest.
From practical point of view the ‘accurate’ knowledge of the amount of the product nuclei in
a given target material is ‘vital’ for the majority of practical applications. However, for any
(medical) radioisotope the optimum conditions for production will depend on many factors. A
large quantity of data would be required to determine production yields and contaminants of
all competing reactions. Only if these data are available can a ‘proper’ assessment be made of
the advantages and limitations of the various production methods. The situation is even more
complex if indirect production regimes are assumed to take advantage of half-life
discrimination of contaminants in the decay of the activation products.
Quite often only production yield data are available in the literature. While such data are
important for production purposes, a better understanding of the relationship between the
various factors contributing to product and contaminant yield(s) is obtained from excitation
function data. In particular, it is easier to assess the consequences of a variation in irradiation
conditions, which for various reasons might be difficult to be made identical at different
accelerators.
Indeed, excitation functions are just the beginning. There remain many more factors that are
important in production of the required radionuclide. These include suitable chosen ‘targetry’
(i.e. target composition and material, target construction and transfer of dissipated heat) and
radiochemical procedures (i.e. remote target handling, chemical processing, radiochemical
and radiopharmaceutical quality assurance etc.)
There is an additional but not really practical application of well measured cross section
values. A number of nuclear model codes have been developed first to gain theoretical
understanding of nuclear reaction processes involved. Later these codes have also been
employed by several authors to calculate excitation functions for charged particle induced
reactions of medical interest. However, the accuracy with which excitation functions can be



reproduced using these codes depends on several factors. The measure for the accuracy of
calculated excitation function is the experimental data. Since recently several evaluated
experimental cross section data bases are available for different charged particle induced
reactions, there is a possibility to improve the predicting capabilities of the different codes.

It is not suggested, however, that one should rely on calculated excitation functions, but in the
planning of new production or analytical methods, the calculated activation cross section data
could be ‘helpful’ if the experimental data are missing or not satisfactory (Nowotny and Uhl,
1987).

Due to the increased need recently arisen for well measured charged particle cross section
data several nuclear data centers all around the world have started the collection and
evaluation of these data. Additionally, several laboratories are also involved in measurements
(and sometimes in re-measurement) of charged particle reactions relevant for practical
purposes. The Nuclear Data Section of the International Atomic Energy Agency, Vienna,
Austria has been coordinating these efforts since many years and makes available the
collected data through the EXFOR data base of the Agency (cf Schwerer and Lemmel, 1996).
Our laboratory in Debrecen, Hungary is also participating both at the experimental and the
evaluation works. We perform cross section (re)measurements for: a) reactions used for
monitoring p, d, *He and alpha particle beams, b) reactions used for medical radioisotope
production (cf Oblozinsky, 1997).

1.2 Production of radioisotopes with cyclotron

In those cases when radioisotopes can be produced for practical purposes only by charged
particle induced nuclear reactions, the cyclotrons are the most commonly used accelerators.
(Especially for routine or commercial production and for some type of nuclear wear
measurement.) It is also important to note that due to their available energy ranges and the
easy access to cyclotron beams (i.e. several nuclear research centers have cyclotron(s)), the
majority of the cross section measurements were (and are) also done with the help of these
accelerators.

Cyclotrons are technically less complicated than other accelerators and the particle beam
currents obtainable are high. On the other hand, they are also cost efficient. The majority of
the cyclotrons involved in radionuclide business and industrial applications are ‘proton only’
accelerators. Cyclotrons used for radionuclide production are usually classified in for levels, I-
IV, (using the classification of Wolf and Jones (1983)) depending on their maximum proton
beam energy. (They are also called low, medium or high energy machines.) The big level III
(Epmax=45 MeV) and 1V (Ep max=200 MeV) cyclotrons can be found in larger research centers
or industrial laboratories. However, for the production of the most frequently used PET
isotopes only, level I (E; max=10 MeV) and 11 (E; max=20 MeV) cyclotrons are suitable. Level I
cyclotrons, having a rather low beam energy often require the use of isotopically enriched
target materials in order to produce sufficient amounts of the desired radionuclides. When
using level II cyclotrons enriched target materials are often used as well, mostly in order to
avoid unwanted side reactions, resulting in radionuclidic contamination of the product.



2. Background of the work

2.1 Motivations, background of the work

The multiparticle MGC-20E cyclotron of the Institute of Nuclear Research of the Hungarian
Academy of Sciences (ATOMKI), Debrecen, Hungary was put into operation in 1985. Since
it is the only cyclotron in Hungary, one of its duties was and still is to provide radioisotopes
for Hungarian medical centers having nuclear medicine department. According to the needs of
the nuclear medicine community we had to elaborate the routine production of some
frequently used SPECT (Single Photon Emission Computer Tomography) radioisotopes
(*’Ga, """In and '*I) at the beginning. Some years later when a PET center (Positron Emission
Tomography) was established on the premises of our Institute, the production of some PET
radioisotopes and chemical compounds labeled with these radionuclides become more
important (“C, 13N, 15O, 18F, 61Cu, %4Cu etc.).
One of my duties at the Cyclotron Department of ATOMKI during the last decade was to
investigate the production possibility of ®**Cu ®**7**Ga, and '"'In radioisotopes. This work
included not only the design and development of beam-lines used for routine radionuclide
production, but the elaboration of production routes of the different radionuclides as well. I
also took part in the routine production work of the above isotopes. Some results of these
works were already published in my thesis for the university doctor’s degree (Szelecsényi
1988).
When we started our work in the field of routine radioisotope production we decided to
analyze the literature results concerning radionuclide production to gain knowledge for
production optimization. Taking into account the available maximum charged particle
energies of the MGC-20E cyclotron (this is a level II accelerator; c¢f Mahunka et al. 1988) we
could select only (p,n) and (p,2n) reactions on highly enriched (>90%) target materials for
practical production purposes.
Surveying the information on excitation functions and yields for the possible reactions, we
found several measurements. However, we could conclude that in some cases:

a) the published cross sections were associated with relative high errors and/or the

excitation functions were measured in less detailed for production purposes.

b) the reported cross sections from different groups often showed unacceptable

deviations both in the values of the cross sections and in their energy scales.

¢) cross section data for the reactions resulting contaminant radionuclides not only had

the above problems but they were also missing in some energy regions.

d) the reported calculated and/or measured integral thick target yields showed

significant differences.
Due to the above problems we could not employ the published results on cross sections and
yields for our purposes. In order to have reliable nuclear data for our radioisotope production
program we decided to evaluate the available data bases and to conduct some new detailed
measurements if it was necessary. We also noticed during our search for cross section data
that there were also problems with these cross sections and/or thick target yield values at
higher energies. Since the available maximum proton energy of the majority of the cyclotrons
used for routine or commercial radioisotope production are usually below 30 MeV, we also
planned to extend our investigations up this energy. We thought that this way the results of
our investigations will be useful not only for our radioisotope program, but other laboratories
also could use these evaluations and the new data for improving their efforts in the field of
routine production.



It is well known that the material of the target backing is very important in radioisotope
production from the point of view of the chemistry used. Usually, electroplating methods have
been developed for the routine targets. Due to the chemistry used in our laboratory the
enriched targets (both for production and cross section measurements) were electroplated onto
nickel and gold. (In the case of cross section measurements the backings were thin Au and Ni
metal foils.) According to our experiences proton bombardment of Au and Ni produces
several well measurable nuclear processes. Since monitor reactions were planned to use in all
of our cross section measurements we also decided to study the possibility of using of some of
the reactions induced in these target backings for monitor purposes. (The use of a monitor
reaction makes possible to measure the bombarding beam flux in those cases when the use a
Faraday-cup is difficult or even not possible.) We also wanted to investigate these possibilities
because the number of the well measured proton monitor reactions below 30 MeV were also
limited at the beginning of our investigations (cf Schwerer and Okamoto, 1989). Additionally,
to increase the number of the available monitor reactions we decided to measure the " Ti+p
reactions, too.

2.2 The aim of the study

In the light of the above mentioned problems and duties the aim of this study could be
summarized as follows:
A) Cross section measurements on highly enriched Zn, Ni and Cd for investigating the
proton production routes of the medically important 61Cu,64Cu, 66Ga, Ga 68Ga, and,
""In radionuclides up to 30 MeV.
B) Cross section measurements on enriched Zn, Ni and Cd for investigating the proton
production routes for reactions resulting contaminant radionuclides.
C) Investigation and optimization the routine production way of the °**”**Ga and '''In
with small and medium sized (up to 30 MeV) cyclotrons.
D) Investigation of "™ Ti+p, " Ni+p, and "“Au+p processes from the point of view of
their potential use for monitoring proton beam performance.
E) Compilation and evaluation of the available cross sections of the above reactions to
resolve the discrepancies found among the literature values. Creating ‘recommended’
cross sections and/or thick target yield data bases of Zn+p, Cd+p and Au+p processes
for practical applications up to 30 MeV. Perform model calculations in the case of
some Ni+p and Zn+p reactions to check the prediction capability of some computer
codes.
Below 18 MeV the irradiations were planned to do in Debrecen, Hungary but for the
measurements with higher energies (for the (p,2n), (p,pn) and (p,3n) processes) we had to find
medium sized cyclotrons of other laboratories. The list of the collaborating partners and the
types of their accelerators can be seen in Table 4.3.1. The reactions which were selected on
the basis of the above list are collected in Table 2.1 together with the investigated energy
regions and the potential use of the reactions or the reaction product(s). These reactions are
ordered by increasing atomic number of the product nuclei.

Table 2.1. List of the investigated nuclear reactions

Target Reaction Energy | Product Importance of the investigated
(MeV) nuclei reaction or the product nuclei
Ti+p reactions
"ty "Ti(p,x) E,< 30 #Sc side reaction
AT "Ti(p,x) E,<I8 #Sc side reaction




AT "Ti(p,x) E,<18 *Sc side reaction
"Ti "Ti(p,x) E <18 By possible monitor reaction
Ni+p reactions
"IN "Ni(p,x) E,<30 >Co PET radioisotope used mainly in
labeling bleomycin and cerebral flow
studies (cf Reiner et al., 1997), possible
monitor reaction
PN "Ni(p,x) E, <30 **Co possible monitor reaction
"Ni "Ni(p,x) E,<30 >'Co possible monitor reaction
*INi(89%) INi(p,cr) E,<18. *Co side reaction
7
“Ni(95%) | “Ni(p,oa) | E<18. | °'Co side reaction
7
"Ni "Ni(p,x) E,<44 >'Ni possible monitor reaction
*INi(89%) *INi(p,n) E,<18. ®ICy PET radioisotope, especially in chelate
7 form it is used for blood flow studies in
heart and brain (¢f Green ef al., 1990)
*Ni(95%) *Ni(p,n) E,<18. %Cu PET radioisotope, (see its application at
7 ol Cy)
Zn+p reactions
%07n(99%) 66Zn(p,2n)65G E,<26. ®Zn side reaction, also a candidate for use in
a+t 5 nuclear wear measurements
%7n(p,pn)*Z
n
%67n(99%) %67n(p,n) E,<26. Ga PET radioisotope used for studying
77n(92%) | Zn(p,2n) 5 some slow dynamic processes such as
%7n(99%) | **Zn(p,3n) E,<26. lymphatic transport (cf Goethals et al.,
5 1988); also a candidate for use in
E,<26. nuclear wear measurements
5
77n(92%) "Zn(p,n) E,<26. *Ga SPECT radioisotope, used for detecting
%7n(99%) | **Zn(p,2n) 5 the presence of malignancy and for
E,<26. diagnosis of inflammatory diseases (cf
5 Noujaim, 1981); also a candidate for
use in nuclear wear measurements
'71n(98%) 68Zn(p,?:n) E,<26. **Ga PET radioisotope, used for blood-brain
5 barrier investigation (cf Qaim, 1987)
Cd+p reactions
Mcd96% | "'cd(p,3n) E <30 "In side reaction
MCd(96% | 'Cd 170 - -
0 (p,2n) E,<30 In side reaction
)'Cd(98 | PCd(p3n) | E,<30
%)
Mcd96% | "'Cd(p,n) E,<30 M SPECT radioisotope, used mainly for
)12Cd(98 112Cd(p,2n) E,<30 labeling of cellular blood components
%) and monoclonal antibodies (c¢f Kirchner

etal., 1983)

Au+p reactions




YT Au 7 Au(p,pn) E <18 oAy possible monitor reaction

YT Au 7 Au(p,n) E,<18 P"Hg possible monitor reaction

It took us more than eight years till we could perform the experimental works (in
collaboration with several research groups from different countries), the data evaluations and
the publication of the results for the reactions listed in Table 2.1. The necessity of studying
some of the above reactions was already proposed in my thesis for the university doctor’s
degree (Szelecsényi 1988). From this point of view this study is a continuation of that work.

2.3 List of the original publications

This work was based on the following papers, which are referred to in the text of this thesis by
their bold Roman numerals. The photocopies of these publications can be found at the end of
the thesis in the Appendix.
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3. Basic equations, model codes

3.1 Mechanism of the nuclear reaction

In the case of the majority of irradiations for routine radioisotope production, the bombarding
particle beam energies are usually less than 50 MeV. Up to this energy there are three
important models which can be used to describe those interactions of energetic particles with
the target nucleus where a new nucleus is formed.

a) Compound nucleus reaction: This reaction can be treated as a two-step process. In the first
step the incident particle which stays in the nucleus for a relative long time (107" s) delivers
its energy to many nucleons in the target nucleus, and this energy is rapidly distributed
throughout the nucleus. The incident particle itself becomes indistinguishable from other
nucleons in the compound nucleus, and we can say that the compound nucleus ‘forgets’ the
way in which it was formed. Due to this forgetfulness of the compound nucleus, the second
step is independent and unrelated to the first step. The excitation energy of the compound
nucleus is equal to the kinetic energy introduced by the incident particle plus its binding
energy. This energy is statistically distributed among the nucleons, and each nucleon is
rapidly colliding with the others and changing its energy. It may happen that by chance
enough energy is concentrated on one nucleon, that they can leave the nucleus, and a
particle(s) emission takes place.

b) Precompound reaction: With increasing projectile energy (above 10 MeV) sometimes a
particle emission can occur even before the whole energy could distribute evenly among the
nucleons of the compound nucleus.

¢) Direct reaction: This process becomes probable when the projectile spends less time in the
vicinity of the target nucleus. (10% s) The interaction between the incident particle and the
target nucleus takes place usually close to the surface of the nucleus. Only a few nucleons of
the target nucleus take part in this process.

3.2 Cross sections of a nuclear reaction

The probability of a nuclear reaction at a given projectile energy is known as the cross section
of the nuclear reaction. From the point of view of radioisotope production we only interested
in the total activity of the product nuclei that can be produce during a given irradiation. If the
beam current constant during the irradiation, the number of the projectile is the same when
they enter and leave the target and the target consist of only one isotope, this activity (A) can
be expressed as the function of the cross sections (6= 6(E)) as:

Ein
A=(®NL)(1-e™)[[dE/dx]'o(E)dE (3.2.1)
Eout

where: @ beam flux

N4 number of target atoms per surface unit
A decay constant
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t irradiation time

dE/dx stopping power

Ei, energy of the bombarding beam on the surface of the target
Eout outgoing beam energy

On the other hand the measured activity can be used to calculate this (integral) cross section.
If the target is “very thin’, the above integral can be substituted for:

Ein
[|[dE/dx]'6(E)dE=[AE/AX] '6*AE if Epy=Eou (3.2.2)
EOllt

where: AE= E;, -Eout
Ax thickness of the target
O* average cross section in the target

For the majority of the nuclear reactions it is true that

6*<| 6(Ein)- 6(Ein)| (3.2.3)
and
6*—0(E) if Ax— 0 (3.2.4)

If the activation technique is used for cross section measurement, we can evaluate only this
average integral cross section. In practice, the following equation is used to calculate the
average cross section in mbarn (1 barn=10"’ mz):

0*=0CAM/Lg®Re ™ (1- e*")(1- ™) (3.2.5)

where: o0 constant (0.461268186)
C measured photopeak area
A decay constant (1/h)
M molar weight of the target
I, intensity of the measured gamma photon
€ absolute efficiency of the detector
® beam flux (1/s)
R target thickness (g/cm?)
t* cooling time (time between EOB and the start of the measurement [h])
t** measuring time [h]
t*** irradiation time [h]

In the field of radioisotope production sometimes more than one reaction can contribute at the
same time to the formation of the final product. By measuring only the activity of the final
product the cross sections of the participating reactions can not be separated. For practical
reasons, however, it is usually calculated the so called elemental cross sections (summed
cross sections weighted by isotopic abundances) on targets which are not monoisotopic. (It is
also used in the case monitor reactions.). In the case of cumulative production routes the
entire cross sections (production after the full decay of the parent nuclei) are also deduced and
called cumulative cross sections.
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3.3 Target yields

The ‘yield of a nuclear reaction’ (Y) as a ratio of the number of the nucleus formed in a
nuclear reaction to the number of the bombarding particles hitting the target can be defined in
different ways. The most frequently employed definition (so called physical yield) calculates
the yield at the end of a very short irradiation time and has the analytical meaning of the slope
of the function of the produced radionuclides versus irradiation time. Several contributions are
available in the literature which discuss the different yield definitions employed for practical
purposes (cf Bonardi, 1988). However, in the field of radioisotope production the above
mentioned physical yield and two other ‘target yields’ are mainly used:

1) ‘The ‘I1h/I1uA yield’ is a yield after t=1 h irradiation time that is produced by a beam
current of 1[LA can be calculated as

Ein
Y 11104 =(@NL/A)Y(1- €™™?) [[dE/dx] ' 6(E)dE (3.3.1)
EOllt

where: Ny, Avogadro constant
A atomic weight (amu)
Ty, half-life of the product nucleus

2) Saturation yield (Yross: end of saturation bombardment yield) is the activity that is
produced by a beam current of 1yA if the irradiation time t>>Ty,. This saturation yield is
given by:

Ein
Yeoss=(®N/A)[[dE/dx] 'o(E)dE (3.3.2)
Eout

3.4 Model codes for calculation of excitation functions

For reactions where no experimental data are available the application of nuclear reaction
theory seems to be a feasible method to get more information on the data required. A number
of nuclear model codes were developed first to gain theoretical understanding of the nuclear
reaction processes involved. Later they have been also used to calculate excitation functions
for charged particle induced reactions of medical interest and compared their results with
experimental ones. (cf Pavlik, 1988)

Most of the computer codes in use to calculate these cross sections employ a combination of
the compound nucleus evaporation model and a model for preequilibrium emission (cf
Nowotny and Uhl, 1987) The compound nucleus evaporation model is based on Bohr’s
concept of the compound nucleus which decay is assumed to be independent from its
formation. The theoretical treatment of the compound nucleus reactions on the other hand, is
based essentially on statistical assumptions. For the description of the preequilibrium emission
the exciton model (Griffin, 1966) and the hybrid model (and its extension the geometry
dependent hybrid model) (Blann, 1971a,1971b and 1972) are mainly used.

Those reaction model codes which used the compound nucleus model and a model for
preequilibrium emission have been successfully applied to calculate excitation functions of
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nuclear reactions with neutrons, protons and alpha particles both in entrance and exit channel.
The applicability of these codes, however, limited in the case of light nuclei. For nuclei with
mass numbers less than about 20 reliable predictions of excitation functions cannot be
expected, due to the individual character of most light elements

We have to point out, however, that the theoretical calculations cannot replace experiments at
all as the model parameters like optical model parameters, level density parameters and
preequlibrium model parameters need adjustment to experimental data to supply results with
sufficient accuracy. To obtain accurate results each calculations of unknown cross sections
should be based on parameters which simultaneously reproduce available experimental data in
the mass region of interest. The degree of the agreement may then give an estimate for the
accuracy of the unknown cross sections.
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4. Experimental techniques

For the cross sections measurements we planned to use the most frequently employed way:
A) Activation method using stacked-foil technique.
B) Target stacks activation by beams of cyclotrons.
C) Beam intensity monitoring with Faraday cup and monitor reactions.
D) Measurement of the activity of the irradiated foils with standard gamma ray
spectrometry without chemical separation.

4.1 The stacked- foil technique

4.1.1 Principle of the method

One of the most frequently used methods for the measurement of the cross sections of a
nuclear reaction is the so called ‘stacked-foil technique’. In this method several targets
(usually thin foils) are placed behind each other and they are irradiated in one step. The
simultaneous irradiation of the samples (the stack) is not only economical but also could
assure a good relative accuracy. The energy degradation of the entering particle beam along
the stack is usually determined by calculations using the stopping power formulae and tables
of different authors. (¢f* Williamson et al.,1966; Andersen and Ziegler J.,1977). The energy
value related to the cross section is the mean of the energy values entering and leaving the
given foil (taking into account the change of the excitation function). However, this technique
has some disadvantages, especially in those cases when numerous targets are activated and
when the experiment was made without the necessary precautions. The main problems arising
from the above mentioned cases are as follows:

a) The beam intensity may changes along the stack due to ‘outscattering’ and/or ‘outfocusing’
of the bombarding particles.

b) The beam energy can not be estimated properly in the stack due to the errors of the (1)
thickness of the samples, (2) stopping power calculation, (3) incident particle energy [which is
an accelerator related problem].

¢) Broadening of the beam energy.

d) In some cases efficiency of the target cooling.

The problems of a) and e) can be solved with proper experimental set-up and low beam
current used during the activation, however, experiences showed that after 8-10 MeV energy
absorption in the stack, the ‘calculated’ energy may shift 1-2 MeV in comparison to the
‘measured’ value. (It is very common especially in those cases when targets are prepared by
electrodeposition methods.) To decrease the influence of the errors mentioned in b) and c) to
the estimation of the ‘actual’ beam energy, one has to decrease the number of the foils in the
stack and/or has to use so called monitor reaction(s). (See later in this chapter).

4.1.2 Application of monitor reactions in ‘stacked-foils’ type cross section
measurements

Though there are many factors which cause errors in obtaining experimentally the cross

sections, one of the most important systematic error comes from the estimation of the beam
flux. The beam flux is usually obtained by measuring the electric current induced by the
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incident beam in a Faraday-cup. However, if precaution is not made for preventing the escape
of secondary electrons or ions which may be caused by bombarding particles in the gas
(which remained in the system due to insufficient vacuum), the measurement of beam
intensity may cause an unexpected error of the cross sections.

Instead to measure the cross sections each time absolutely, it is more easier to measure them
relative to those of a selected reaction (called later as monitor reaction) whose cross sections
is already very well known in the interested energy region. The use of a monitor reaction has
also an advantage in those cases when the use a Faraday-cup is difficult or even not possible.
A monitor reaction should satisfy at least the majority of the following conditions
(Hashizume, 1988).

1) The target element(s) should be isotopically pure or disturbances of quantitative
determination of reaction product caused by other isotope products should be small.

2) The absolute cross sections should be known precisely in wide range of energies of the
incident particle.

3) The excitation function should change smoothly as the incident particle energy increases.
Reactions which have a sharp resonance(s) should be avoided.

4) The effects of secondary particles induced by primary reactions should be small.

5) The half-life of the reaction product(s) should not to be too short or very long as compared
it to the irradiation time.

6) The target foil should be obtained without difficulty.

7) The target should be stable during the activation. Materials with low melting point should
be avoided.

8) The reaction product(s) should be remain in the target material during and after the
activation.

9) The activity of the reaction product(s) should be determined accurately and easily. The
nuclear data of the product(s) should be accurately known.

Prior to our measurements only some reactions were suggested to use for proton beam
intensity monitoring up to 30 MeV. For example: “C(p,pn)''C, *Co(p,pn)**Co,
SCu(p,n)*Zn, “Cu(p,2n)*Zn, "'Cu(p,x)*'Cu (c¢f Schwerer and Okamoto, 1989).

In the practice, several monitor foils (sometimes different materials) are mounted among the
target foils to increase the reliability of this method. If we can assure that different monitor
reactions (with different threshold energies) are induced in these foils then simultaneous beam
intensity and energy evaluation can be done as it was demonstrated by us in XVI.

4.2 Targets

4.2.1 Targets for cross section measurements

Isotopically enriched materials were used to prepare targets in those cases when the
investigated reactions were important for routine radioisotope production. The targets used for
monitor cross section measurements were commercially available thin metal foils with natural
isotopic composition usually obtained from the Goodfellow Metals, Cambridge, England.

The enriched Ni materials were purchased from Isotec Inc., Miamisburg, OH, U.S.A. while
the Zn and Cd materials were supplied by Technabexport, Moscow, Russia/USSR. The
isotopic composition of the above materials are collected in the appropriate tables of V, I and
VII for Ni, Zn and Cd, respectively. In the case of enriched materials we have prepared the
samples by electrodeposition on commercially available high purity thin metal foils (thickness
ranged from 5-20 um; purchased also from Goodfellow). The description of the
electrodeposition methods developed by us are described in more detailed in I and VII for Zn

20



and Cd, respectively. In the case of the Cd targets the chemical procedure was developed by
our former colleague Dr. P. Mikecz. The Ni material was electrodeposited onto thin Au foils
by using the method developed by Piel et al. (1992).

4.2.2 Targets for routine radioisotope production

Targets for routine radioisotope production (‘production targets’) were prepared using almost
the same chemical methods which were used in the case of the enriched thin targets. In the
case of production targets (both external or internal irradiations) the body of the target
backing is usually made from copper. This material is relatively cheap, easy to fabricate and
its mechanical and heat transfer properties are relative good. The surface of the copper is
usually covered (electroplated) with a thin layer of other element to prevent the dissolving of
the copper during the chemical separation. Table 4.2.1 shows the typical parameters of the
targets which were used for cross section measurements and routine radioisotope production.

Table 4.2.1. Material, weight and size of the targets used for cross section measurements and
routine production.

Target Backing | Thickness (mg/cmz) Diameter Reference
material (and [weight] (mm)
covering)
T - 10, 35 14 111
"N - 8.9,17.7,26.6 20 11
*'Ni Au 0.4t01.2 12 \
Cu (Au) [~140 mg for 12 \%
production]
“'Ni Au 0.4t01.2 12 \
Cu (Au) [~140 mg for 12 \%
production]
°7n Ni 15 (average) 10 I
Cu (Ni) [~250 mg for 12 I
production]
7Zn Ni 15 (average) 10 I
Cu (N1) [~250 mg for 12 I
production]
%7n Ni 15 (average) 10 I
Cu (Ni) [~250, mg for 12 I
production] v
[4000-5000 mg for ~18 cm’
production]
Med Ni 15 (average) 10 \%11
Cu (Ni) [~500 mg for 12 vl
production]
2cd Ni 15 (average) 10 vl
Cu (Ni) [~400 mg for 12 VII
production]

The estimation of the effective thickness of thin samples, especially the electrodeposited ones,
is often difficult. The targets are usually individually weighed before activation (in case of
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enriched materials both the backing and the sample+backing) for determination of target
thicknesses. However, this method cannot show the possible surface inhomogenities.
Inhomogenious targets can cause serious problems during the evaluation of the effective beam
energy in the targets. To decrease the error caused by this problem, we have checked the
uniformity of the targets by measuring the thickness along different axises of the enriched
targets. Our results for example in the case of enriched Zn targets can be seen in Fig.2. of L.
Using this method we could select out not only the “‘unproper’ targets, but it was also possible
to locate the ‘useful surface’ (i.e. where the inhomogenity was less than 3-5 %) of each target.
Knowing this ‘useful surface’ of the sample one can select the right size of the beam
collimator to be used during the irradiation(s). According to our measurements, the
inhomogenity of the prefabricated thin metal foils was less than 2%)

4.3 Accelerators

All irradiations for cross section measurements took place at external beams of different
cyclotrons. The list of the accelerators used for irradiation of the targets and the list of the
investigated reactions/routinely produced isotopes are collected in Table 4.3.1. The incident
proton energies were derived from the frequency and actual extraction radius of the
cyclotrons. These energies, however, were checked using analyzing magnets for the Rez and
Debrecen experiments, and by an iteration method based on measured activities of different
monitor foils at Brussels, Jiilich, Miami Beach and Turku (see more detailed in XVI). This
way these incident beam energies were determined with an accuracy of £ 0.2-0.3 MeV.

Table 4.3.1. List of the cyclotrons used during our experiments.

Type of Institute Proton Investigated reactions,
Cyclotron energy [routinely produced radioisotope]
MGC-20E | Institute of Nuclear | E,<18 MeV "Ti+p, " Ni+p,

Research (ATOMKI) 066768 7n+p, 112 Cd+p
Debrecen, Hungary [**4Ga, "'"In]
MGC-20E Abo Akademi E,<18 MeV 00T 87 n+p, Autp
Accelerator
Laboratory, Turku,
Finland
CV-28 KFA E,<18.7 MeV | ™Nitp, " Zn+p, Autp, °"**Ni+p
Forschungsanlage
Jiilich, Germany
U-120M | Rez, Czech Republic | E, <35 MeV MU i4+p, “Ni+p, ' Cd
CS-30 Cyclotron Department | E,<26.5 MeV 000787 1+p,
of Mount Sinai [*Ga, '"'In]
Medical Center,
Miami Beach, Florida,
U.S.A
CGR-560 Vrije Universiteit E,<44 MeV "Ni+p
Brussel (VUB)
Brussels, Belgium

4.4 Irradiation circumstances and measurement of activity
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Targets used for cross section measurements were placed in target holders, which usually
served as Faraday-cup for beam current measurements. The target holders were placed in the
vacuum chamber except in the case of the Turku experiments where they were separated from
the vacuum system of the cyclotron with two thin foils (‘exit foils’; stainless steel foil of 12.5
pum thickness). The surface of these foils were cooled by He gas of 1.2 bar. Table 4.4.1. gives
the summary of the experimental circumstances of our experiments.

Table 4.4.1. Summary of the pertinent experimental circumstances

Reaction | Incident Number Irradiation time (Tj.,) References
proton of targets and Beam current (I) and Remarks
energy
(MeV)

"Ti+p | E,=30.2 48 Tir= 60 min, I= 150 nA 11
E,=18.0 14 Tiw= 60 min, [= 150 nA
E,= 14.5 7 Tir= 120 min, =200 nA

"“Nitp | E,=43.7 5 Tir= 53 min, I= 2.8 pA II (for E,= 30, 22, 22
E,=40.4 7 Tix= 5 min, I= 5 pA and 18 MeV)
E,=40.4 5 Tir=20 min, I= 8 HA XI (for E,=43.7, 40.4,
E,=37.5 7 Ti= 5 min, I= 5 pA 40.4,37.5, 36.5, 34.5,
Ep: 36.5 5 Tirr= 20 l’l’lil’l, I= § },LA 326, 3225, 3125,
E,=34.5 5 Tiw= 20 min, I= 8§ A 28.75, 26.7 and 21.75
Ep=32.6 > Tiw= 20 min, I= 8 HA MeV)
E,=32.25 7 B L
E=3125 5 Tir=5 min, [= 5 gA
E"p: 30.0 30 Tir=20 min, [= 8 uA
E,~ 28.75 7 Tirr—_60 min, I—_150 nA
Ep: 26.7 8 Tirr_ 10 mln, I=5 HA
Ep: 22.0 22 Tiw=15 min, I=5 },LA
Ep: 22.0 17 Tirrz 60 m@n, I=150 nA
Ep: 21.75 9 Tirrz 60 1’1’111"1, I=100 nA
E,=18.0 10 Tir= 10 min, [= 5 pA

Tiz= 60 min, I= 150 nA

*™Ni+p | E,=18.7 7 Tin= 60 min, I= 150 nA v
E,=18.7 6 Tix= 60 min, I= 150 nA Al foils of different
E,=18.7 5 Tir= 60 min, I= 150 nA thicknesses were used
E,=18.7 5 Tin= 60 min, I= 150 nA for energy degradation
E,=18.7 5 Tir= 60 min, I= 150 nA in front of targets
E,=18.7 5 Tix= 60 min, [= 150 nA
E,=18.7 5 Tir= 60 min, I= 150 nA
E,= 18.7 13 Tirx= 300 min, [=200 nA

“Ni+p | E,=14.9 2 Tin= 30 min, I= 150 nA v
E,=18.7 5 Tiz= 30 min, I= 150 nA Al foils of different
E,=18.7 5 Tir= 30 min, I= 150 nA thicknesses were used
E,=18.7 5 Tir= 30 min, I= 150 nA for energy degradation
E,=18.7 5 Tir= 30 min, I= 150 nA in front of targets
E,=18.7 4 Tin= 30 min, I= 150 nA

®Zntp | E,=26.0 8 Tiw= 30 min, I=600 nA | I (for E,=22, 18 and 14
E,=26.0 5 Tix= 60 min, I= 200 nA MeV), XII (for E,=26.0
E,= 26.0 5 Tir= 60 min, [= 200 nA MeV)
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E,=26.0 5 Tir= 70 min, I= 200 nA Al foils of different
E,=22.0 6 Tir= 30 min, I= 120 nA thicknesses were used
E,=18.0 6 Tir= 30 min, I= 120 nA for energy degradation
E,=18.0 6 Tix= 30 min, I= 120 nA in front of targets in the
E,=14.0 3 Tir= 30 min, I= 120 nA case of E,=26.0 MeV
irradiations
“Zntp | E=26.0 4 Tin= 60 min, I=600 nA | I (for E,=22, 18 and 14
E,=26.0 4 Tix= 60 min, I= 200 nA MeV), XII (for E,=26.0
E,=26.0 5 Tix= 30 min, I= 200 nA MeV)
E,=26.0 5 Tix= 30 min, I= 200 nA Al foils of different
E,=22.0 6 Tir= 30 min, I= 120 nA thicknesses were used
E,=18.0 8 Tin= 30 min, I= 120 nA for energy degradation
E,=18.0 8 Tir= 30 min, I= 120 nA in front of targets in the
E,=14.0 7 Tir= 30 min, I= 120 nA case of E;=26.0 MeV
irradiations
68Zn+p E,=26.0 1 Tix= 60 min, I= 600 nA I (for E,=22, 18 and 14
E,=26.0 5 Tir= 60 min, I= 200 nA | MeV), XII (for E;=26.0
E,=26.0 4 Tir= 30 min, I= 200 nA MeV)
E,=26.0 4 Tir= 30 min, I= 200 nA Al foils of different
E,=26.0 3 Tir= 60 min, I= 200 nA thicknesses were used
E,=22.0 8 Tir= 30 min, I= 120 nA for energy degradation
E,=18.0 7 Tix= 30 min, I= 120 nA in front of targets in the
E,=18.0 6 Tir= 30 min, I= 120 nA case of E,=26.0 MeV
E,=14.0 6 Tix= 30 min, I= 120 nA irradiations
"ed+p | E,=30.2 7 Tiw= 30 min, I= 200 nA VII
E,=22.0 10 Tir= 30 min, I= 200 nA
E,= 18.0 14 Tiw= 60 min, I= 200 nA
"Cd+p | E,=30.2 12 Tin= 30 min, I= 200 nA VII
E,=22.0 8 Tiw= 30 min, I= 200 nA
E,= 18.0 5 Tir= 60 min, I= 200 nA
YTAutp | E,=18.7 4 Tin= 12 min, I= 150 nA XIII
E,=18.7 4 Tix= 12 min, I= 150 nA
E,=18.7 4 Tir= 12 min, I= 150 nA
E,=18.7 4 Tix= 12 min, I= 150 nA
E,=18.7 4 Tir= 12 min, I= 150 nA
E,=18.7 4 Tix= 12 min, I= 150 nA
E,=18.7 4 Tixw= 12 min, I= 150 nA
E,=18.7 4 Tix= 12 min, I= 150 nA
E,=17.0 20 Tiw= 90 min, I= 200 nA

The activity of the irradiated samples was measured in all cases by standard gamma-ray
spectrometry without chemical separation. (Except in the case of **Ni(p,o)*'Co reaction [see
in X] where four targets were dissolved before the activity measurement.) The detectors were
Ge(Li) or HpGe detectors which were coupled to PC-based analyzators (Aptec, Nucleus,
Camberra etc.). Special attention was paid to the correct determination of the efficiency of the
detectors and to the correction of pile-up and cascade losses. Due to the large source to
detector distance (usually higher than 25 cm) the corrections for the finite source diameter
was also negligible. The energy and efficiency calibration of the systems were done using
standard calibration sources. Detailed list of these sources can be found in the appropriate
sections of our articles (I, II, V, VI, VII, X, XI and XIII). The recoil effect of residual nuclei
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for electrodeposited targets was neglected because of the backing materials. The activity loss
caused by recoil in the case of the monitor foils was always checked experimentally by
activity measurement and was found to be negligible.

4.5 Calculation of the cross sections, energy degradation and their errors

The average cross sections (6*) [in mbarn (1 barn =10%" m?®)] were calculated from the
measured activities using the standard activation equation (see Eq. 3.2.5).

The peak area analysis was done using the built-in subroutine of the MCA’s. In those cases
where multiple peak separation was necessary, we have used a flexible gamma-ray analysis
program FGM (Székely, 1985). The cross section data published in our articles are
‘elemental’ cross sections, i. e. they describe the formation cross sections of activation
products assuming the target to be monoisotopic and if targets with natural isotopic
composition were activated. They include the contribution of all nuclear reactions leading
directly, or through possible decay processes of some intermediate nuclei, to the formation of
the products under investigation. (In those cases where cumulative production routes are also
exist, the entire cross section (production after the full decay of the parent nuclei) was deduced
for practical purposes.) Since our enriched materials contained less than 100% of the nuclei to be
investigated, especially in the case of ®'Ni (88.84%) or ®’Zn (91.5%), special corrections were
applied in calculating the (absolute) cross section values. In the first step cross sections were
computed on the assumption of 100% enriched targets. Since samples having different isotopic
compositions were irradiated, usually not at the same energies, the calculated cross sections were
fitted with a cubic-spine for making the corrections for the real isotopic composition. Using these
fitted curves, correction functions were then calculated as a function of energy. During the last
step, the measured individual points were corrected in accordance with these correction
functions. Using this method we could give absolute cross section values for the following
reactions: 61Ni(p,n)61Cu 61Ni(p,2n)6OCu, 66Zn(p,n)66Ga, 67Zn(p,n)67Ga, 67Zn(p,2n)66Ga,
SZn(p,2n)"'Ga, *®Zn(p,3n)*Ga, ''Cd(p,2n)'"’In  "'Cdp,n)'''In  "*Cd(p,3n)'"’In  and
"2Cd(p,2n)"'In. In the case of our ‘recommended cross sections/integral thick target yield data
bases’, the acceptable literature results published through 1996 were evaluated (together with our
values) via curve fitting to supply values for practical applications such as routine radioisotope
production, nuclear wear measurements etc. The fitting procedure of the acceptable data sets was
as follows: First, the individual data sets were fitted separately and then values were calculated
for the same energy points from the fitted data set in 0.5 MeV increments. The error of these
fitted values in a given energy point was estimated by summing up the error of the nearest
experimental value and the deviation of the fitted value in the energy point in question from the
interpolated value calculated from the two nearest experimental data points. In the second step,
weighted average values and their corresponding uncertainties were computed from the fitted
ones at each grid point. Finally, to eliminate the significant discontinuities arising from the fact
that different energy ranges were investigated by different groups, the weighted averages were
fitted once again and the errors were calculated (Takacs et al.,1994). These final evaluated cross
sections and their associated uncertainties are tabulated in 0.5 MeV increments in appropriate
Tables of articles I-XIII. The yields based on integration of the "fitted" excitation curves using
the stopping power of Andersen and Ziegler (1977) are also listed in above Tables of I-XIII.

The total errors associated with our cross sections were calculated by summing up quadratically
the possible individual relative errors: counting statistics, 1-5%; detector efficiency and
geometry, 3-5%; decay data, 1-2%; number of target nuclei, 5-7% and incident bombarding
particle intensity, 3-5%. The total estimated error of the absolute cross sections - where the error
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propagation through correction for real isotopic composition was also taken into account - varied
from 9 to 15%

The energies in the middle of the targets and the monitor foils were initially derived from the
energy degradation calculation using the formulae and data of Williamson et al.,(1966) and
Andersen and Ziegler (1977). The estimated errors in the energy scales were varied from £0.2 to
+0.8 MeV along the irradiated stacks, taking into account the energy error of the incident beams,
the beam broadening, and the error propagation.

4.6 Yield measurements and routine productions

Targets prepared for routine production were also used for yield measurements with low and
high beam currents. Increasing the beam current step by step it was possible to check the
behavior of the targets during production circumstances and we could also find the maximum
beam currents which could be used without damaging the target. For these studies external
and internal target stations of different cyclotrons were used (Rez, Czech Republic, Miami
Beach, Florida, U.S.A., Debrecen, Hungary). Results on yield measurements can be found in
L, IV, VII and XIV. In the above laboratories beam currents up to 50-150 pA were used for
routine production. A vertical beam-line system used also for routine radioisotope production
was designed by us and was put into operation in Debrecen, Hungary. Solid, molten (liquid)
and gas target materials can be handled and irradiated (up to 50 uA) safely with this system.
(See more detailed in XIV.) Commercial production of ®’Ga and '''In is also going on in these
centers for many years.
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5. Results and conclusions

5.1 Ti+p processes

The activation of "'Ti targets with protons results in the formation of several scandium and
vanadium radioisotopes up to 30 MeV. In this study we have investigated only those reactions
which produced 43 Sc, #ge, 47Sc, and *®V. The radiation characteristics of these nuclides and
the Q-values of the contributing reactions are summarized in Table 1 of III. Our measured
production cross sections are tabulated in Table 2 (for **V up to 30 MeV) and in Table 3 (for
¥Se, “*Sc and Y'Sc up to 18 MeV) of IIL. These cross sections are also presented in the
appropriate Figures of III in comparison with the previously published data.

5.1.1 Study of Ti+p reactions

“Ti(p,0)”’Sc reaction: Our measurement resulted in 27 cross section values from 9 to 18
MeV. The excitation function curve of this reaction seems to reach its maximum at about 17
MeV (about 3.8 mb). The presented results show good agreement with the values of Michel et
al.(1978a) in the comparable energy region (from 13 to 18 MeV). Our work has also extended
their results to 9 MeV with 17 new cross section values that were published by us for the first
time.

Ti(p,)*Sc reaction: The bombardment of titanjum with protons populates two isomeric
states of *Sc. Our systematic investigation resulted in 21 and 20 cross section values for the
meta and the ground states, respectively, from 9 to 18 MeV. For the cross section ratios 20
values was also calculated by us. The excitation function curve of the meta state increases
over the whole investigated energy region while the curve of the ground state seems to show a
maximum at about 17 MeV (about 4.2 mb). Since in the studies of Michel et al.(1978a, 1980)
cross sections both for the meta and the ground states were published only above 13 MeV, our
values (11, 10 and 10 for the meta, ground and meta/ground ratios, respectively) are
completely new below 13 MeV. The presented values both for meta and ground states show
fairly good agreement with the results of Michel ef al.(1978a, 1980). However, in the case of
the cross section ratios, an energy shift of about 0.5-1 MeV can be seen in the energy scale.
“Ti(p,2p)*"Sc reaction: We have measured 23 cross section values for this reaction up to 18
MeV. The excitation function curve of this reaction increases over the whole investigated
energy region. Surveying the information on the excitation function of this (p,2p) reaction, we
found 3 earlier works. They reported values only above 10 MeV, therefore our 3 values below
this energy are completely new. Our excitation function curve shows an energy shift of about
1 MeV in comparison with the results of Michel et al.(1978a, 1980). The only data point of
Brodzinski et al.(1971) at 15 MeV is much lower than the value of our work and those of
Michel ef al.(1978a, 1980).

"UTip,x)**V process: The **V radioisotope could be produced through four independent
reaction channels up to 30 MeV. Although several authors have reported cross section values
for the ™'Ti(p,x)**V process prior to our measurement, we performed the first systematic study
from the threshold of this process up to 30 MeV (69 cross section values). The excitation
function curve shows a maximum of about 380 mb at about 12.6 MeV. The results of the
present investigation in general show good agreement with the values of the previous works
(Brodzinski et al.,(1971); Michel et al.(1978a, 1980); Tanaka et al. (1959).
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5.1.2 Application of the results

A) Monitoring of proton beam: From the point of view of their potential use as monitor
reactions only the " Ti(p,x)*®V process has practical significance in the investigated energy
region. (The other reactions have very low cross section values up to 30 MeV.) Our detailed
critical review of the results of the previous works showed that this process seems to be well
measured and its cross section data base (including our recent values) can be used for proton
beam monitoring in different applications (see more detailed in III.) An evaluation work to
create ‘recommended’ cross section values for this process are in progress by us.

B) Other applications: The cross section results on *°Ti(p,0)*Sc, *'Ti(p,0)**Sc and
*Ti(p,2p)*’Sc reactions could serve as reliable experimental data bases for different model
calculations. These values also can be used for example to estimate cosmogenic radionuclide
production.

5.2 Ni+p processes

The activation of natural nickel with protons results in the formation of several cobalt, nickel
and copper radioisotopes up to 44 MeV. We have investigated in this work only those nuclear
processes that produced the following radionuclides: Co, *Co, *'Co, **Co, *'Co 'Ni, *“Cu,
®!Cu and **Cu. The decay characteristics of >>Co, *°Co and *’Co and the Q-values of the
contributing reactions are summarized in Table 1 of II while these data for **Co and °'Co can
be found in VI and X, respectively. In the case of > 7Ni, 60Cu, 1Cu and **Cu the above data are
listed in Table 1 of II (for nickel) and Table 2 of V (for coppers). Our measured cross sections
of nuclear processes leading to the formation of the above radioisotopes are tabulated in Table
2 of I (for *>Co, *°Co and *'Co up to 30 MeV), Table 1 of VI (for >*Co up to 19 MeV) Table 1
of X (for ®'Co up to 19 MeV), Table 2 of II (for >’Ni up to 30 MeV), Table 1 of XI (for *'Ni
up to 44 MeV), Table 3 of V (for °°Cu and ®'Cu up to 19 MeV) and Table 4 of V (for %Cu up
to 19 MeV). The experimental cross sections are also presented in the appropriate Figures of
II (for *Co, **Co, ’Co and *'Ni), V (for *°Cu, ¢'Cu and **Cu), VI (for **Co), X (for ®'Co) and
XI (for >’Ni) in comparison with the data reported earlier.

5.2.1 Study of Ni+p reactions

"INi(p,x)” Co process: *Co is formed through four independent reaction channels on natural
Ni below 30 MeV. We have performed a detailed study of these processes up to 30 MeV (54
cross section values). The excitation function curve of this process reaches its maximum of
about 23 mb at about 17 MeV. The results of the present investigation are in good agreement
with the values of the three previous works (Kaufman 1960; Michel et al.,1978b and Tanaka
et al.,1972), however, the excitation function curve of Tanaka et al.(1972) near the threshold
shows a small energy shift (about 0.5 MeV) in comparison with our results.

"INi(p,x)*°Co process: *°Co can be produced via two direct reactions and one cumulative
process on natural Ni up to 30 MeV. We have measured 26 cross section values in this energy
region. The excitation function curve of this process does not reach its maximum up to 30
MeV. In the case of this process three authors have reported cross sections prior to our study.
The results of the present investigation show good agreement with the values of the previous
works (Aleksandrov et al.,1987; Michel et al.,1978b and Tanaka et al.,1972), except for the
results of Aleksandrov et al.(1987) who obtained significantly lower value at 30 MeV.
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"INi(p,x)”’Co process: Five direct reactions and a cumulative one contribute to the formation
of >’Co on natural Ni over the energy region studied. The result of our detailed study was 40
new cross section values up to 30 MeV. The excitation function curve shows a peak at about
24 MeV (Omax=450 mb). Three measurements have been reported for this process in the
literature through 1996. The results of the present investigation show close agreement with the
values of these works (Kaufman 1960; Michel et al.,1978b and Tanaka et al.,1972).

'Ni(p, 09’ Co reaction: The bombardment of enriched °'Ni with protons populates two isomeric
states of **Co. Our systematic investigation on highly enriched nickel resulted in 14 and 13
cross section values for the meta and the meta+ground states, respectively, from 5 to 19 MeV.
For the m/m+g ratios 13 values was also calculated by us. The excitation function curves of
both the meta and meta+ground states reach their maximum at about 15 MeV (Gpnax=35 and 58
mb, respectively). As far as we know, our measurement describes the first systematic study of
this (p,o) process. Up till now only one work (Tanaka et al.,1972) has published values for the
total cross sections in the investigated energy region, but they used natural target. Although
those data are somewhat higher than our values, taking into account the error limits the
agreement is good. Cross section data for ®'Ni(p,0t)*® Co reaction were reported for the first
time by us.

%Ni(p, )" Co reaction: 24 cross section values was measured for this reaction from 5 to 19
MeV. The excitation function curve of the reaction shows a peak at about 16.5 MeV (about
18.7 mb). As far as we know, our measurement not only described the first systematic study
of this process on enriched *Ni target, but also reported cross section values for the first time
in the literature.

"INi(p,x)""Ni process: Six reactions contribute to the formation of *’Ni in the case of proton
bombardment of natural nickel below 44 MeV: 58Ni(p,pn)57Ni, 58Ni(p,2n)57Cu—>57Ni,
**Ni(n,2n), “*Ni(p,p3n), “Ni(p,4n)—>'Ni and “*Ni(n,4n). The neutrons responsible for the
**Ni(n,2n) and *°Ni(n,4n) reactions are coming from different (p,xn) processes induced in the Ni
itself as well as from the target holder unit, other materials in the target stack and from the
aperture in front of the target stack. Our systematic study resulted in 142 cross section values for
this process. Taking into account the isotopic composition of the natural nickel and the type of
the contributing reactions, the excitation function curve of this process shows only one peak at
about 26 MeV. The maximum cross section value is about 175 mb. A survey of the information

on cross sections of the NatNi(p,x)>7Ni process yielded 18 additional investigations prior to
our study. (Aleksandrov et al.,1987; Barrandon et al., 1975; Bodemann ef al., 1995; Brinkman
et al., 1977; Brinkman et al., 1979; Cohen et al., 1955; Ewart and Blann 1964; Furukawa et
al., 1990; Haasbroek et al. 1976; Kaufman 1960; Levkovski 1991; Michel et al., 1978b;
Michel et al., 1980; Michel et al., 1996; Piel et al. 1992; Stiick 1983; Tanaka et a/.1972; and
Zhuravlev et al.1984). All the published excitation functions were measured on "*Ni except in
the measurements of Levkovski (1991) and Tanaka et al.(1972). Although the irradiation
energies varied between 25 and 100 MeV, all the excitation functions below 45 MeV show
very good agreement with each other, except for the measurements of Ewart and Blann
(1964), Haasbroek et al.(1976) and for the single value of Zhuravlev et al.(1984) at 22 MeV.
To check the contribution of the neutron induced reactions to the cross section values of this
(p,xn) process in a given target arrangement, it is necessary to put some Ni foils in a place (into
the stack) where the energy of the beam entering those foils is lower than the threshold energy
of the (p,xn) process. In some separate experiments (see more detailed in XI) an ‘effective’
production cross section (related to the incident total proton flux) was calculated by us to
allow a comparison with the values found in charged particle activation. Our results were
lower than 0.02 mb for the 26.7 MeV proton beam while at 42.9 MeV we found 0.0002 mb.
Since in a stacked foil experiment this neutron contribution will be nearly uniform for all the
foils in a single experiment, a worst case estimation will be obtained by comparing the above
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values with the lowest real charged particle cross section. According to our investigations we
can state that the interference of the neutron induced processes is generally <0.1%, for all
possible experimental set ups. (See also in Hermanne et al.,1997.)

'Ni(p,n)”’Cu reaction: The excitation function of this reaction was measured by us for the
first time below 19 MeV (9 cross section values). Due to the relatively large amount of °*Ni in
our target material the contribution of the “Ni(p,n)**Cu reaction was not negligible near the
threshold. For subtracting the contribution of this process we used the data of Piel et
al.(1992). The excitation function curve of this reaction increases over the whole investigated
energy region.

'Ni(p,n)* Cu reaction: Our measurements resulted in 38 cross section values up to 19 MeV.
Surveying the available information on the excitation function of the *'Ni(p,n)*'Cu reaction, we
found 8 earlier works. It is worth pointing out that prior to our investigation only in one work
enriched target material was used (Jonson et al., 1960) for measurements below 5.5 MeV. Our
excitation function curve shows a maximum at about 12 MeV (Gpax= 430 mb). Till the onset of
the 62Ni(p,2n)61Cu reaction our values show good agreement with the data of Piel ef al.(1992),
Michel et al.(1978b) and Blosser and Handley (1955). The results of Tanaka and Furukawa
(1959) and Barrandon et al.(1975) are significantly higher than our values. Furthermore, the
energy scale of those investigations seems to be shifted to lower energy region by about 1.5 and
1.8 MeV, respectively, in comparison to our measurements. Two other reports (Blaser et al.,
1951 and Johnson et al, 1960) dealing with measurements in the low energy region up to 6.7
MeV also show energy shifts of about 0.8 MeV.

%Ni(p,n)” Cu reaction: We have performed a detailed study of this reaction up to 19 MeV on
highly enriched target (23 cross sections). Our excitation function curve shows a peak at about
10.5 MeV (about 720 mb). For the *Ni(p,n)**Cu reaction four measurements have been
reported earlier. All of them used natural Ni targets. The values of Blaser ef al.(1951), Tanaka
and Furukawa (1959) and Tanaka et al. (1972) are comparable to our values, however, with a
little higher maximum in the case of the last two authors. The only data point of Blosser and
Handley (1955) at 12 MeV is very high. Our measurements thus described the first accurate
study.

5.2.2 Application of the results

A) Radioisotope production: Among the radioisotopes produced by proton bombardment of
nickel, copper radionuclides have already found application in PET centers. In our study (V)
we investigated the practical production possibility of ®'Cu and ®*Cu using highly enriched
target materials and a low energy accelerator. On the bases of the above cross section
measurements we have calculated the integral thick target yields of the ®'Ni(p,n), 'Ni(p,2n)
and *'Ni(p,n) reactions. In this region the optimum energy range for the production of both
1Cu and *Cu was found to be 12—9 MeV. The calculated thick target yield of °'Cu
amounted to 17.5 mCi/uAh. For production of **Cu the yield was 6.71 mCi/uAh. We had to
calculate the yield of the ®'Ni(p,2n)*°Cu reaction because this nuclide is the major
contamination during the production of ®'Cu. Recently, the ®*Cu was also suggested to use as
a PET isotope (Bass et al.,1997) but according to our present study this isotope can be
produced only at higher energy cyclotron (over 20 MeV) using this reaction.

We have developed a simple anion-exchange chromatographic method for the separation of
radiocopper from the activated Ni target. We have also elaborated a technique for recovery of
the very expensive enriched target materials. These methods are described in V.
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B) Monitoring of proton beam: On the bases of our detailed critical review of the numerous
literature results (see more detailed in II and XI) and our new cross section measurements, the
following processes seems to be well measured and can be used for proton beam monitoring
purpose: "Ni(p,x)*>Co (up to 30 MeV), ™Ni(p,x)*°Co (up to 30 MeV), "Ni(p,x)*’Co (up to 30
MeV) and "™Ni(p,x)’'Ni (up to 45 MeV). It is worth to mention that the "Ni(p,x)’'Ni process
was recently added to the list of the suggested proton monitors up to 100 MeV by the Nuclear
Data Section of IAEA, Vienna, Austria. Further detailed evaluation as well as experimental
works are in progress for this reaction.

C) Model calculations: In the case of proton induced reactions on *'Ni and *'Ni we have also
performed statistical model calculations taking into account preequilibrium effects to describe
the strong (p,n) [or (p,2n)] and the weaker (p,o) reaction channels. These calculations were
performed with codes STAPRE (Uhl and Strohmaier, 1976) for °'Ni +p reactions and with
MAURINA (Marinov et al.,1984) and DWUCK (Uhl, 1995) for **Ni+p reactions. The
experimental excitation functions were described well by the calculations over the whole
investigated energy range for the °'Ni(p,n)®'Cu, °'Ni(p,2n)*’Cu, °'Ni(p,0)**"Co and
INi(p,0)°>*™2Co reactions. The isomeric cross section ratio for the isomeric pair **Co™¢
formed in the (p,o) process was also reproduced well by this model. These results can be seen
in Figures 1-5 of VI. In the case of the **Ni(p,n)**Cu and **Ni(p,0)°'Co reactions the strong
channel was described well with the model, but an acceptable agreement between the
experimental and theoretical cross section data for the **Ni(p,o)°'Co reaction was available
only if the influence of a direct three-nucleon pickup process was also taken into account. Our
results can be found in X.

5.3 Zn+p processes

Proton activation of enriched zinc targets (“Zn, ®’Zn and ®Zn) produces four radioactive
gallium (*’Ga, **Ga, “’Ga and ®*Ga) and one zinc (**Zn) radioisotopes up to 30 MeV. The “Ga
decays completely to ®*Zn. The radiation characteristics of these nuclides are summarized in
Table 2 of I (and Table 1 of IX). Our measured cross section values are tabulated in Tables 3-
5 of I (for ©Zn, *°Ga, ’Ga and **Ga, up to 22 MeV) and in Table 1 (for 657n *Ga and “’Ga up
to 26 MeV) of XII. (See also Tables 1-3 of XX.) The cross sections are also presented in the
appropriate Figures of I and XII (and XX) in comparison with the available data reported
earlier.

5.3.1 Study of Zn+p reactions

" Zn(p,x)"Zn process: There are two proton induced nuclear reactions on ®Zn that result in
657n, namely the *Zn(p,pn)*Zn and the *°Zn(p,2n)*Ga—"Zn reactions. In our study we have
measured only the cumulative cross sections (23 values) up to 26 MeV. The excitation function
curve of this process reaches its maximum over the investigated energy region at about 24 MeV
(Omax= 880 mb). A recent survey of the information on cross sections of the 66Zn(p,x)“Zn
process found three investigations prior to our measurements. (Bonardi and Birattari 1983;
Hermanne 1994 and Levkovski 1991). Our cross section data show good agreement with the
values of the previous works. It is worth pointing out that prior to our investigation only in one
work enriched target material was used (Levkovski, 1991).
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5 Zn(p,n)*Ga reaction: Our systematic investigation on highly enriched zinc resulted in 44 cross
section values up to 26 MeV. The curve of the excitation function of this reaction shows a peak
of about 640 mb at about 12.5 MeV. Since in the previous studies (11) only natural targets were
used, (except Levkovski 1991) their values can be used for comparison only up to the threshold
energy of the “’Zn(p,2n) reaction (up to about 13 MeV). Cross sections were reported by Blaser
et al.,(1951); Barrandon et al.(1975); Blosser and Handley (1955); Bonardi and Birattari (1983);
Hermanne (1994); Hille et al.(1972); Howe (1958); Kopecky (1990); Levkovski (1991); Little
and Lagunas-Solar (1983) and Nortier ef al. (1991) through 1996. The published cross section
measurements are in acceptable agreement with each other, especially in the case of the position
of the cross section maximum (except the result of Little and Lagunas-Solar 1983). This
maximum, however, varies in magnitude from 450 to 700 mb. It is also worth pointing out that
prior to our investigation only one work reported reliable cross section values from 13 to 26 MeV
(Levkovski 1991).

7Zn(p,2n)Ga reaction We have measured 32 cross section values for this reaction up to 26
MeV. The excitation function curve of this process seems to reach its maximum at about 21
MeV (OGmax= 470 mb). Although three authors have published cross section values for this
reaction in the past, only the values of Levkovski (1991) can be used for comparison with our
data. The published values of Hermanne (1994) and Little and Lagunas-Solar (1983) were not
‘real’ measured ones, because they used natural targets in their experiments and the contribution
of the ®Zn(p,n) reaction was separated only on the bases of systematics of excitation functions of
the neighboring nuclei. Our data support the values of Levkovski (1991) over the whole
comparable energy region.

% Zn(p,3n)°Ga reaction: Due to the relative high threshold energy of this reaction we could
measure only 6 cross section values. The excitation function curve of this (p,3n) reaction
increases up to 26 MeV. In analyzing the published literature results, only two works were found
that used highly enriched ®*Zn target (Levkovski 1991, and McGee et al.1970). The problems of
the results of Hermanne (1994) and Little Lagunas-Solar (1983) was already discussed above.
Our cross sections show relatively good agreement with the results of Levkovski (1991). The
only data point of McGee et al.(1970) at 30 MeV, however, seems to be very low in comparison
with the data of Levkovski (1991).

7 Zn(p.n)*’ Ga reaction: Our systematic investigation resulted in 43 cross section values between
the threshold energy of this (p,n) reaction and 26 MeV. The excitation function curve of this
reaction shows a peak of about 670 mb at about 10 MeV. For the “Zn(p,n) reaction seven
authors have presented cross section values up to 1997 (Blaser ef al.,1951; Barrandon et al.1975;
Bonardi and Birattari 1983; Hermanne 1994; Johnson et a/.1960; Kopecky 1990; Levkovski
1991; Little and Lagunas-Solar 1983 and Nortier et al.1991). Unfortunately, the majority of the
studies used natural zinc targets (except Johnson ef a/.1960 and Levkovski 1991), therefore their
values can be used for comparison only up to the threshold energy of the ®*Zn(p,2n) reaction (up
to about 12 MeV). In analyzing the presented values it can be concluded that the majority of the
results show good agreement with each other and with our values except the data of Barrandon et
al.(1975), Little and Lagunas Solar (1983)) and Levkovski (1991). According to the review of
these data (see in IX) the results of our present investigation are the only reliable data that could
be used for this (p,n) reaction above 12 MeV.

%7n(p,2n)"’ Ga reaction: We have performed a systematic study for this reaction up to 26 MeV.
In the investigated energy region we have measured 39 cross section values. Our curve for this
reaction shows a maximum of 660 mb at about 20 MeV. Although this reaction is the most
frequently used for commercial ’Ga production, only two works (Levkovski, 1991 and McGee
et al.,1970) were found in the literature prior to our present work that used highly enriched *Zn.
There are, however, some ‘production cross section’ measurements for the IlatZn(p,)(n)67Gat
process which results can also be used for comparison between 17 and 26 MeV (simply
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multiplying the values with 100/18.8). In this energy range the contribution of the “’Zn(p,n)*’Ga
reaction can be neglected (<7% in this energy range) due to the low isotopic abundance of *Zn
in natural zinc matrix and the magnitude of the cross section values of the *’Zn(p,n)*’Ga reaction
over this energy region (see the section of cross sections of the ®’Zn(p,n)*’Ga reaction). The
influence of the °Zn(p,4n)*’Ga process to the production cross sections is also negligible
because of the very low isotopic abundance of "°Zn in natural zinc (0.62%). This way we could
use the results of the following authors: Bonardi and Birattari (1983), Hermanne (1994),
Kopecky (1990) and Nortier et al.(1991). On the bases of the usable results (including ours) it
can be seen that the majority of the cross section measurements show acceptable agreement with
each other for the (p,2n) reaction except the results of the Levkovski (1991), Little and Lagunas-
Solar (1983) and McGee et al.(1970). Similar to the case of the above reaction our present
investigation is the only one that has reliable cross section values close to the onset of the (p,2n)
reaction (up to 17 MeV).

% 7n(p,n)* Ga: Our measurement resulted in 10 cross section values from 11 to 22 MeV. The
excitation function of this reaction reaches its maximum of about 900 mb at about 12 MeV. A
search for cross section values yielded ten works in the literature. (Barrandon et a/.1975; Blaser
et al.1951; Esat et al.1981; Hermanne 1994, Hille et a/.1972; Howe 1958; Johnson et al.1960;
Levkovski 1991; McGee et al.1970 and Nortier et al.1990). Our values show acceptable
agreement with the majority of the published values (except Hermanne 1994; Levkovski 1991
and McGee et al.1970).

5.3.2 Application of the results

A) Evaluated cross sections and thick target yield data bases: “’Ga is one of the most
frequently employed SPECT radioisotope. Recently, “°Ga and ®®Ga have also found
application in PET investigations (see more detailed in IX). The evaluation as well as the
‘standardization’ of the cross sections and yields of their most frequently employed
production reactions were already suggested by the Nuclear Data Section of the TAEA
(Lambrecht, 1988) We have decided therefore to create recommended data bases for the
"tz n(p,xn)*Zn, *°Zn(p,n)*°Ga, ’Zn(p,n)*’'Ga, *'Zn(p,2n)*°Ga, **Zn(p,n)**Ga, **Zn(p,2n)"’Ga
and **Zn(p,3n)**Ga reactions up to 30 MeV. In the first step of this study we have compiled
and partly evaluated those cross section measurement and thick target yield calculations (and
measurements) which were published in the literature up to 1994. The results of this work are
collected of IX. After a critical review of the available (till 1996) experimental results, the
acceptable data sets were evaluated using the earlier mentioned cubic spine method. (See
more detailed in 4.5) The point of views of the selections of the data as well as the
recommended cross sections and the calculated integral thick target yield values are collected
(in 1 MeV increments) in Table 3 of XII (and partly in XIX). In the work of XII we have also
compared our yield calculations with the measured yields (measured both on natural or
enriched targets) The majority of the presented values verified the reliability of our
calculations.

B) Routine radioisotope production: On the basis of our cross section measurements and the
recommended cross section and integral thick target yield data bases, we have evaluated the
optimal production conditions for “°Ga, “’Ga and %Ga. Optimum production energy ranges
were calculated for the following reactions: **Zn(p,n)*°Ga [(energy range: 18—6 MeV, yield:
25.6 mCi/uAh)], “Zn(p,2n)**Ga [energy range: 30—14 MeV, yield: 38 mCi/uAh],
%7n(p,3n)**Ga [energy range: 30—25 MeV, yield: 1.7 mCi/uAh], *"Zn(p,n)*’Ga [energy
range: 18—5 MeV, yield: 2.8 mCi/uAh], 68Zn(p,2n)(’7Ga [energy range: 30—14 MeV, yield:
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7.2 mCi/uAh], ®Zn(p,n)**Ga [energy range: 18—4 MeV, yield: 284 mCi/uAh]. At the MGC-
20E cyclotron Debrecen, Hungary, the °’Zn(p,n) reaction was employed for production of
“Ga (Ep=14 MeV for routine production) for many years (XIV), while in Miami Beach,
Florida, the ®®Zn(p,2n) reaction was used for high scale production at the CS-30 accelerator
(Ep=26 MeV for routine production) (IV). For the separation of radiogallium from the zinc
matrix (*’Zn), an ionexchange separation method was also developed and used in Debrecen,
Hungary. Thanks to the efforts made in the field of improving efficiency of the targetry and
the chemistry used, it was possible to reach almost 90% of the yields expected from our data
bases. Details of these works can be found in I, IV and XIV.

C) Model calculations: The excitation functions for the 66Zn(p,n)66Ga, 67Zn(p,2n)66Ga
67n(p,n)"’Ga, *Zn(p,2n)*’Ga and **Zn(p,n)**Ga reactions were calculated by us using the
model code STAPRE (Uhl and Strohmaier, 1976) which is a statistical model that takes into
account preequilibrium effects to describe the strong (p,n) and (p,2n) reaction channels. In
general the experimental excitation functions were described well by these calculations over
the whole investigated energy range (up to 25 MeV). Although the shape of the excitation
curves were reproduced well, some deviations in absolute cross sections were always found
(10-30%).

D) Other applications: For studying wear and/or corrosion processes, especially in industry, the
thin layer activation technique (TLA) is an effective method. By measuring the decrease of
radioactivity during the removal of the surface layer the material loss can be estimated very
precisely. These applications, however, require adequate knowledge of the relative distribution of
the radioactivity as a function of depth (calibration curve). This calibration curve could be
determined by grinding away the activated layer step by step and measuring the remaining
activity or by calculation using nuclear data. It is obvious that well measured cross sections play
a key role in this calculation. Since zinc alloys and compounds are widely used in many fields of
industry (cf. Wagner et al.,1981), it could be important to investigate the feasibility of this
technique for those materials which contain zinc. The ®*Zn and °“*°”**Ga can be produced via
Zn+p reactions with high activation cross sections. These excitation functions are now - thanks to
our efforts - well measured and evaluated, therefore they seem to be useful for the mentioned
industrial purposes. On the other hand the gallium radioisotopes, especially the **Ga, have
relatively short half-lives which limit their applications to relatively quick removal processes.

For calculating the activated depth for TLA analysis and for radiation dose estimations we have
computed the total activity versus penetration depth and the distribution of activity as a function
of the penetration depth for ®Zn, ®Ga and *’Ga which are produced by different incident proton
energies from 5 to 20 MeV (in 1 MeV increments) in a material which contains homogeneously
distributed natural zinc. These calculated curves are shown in the appropriate Figures of XII. For
these calculations our ‘recommended’ excitation functions were employed. Unfortunately, until
now we have found only one experimental calibration curve in the literature (Herkert, 1975)
which to compare our calculations. The comparison of the two calibration curves (at E;=25.196
MeV) measured by Herkert (1975) and calculated by us show excellent agreement with each
other. This ‘integral test’ verifies the reliability of evaluated cross section data for this reaction.
We believe that, based on this result, the other calculations (i.e. for 66’67Ga) would also be useful
for practical purposes.

5.4 Cd+p processes
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The activation of highly enriched '''Cd and ''*Cd with protons up to 30 MeV resulted in the
formation of indium radioisotopes of '“In, ''"°In, '"'In and ''"°In, '"'In, respectively. The decay
characteristics of these nuclides and the Q-values of the contributing reactions are
summarized in Table 2 of VII. Our measured cross sections of those reactions which
produced the above isotopes are tabulated in Table 1 and 2 of VII. These cross sections are
also presented in the appropriate Figures of VII (and XVII) in comparison with earlier
reported data.

5.4.1 Study of Cd+p cross sections

" Cd(p,3n)'”In reaction: Proton bombardment of '''Cd with protons populates three isomeric
levels of '®In. The short-lived meta states decays completely to the ground state. The total
production cross sections were measured in this study after these isomers had decayed to the
ground state. We have evaluated 7 cross section values from 20 to 30 MeV. The excitation
function curve of this reaction increases over the whole investigated energy region. A
comparison with the data of Marten et al.(1985) showed good agreement between the two
data sets, but our values are systematically lower than those obtained by them. Our three cross
section values below 20 MeV were reported for the first time.

" Cdmp,2n)'""In reaction: Two longer lived isomeric states of ''’In are formed via this
reaction. Our systematic investigation on highly enriched cadmium resulted in 17 cross
section values both for the meta and the ground states from 13 to 30 MeV. For the cross
section ratios 17 values was also calculated by us. The excitation function curves of both the
meta and ground states reach their maximum in the investigated energy region. For the meta
state the maximum can be found at about 23 MeV (6m,x=300) while these data for the ground
state are Eycac=20 MeV and Gpax=300 mb. Our data show good agreement with the values of
Marten et al.(1985) and Otozai et al.(1966) for both the investigated states. As far as we
know, our two data point below 13.5 MeV were measured for the first time for the ground
state.

" ed(p,n)" In reaction: The bombardment of '''Cd with protons populates two isomeric levels
of ""'In. The short-lived meta states (T1,= 7.6 min) decays completely to the ground state. Our
systematic study has yielded 31 cross section values for the meta+ground states from 3.8 to 30
MeV. The excitation function curve of the total cross section shows a peak ((Omax=810 mb) at
about 11.8 MeV. In this case seven authors have reported cross sections through 1996. (Blaser
et al.,1951; Marten et al.,1985; Nortier et al.,1990; Otozai et al.,1966; Skakun et al.,1975;
Skakun et al., 1979 and Wing et al.,1962). We got very good agreement with all the earlier
measured data both on energy scale and cross section values.

"2Cd(p,3n)"""In reaction: Similar to the (p,n) reaction on '''Cd, the products of the
"2Cd(p,3n) reaction are the same isomeric states of this indium radioisotope: ''*"In and ''*In.
Their excitation curves, however, are increasing from the threshold up to 30 MeV. Since only
one author (Otozai ef al.,1966) presented cross sections for these reactions below 30 (only two
data points for each process), our study was the first systematic investigation in this field
which resulted in 8 cross section values for both processes (and for the cross section ratios)
from 23 to 30 MeV. Although it was difficult to compare these results with the values of
Otozai et al.(1966), the values seem to support each other.

"2Cd(p,2n)"""In reaction: Both the meta and the ground states of '''In are formed during
proton bombardment of ''?Cd. We have measured 25 cross sections for the total '''In
production. Our excitation function curve shows a maximum of about 1000 mb at about 19
MeV. The values of the two previous investigations published by Otozai et al.(1966) and
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Skakun et al.(1975) agree well with our values, however, our data close to the peak are a little
scattered.

5.4.2 Application of the results

A) Evaluated cross section/thick target yield data bases: Since ''In is also a very frequently
used radioisotope of nuclear medicine, the evaluation as well as the ‘standardization’ of the
cross sections and yields of its most frequently employed production reactions were suggested
by the Nuclear Data Section of the IAEA, Vienna, Austria (Lambrecht, 1988). We have
performed such a work for 111Cd(p,n) and 112Cd(p,2n) reactions for the first time. After a
critical review of the available experimental results the acceptable data sets were evaluated
using the earlier mentioned cubic spine method. (See more detailed in 4.5) These
recommended cross sections and integral thick target yield values are (in 1 MeV increments)
collected in Table 1 and 2 of VIII.

B) Radioisotope production: We have also investigated the practical production possibility of
""n using highly enriched target materials and low and middle energy cyclotrons (VII). On
the bases of the above mentioned evaluated thick target yield data base (VIII) and the
calculations presented in VII, the optimum production energy range for the '''Cd(p,n)
reaction was found to be 18—7 MeV, while this data for the ''*Cd(p,n) reaction was 30—15
MeV. The calculated thick target yields amounted to 2.0 and 7.6 mCi/uAh, respectively. We
have also evaluated the yields of the '''Cd(p,2n)''’In, '"*Cd(p,3n)'"’In and "'Cd(p,n)'”In
reactions because these nuclides are the major contaminations during the production of '''In.
Using these yield values one can calculate the contamination level in the case of those targets
whose enrichment level is less than 100%. The measured thick target yields verified the
reliability of the yields which were suggested by us as recommended ones in VIII. Details on
the routine production can also be found in VII.

C) Other application: The measured cross sections (and recommended values) as well as the
cross section ratios can be used for testing the predicting capabilities of the different model
codes.

5.5 Au+p processes

Only a few gold and mercury radioisotopes are formed during proton bombardment of "*Au
targets with protons up to 30 MeV. We have investigated in detail in XIII only those reactions
which resulted in the production of '"°Au and the "’Hg. The decay mode of these
radioisotopes are discussed in detail in XIII. Our measured cross sections of the Au(p,pn) and
Au(p,n) nuclear reactions up to 18 MeV are tabulated in Table 1 (for 1% Au) and Table 2 (for
¥MHg), respectively of XIII). These cross sections are also presented in the appropriate
Figures of XIII in comparison with earlier reported data.

5.5.1 Study of Au+p cross sections
7 du(p,pn)’*°Au reaction: Proton bombardment of gold populates three metastable states of

% Au. The two metastable states decays to the ground state. We have measured the total cross
sections (14 cross section values) for this reaction below 18 MeV. The excitation function
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curve of the (p,pn) reaction starts above 12 MeV and increases over the whole investigated
energy region. In the case of the above reaction there is, however, an other contributing process
namely the '*’Au(n,2n) which results the same residual. The neutrons responsible for this
reaction are coming from the different (p,xn) processes induced in the Au itself as well as from
the targets, target holder unit and from the aperture in front of the target stack. To check the
contribution of this process to the cross section values of the (p,pn) reaction in a given target
arrangement, it is necessary to put some gold foils in a place (into the stack) where the energy of
the beam entering those foils is lower than the threshold energy of the (p,pn) reaction. In our
case the contribution of these processes resulted an average 0.045 mb which was subtracted
from the final results. In accordance with our estimation and some special measurements, the
contribution of this neutron induced process, even in the worst case, is small and negligible.
Surveying the available information on the excitation function of the (p,pn) reaction up to 30
MeV, we found 5 earlier works. The results of the present investigation show very good
agreement with the values of the previous works (Birattari and Bonardi 1980; Nagame et
al.,1990; Sosniak 1958) in the comparable energy regions.

7 4u(p,n)’”’Hg reaction: The proton activation of gold target produce to isomeric states of
""Hg. The meta state decays almost completely to the ground state. Our measurements for the
meta state resulted in 70 new cross section values from 5 to 18 MeV. The excitation function
curve of this reaction seems to reach its maximum at about 12 MeV (about 39 mb). Prior to
our measurement six authors have presented cross sections for the '*’Au(p,n)'”"™Hg nuclear
reaction through 1997 (Alderliesten et al.1975; Gritsina et al.1963; Hansen et al.1962; Tilbury
and Yaffe 1963; and Vandenbosch and Huizenga 1960). Below 6 MeV, however, only we have
reported cross section values (3 values) As it can be concluded the reported cross sections show
deviations both in the values of the cross sections and their energy scales. No other
measurements was found that supported totally the results of our detailed study.

5.5.2 Application of the results

A) Evaluated cross section data base. On the bases of the available experimental works only
the "’Au(p,n)'*°Au nuclear reaction seems to be well measured up to 30 MeV. Using our
results and the cross section values of the above authors (except the results of Tilbury and
Yaffe (1963) it was possible and worth-while to fit the cross section data sets of this (p,pn)
reaction up to 30 MeV. The fitting procedure was the same as in the case of the Zn+p, and
Cd+p processes. The results are collected in 1 MeV increments in Table 1 (Fig.1) of XIII.

B) Proton beam monitoring: As it was already mentioned above the '*’Au(p,n)"*°Au nuclear
reaction can be used up to 30 MeV for monitoring the proton beam performance. Till some
new precise independent measurement below and above 18 MeV for the '*’Au(p,n)'*""Hg, we
suggest to use for monitor purposes the results of the present work since the same technique
was employed to measure both the above reactions and the cross section values for the (p,pn)
reaction show very good agreement with results of other investigators.
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6. Summary

The aim of this study was to investigate the production possibility of some medically
important radioisotopes of copper (°**Cu), gallium (***”**Ga) and indium ('''In) at low
and/or medium energy (E,<30 MeV) cyclotrons. Although several factors contribute to the
optimization of the production of medical radioisotopes, one of the most important factors in
this process is the knowledge of the excitation function of the reaction selected for production
purpose. On the base of well measured cross sections the expectable maximum yield for the
required radioisotope and the contaminating ones, the energy regions used for production etc.
can be easily calculated. Our preliminary reviews of the nuclear data relevant to production of
the above radioisotopes showed that the status of the cross sections and yield data of the
selected reactions was not satisfactory. (In some cases these values were contradicting or they
were missing in some energy regions).

In this work we have focused our efforts mainly on the above problems of these data. To have
reliable nuclear data relevant to production of the required radioisotopes we have measured
new cross section values as well as we have critically compared and evaluated of the available
experimental results.

In the frame of this thesis we have measured the excitation function of those (p,n) and (p,2n)
nuclear reactions which resulted in the production of the above mentioned radioisotopes on
enriched nickel, zinc and cadmium targets. Besides these production reactions we have also
investigated those processes that resulted in the most important contaminating radionuclides.
In our experiments highly enriched materials electroplated onto thin metal backing foils (Ni,
Au) were used. Some of the nuclear reactions induced in these backings (and in Ti foils) were
also measured to investigate their usefulness for proton beam monitoring up to 30 MeV.
Additionally, we have also investigated the possibilities of employing the improved data bases
in fields other than routine radioisotope production. In the case of some Zn+p and Nit+p
reactions model calculations were also performed and the calculated excitation functions were
compared with the experimentally obtained ones to check the prediction capabilities of some
model codes.

The results of this study can be summarized as follows:

1) We have measured in detail the excitation functions of eight reactions which resulted in the
formation of °*Cu, ®7**Ga and ''In at low and/or medium energy accelerators
(*"Ni(p,n)*'Cu (up to 19 MeV), *Ni(p,n)**Cu (up to 19 MeV), *Zn(p,n)**Ga (up to 26 MeV),
Tzn(p,n)*’Ga (up to 26 MeV), ®*Zn(p,2n)*'Ga (up to 26 MeV), **Zn(p,n)*Ga (up to 26 MeV),
"cd(p,n)''In (up to 30 MeV) and '*Cd(p,2n)''In (up to 30 MeV). The results of this study
increased the number of the reliable data which are needed for yield calculations. On the other
hand, the critical review of the previous results showed that our values in some energy regions
are the only available or reliable cross sections. (For example in the cases of *'Ni(p,n)*'Cu,
67n(p,n)*°Ga, “Zn(p,n)*’Ga and **Zn(p,2n)’Ga reactions.) Our values together with the
reliable earlier published cross sections can be used to calculate the expected yields with
increased accuracy.

2) We have also measured the cross sections of reactions resulting the most important
contaminating radioisotopes (61Ni(p,2n)6OCu, 67Zn(p,2n)66Ga, 68Zn(p,3n)66Ga,
"cd(p,3n)'”In, ""'Cd(p,2n)'"’In and "*Cd(p,3n)'"°In). Our results were published in some
cases for the first time in the whole (or in the part of the) investigated energy regions
(*"Ni(p,2n)*°Cu, "'Cd(p,3n)'®In, ""'Cd(p,2n)'"°In). (It is worth pointing out that in the case of
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the production of a radioisotope, only those longer-lived radioisotopes are considered
contaminating ones which are chemically not separable from the required product(s).) Using
our present data and the acceptable previous results, the selection of the optimum energy
ranges for production purposes become more reliable.

3) Precise measurements of the excitation function was done in the case of the Ti+p, Ni+p and
Au+p processes to check their usefulness for proton beam monitoring. On the basis of our
detailed investigations 7 processes were selected and suggested for this purpose: ™'Ti(p,x)**V
(up to 30 MeV), ™Ni(p,x)>>Co (up to 30 MeV), "Ni(p,x)*°Co (up to 30 MeV), "Ni(p,x)’'Co
(up to 30 MeV), "™Ni(p,x)’'Ni (up to 44 MeV), "Au(p,pn)"’°Au (up to 30 MeV) and
" Au(p,n)'*"™Hg (up to 18 MeV). We have suggested them for proton beam monitoring for
the first time. These processes are already accepted by other research groups and they are
frequently used in their studies.

4) During this works we could also measure some reactions on our targets which have less
importance from the point of use as monitor or routine radioisotope production reactions.
However, these values could increase the data base of experimentally measured reactions. In
some cases these reactions were measured by us for the first time (®'Ni(p,0:)’*"Co,
*Ni(p,0)°'Co) and/or we could extend their investigated energy regions (*°Ti(p,o)**Sc,
Ti(p,0)**™eSc, *Ti(p,2p)*’Sc, *'Ni(p,0t)**Co, "'Cd(p,2n)'"*In, and "’ Au(p,n)'*"™"Hg). The
cross section values of the above reactions could be important to fields other than radioisotope
production (i.e. radiation safety, accelerator technology, astrophysical calculations etc.)

5) In the case of all measured processes, compilation and critical review of the available
experimental data was always performed and published together with the new results. After
eliminating the systematic inconsistencies found in some contributions it was possible to
select those measurements which can be used for further evaluation and for nuclear data
‘standardization’ works. Part of this investigation, especially for Zn+p reactions were
published separately.

6) On the basis of our measurements and the reliable experimental works, we have created
‘recommended’ cross section data bases for naltZn(p,x)“Zn, 66Zn(p,n)66Ga, 67Zn(p,2n)66Ga,
%zn(p,3n)*°Ga,  “Zn(p,n)’Ga, “Zn(p,2n)*’Ga, *Zn(p,n)*®Ga, ''Cd(p,n)'''In and
"2Cd(p,2n)!'In and "’ Au(p,pn)'*°Au reactions. We have also calculated recommended yield
values for those reactions which are used for routine production. Comparing our yield
predictions with measured thick target yields, we could verify the reliability of our values.
From practical point of view these ‘standardized’ data also could serve to (i) establish and to
maintain international uniformity; (ii) improve the accuracy, where this would become
necessary; and (iii) help other laboratories during the improvement of their radioisotope
production program. These recommended data bases are already accepted by several
laboratories involved in radionuclide production.

7) Optimum energy ranges for the production of ***Cu, *¢™** Ga and '''In have been
calculated by us using our cross section measurements and/or the recommended yield data.
Production routes of “’Ga (via “’Zn(p,n) and **Zn(p,2n) reactions) and '''In (via '"'Cd(p,n)
and '">Cd(p,2n) processes) was also elaborated using small and medium energy cyclotrons.
Using our data routine and commercial production of ®’Ga and '''In was put into practice in
Debrecen, Hungary, Miami Beach, Florida, U.S.A. and Rez, Czech Republic). A vertical
beam-line system used for routine radioisotope production was also designed and put into
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operation in Debrecen, Hungary. Solid, molten (liquid) and gas target materials can be
handled and irradiated (up to 50 HLA) safely with this system.

8) Statistical model calculations taking into account precompound effects were performed by
us to describe the excitation functions of the following reactions: ®'Ni(p,n), ®'Ni(p,2n),
*!Ni(p,o0), *Ni(p,n), *Ni(p,o0), *Zn(p,n), *’Zn(p,2n), Zn(p,n), ®*Zn(p,2n) and **Zn(p,n). It
has been concluded that the model codes used could describe well the investigated reaction
channels, however, some deviations in absolute cross sections were always found especially
in the case of Zn+p reactions.

9) For the first time we have investigated the usefulness of cross section data in Thin Layer
Activation technique (TLA) used for nuclear wear measurements of those materials which
contain zinc. On the basis of our recommended Zn+p data bases we have suggested to use the
"7n(p,x)*Zn and ™ Zn(p,x)***"**Zn processes for the mentioned industrial purpose. We have
published curves for total activity versus penetration depth and for distribution of activity as a
function of penetration depth for 7n, ®Ga and “’Ga (which are produced by different
incident proton energies). Our calculations were compared and verified by experimentally
measured calibration curve.
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7. Osszefoglalé

Protonok dltal kivaltott magreakciok hataskeresztmetszetének mérése Ti, Ni,
Zn, Cd és Au céltargyakon a 30 MeV-ig terjedd energiatartomdnyban,
valamint ezek alkalmazasa radioizotopok eloallitasara

Elozmények

A Magyar Tudomanyos Akadémia debreceni Atommagkutat6 Intézetében 1985-ben helyezték
lizembe Magyarorszag elsé ciklotronjat. Az MGC-20E tipust izokron gyorsitd iizemidejének
jelentds részében orvosi célu radioizotopokat allitott (és azota is allit) eld. Kezdetben a
hagyomdnyos izotopdiagnosztikai vizsgalatokhoz hasznalhato6 SPECT (Single Photon
Emission Tomography) radioizotopok, valamint az ezekkel jelzett vegyiiletek
(radiofarmakonok) termelésével foglalkoztak (pl. *’Ga, '''In, '®I). A jelzett vegyiiletek az
orszag szamos korhazaban, klinikajan kertiltek felhasznalasra. Az 1990-es évek elején létrejott
PET Centrum (Positron Emission Tomography) igényei alapjan, mara mar az un. PET
radiofarmakonok képviselik a termelt izotopok donté részét (*'C, °N, "0 '*F, stb.).

Amikor 1982-ben csatlakozhattam az intézet ciklotron alkamazasokkal foglalkozo
csoportjahoz, egyik feladatomul kaptam a rutin izotoptermeléshez sziikséges technikai
rendszerek tervezését, lizembedllitasat, valamint - figyelembe véve a ciklotron lehetdségeit - a
termelenddé radioizotopok eldallitdsanak, termelési koriilményeinek optimalizalasat. Ezen
feladatok megoldasanak tudomanyos megalapozasa érdekében jelentds alkalmazott kutatasi
feladatokat (gerjesztési fiiggvények mérése, hozamok meghatarozasa stb.) kellett elvégezni. A
jelen dolgozatban az ezekkel a munkakkal kapcsolatos kutatdsaimat, vizsgalataimat és a
kapott eredményeket foglaltam 6ssze.

A megoldando feladatok

Ismeretes, hogy szamos tényezot kell figyelembe venni ahhoz, hogy a kérdéses radioizotopot
optimalisan lehessen termelni egy adott gyorsitoval (pl. a gyorsithato részecskefajtak szama és
ezek maximalis energidi, a nyalabintenzitasok, a termeléshez valasztott magreakciok hozamai,
a szennyezd izotdpok fajtai és hozamai, a besugarzasi technikak (targetry), az alkalmazhato
kémiai elvalasztasi modszerek stb.).

A nukleédris adatok pontos ismerete alapvetd fontossdgt mind a tervezésnél, mind a
termelések soran, mivel ezek ismeretében:

a) Az optimalis magreakci6 konnyen kivalaszthato, a termeléshez sziikséges energiatartomany
(céltargyvastasag, izotopdsszetétel) meghatarozhato.

b) Az elérheté hozamok pontosan kiszdmithatdak.

¢) A hozamok ismeretében pedig a termelés mas tényezdinek hatasfoka is pontosan
meghatdrozhatova valik. (Pl. a nagy intenzitdsii besugarzésok relativ hozamcsokkenése, a
céltargyfeldolgozas €s a radioizotdp kinyerése, valamint a kémiai eljarasok miatt bekdvetkezo
esetleges aktivitasveszteségek, stb.)

Mar a kezdetekben nyilvanvald volt, hogy izotoptermelési célokra elsdsorban protonok altal
kivéltott magreakciok johetnek csak szdoba, és figyelembe véve a debreceni ciklotron
lehetdségeit, azok is csak dusitott izotoposszetételll céltargyanyagok alkalmazasa esetén.
Mivel munkank kezdetén nem rendelkeztiink elegendd tapasztalattal az izotdptermelési
feladatok megoldasadhoz, elsd 1épésként Osszegyljtottik és elemeztik az ilyen jellegl
irodalmakat. Tapasztalataink szerint a fellelhetd forrasok altal mért hataskeresztmetszetek és
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hozamadatok sok esetben: (a) jelentdsen eltértek egymastol, (b) hianyosak voltak (bizonyos
energiatartomanyokban vagy reakcidkra hidnyoztak az adatok), (¢) mérési pontatlansaguk
miatt nem voltak felhasznalhatok céljainkra. Ezen problémak mindegyike jelentkezett azon
izotopokkal kapcsolatban is, melyek termését munkdm soran feladatul kaptam, nevezetesen a
61040y, 9667:63Gg ¢ a n.
A vizsgalataink {6 célja és motivacidja tehat az volt, hogy a termeléshez sziikséges nuklearis
adatok részletes és kelld pontossdgi mérésével tudomanyosan megalapozzuk a fenti
radioizotopok optimalis termelését a debreceni ciklotron koriilményei kozott.
Az adatok elemzésébdl az is kideriilt azonban, hogy nem csak az altalunk elérhetd 18 MeV-es
protonenergiaig vannak problémak a kozolt adatokkal. Ezért vizsgalatainkat kiterjesztettiik 30
MeV-ig, mely energia jelenleg a legoptimalisabbnak tekinthetd izotoptermelésre (figyelembe
véve az lzemeltetési koltségeket és az elérhetd hozamokat). Reményeink szerint, igy az
adatainkat a legtobb izotoptermeld centrum munkajaban is fel tudjak majd hasznalni.
A hataskeresztmetszet mérésekhez hasznalandd céltargyainkat olyan fém hatlapokra
készitettiik, melyekben természetesen szintén szamos jol mérhetd (p,n) €s (p,2n) reakcié megy
végbe. Mivel a mérések soran egyébként is hasznalunk kiilon un. monitor foélidkban lejatsz6do
reakcidkat a nyaldbdramok monitorizalasara, felvet6dott a gondolat, hogy a hatlapokban
végbemend reakciok is betdlthetnék a monitor reakciok szerepét. Ilyen moédon nem sziikséges
tovabbi mas folidkat alkalmazni monitorizalasi célokra. Meg kell azt is jegyezni, hogy
munkank kezdetén - az elmult évtized végén - az altalunk vizsgalandd energiatartomanyban
az adatok elégtelensége miatt, csupan néhany reakciot lehetett monitorizalasra felhaszndlni.
Az elvégzendo vizsgalatainkat a fentiek alapjan az aldbbiakban tudtuk 6sszefoglalni:
A) Hatéskeresztmetszet mérések végzése dusitott Zn, Ni és Cd céltargyakon 30 MeV-
ig azon magreakciokra melyekkel az alabbi orvosi célra hasznalandé radioizotopok
termelhetok : 61Cu,(’4Cu, %Ga, 'Ga %Ga és ''In.
B) Hataskeresztmetszet mérések végzése dusitott Zn, Ni és Cd céltargyakon 30 MeV-
ig azon magreakciokra melyekkel a fenti radioizotopok szennyezdéi parhuzamosan
eldallnak.
C) A %7%Ga és a "'In rutin termelési koriilményeinek kidolgozasa kis- és kozép
energias ciklotronokra (E,<30 MeV).
D) "Ti+p, "Ni+p és ""Au+p folyamatok gerjesztési fiiggvényeinek meghatarozasa 30
-ig, és annak vizsgalata, hogy koziiliik mely reakciok alkamasak proton nyaldbok
intenzitdsanak monitorizalasara.
E) Az irodalomban a fenti reakciokra kozolt hataskereszmetszet és hozamadatok
Osszegyljtése, ¢és kritikai elemzése. Ajanlott hatiskeresztmetszet és hozam adat
adatbazisok létrehozéasa a fontosabb termelésre hasznaland6 reakciok esetében. Modell
szamoldsok végzése, hogy vizsgaljuk a kiilonb6zd computer programok felhasznal-
hat6sagat az izotdptermelésben hasznaland6 nuklearis adatok becslésére, €s a kisérleti
adatok ellentmondésainak tisztazasara.

Kiserleti eszkozok és alkalmazott modszerek

A termelési reakciok méréséhez hasznalt céltdgyakat dusitott izotopdsszetételii anyagokbol
galvanizalasi eljarassal készitettiik. A monitor reakciokhoz és a dusitott céltargyak
hatlapjaiként vékony gyéari fém folidk (nikkel és arany) keriiltek felhasznalasra. A
hozammérésekhez és a termelésekhez hasznalt targetek hatlapjaiként rezet hasznaltunk,
melyet eldozdleg nikkellel vagy arannyal vontunk be. Ezek a targetek is ugyanolyan
galvanizacids eljarassal késziiltek, mint a hataskeresztmetszet mérésekhez hasznaltak.

A vizsgalt magreakciok hatdskeresztmetszet adatainak meghatarozasdt az un. aktivacios
modszerrel végeztiik. Egyszerre tobb céltargyat sugaroztunk be (szedvics technika), igy
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viszonylag gyorsan (kis relativ hibaval) lehetett a vizsgalt reakcid gerjesztési fliggvényét,
vagy annak egy szakaszat meghatarozni. A céltargytartd egységeink ugy lettek kialakitva
(Faraday-kamra), hogy kozvetleniil abszolut dramot mérhessiink rajtuk. A céltargyak kozé
monitor folidkat is helyeztiink, melyekkel szintén monitoroztuk a nyalabok energiajat és
intenzitasat.

A besugarzasok 18 MeV alatti részét a debreceni gyorsitonal végeztiik, mig az ennél nagyobb
energiakon torténd mérésekre nemzetkozi egyiittmiikodések keretében keriilt sor (Briisszel
(Belgium), Jillich (Németorszag) Miami Beach (Florida, Egyesiilt Allamok), Rez (Cseh
koztarsasag) valamint Turku (Finnorszag)). A besugarzasok soran altalaban kis nyalab-
aramokat (100-200 nA) ¢és a vizsgalando izotdp felezési idejének megfelelden valasztott
besugarzasi idéket (10 perc-3 6ra) hasznaltunk.

A folidk aktivitasat az esetek dontd tobbségében kémiai szeparacid nélkiill mértilk meg.
Spektrummeéréseinknél kiilonb6zd tipusu detektor-jelfeldolgozd rendszer Osszeallitasokat
hasznaltunk. (HpGe, Ge(L1) detektorok, Aptec, Ortec stb. sokcsatornds analizatorok (MCA)).
Valamennyi mérésiinknél az aktivalt mintdk ugy voltak elhelyezve, hogy a detektorok
szempontjabol pontszerii forrasnak tekinthessiik oket, illetve hogy a detektorokat éré fotonok
ne terheljék tul a mérdrendszereket (a holtid6 kisebb mint 5 %). A mérérendszerek hatasfok
hitelesitését standard (3-5% abszolut pontossag) hitelesitd forrasok segitségével végeztiik.

A hataskeresztmetszet adatokat a mért csucsteriiletek felhasznalasaval és az un. aktivacios
egyenlet segitségével szamoltuk ki. A nyalabok céltdgyban torténd energiacsokkenését
irodalmi tablazatokkal és standard szamitogépes programokkal hatdroztuk meg, illetve
monitor reakciokat hasznaltunk azok ellendrzésére. (A foliasor egy adott tagjadhoz a folidba
be- valamint kilépd energiaértékeknek, a gerjesztési fliggvény valtozasanak figyelembe
vételével szamolt atlagat rendeltiik.) Ezen energia adat hibajat a ciklotronbdl kilépd nyalab
kezdeti bizonytalansdganak ¢és a megeldzd céltargyak ismeretében szamoltuk ki. A
hataskeresztmetszet adatokhoz hibaként a legfontosabb bizonytalansagi tényezok (a céltargy-
vastagsag, a detektor hatasfok, a fluxusmérés, a csucsteriilet, a felhasznalt nuklearis adatok, a
mérési geometria meghatarozasanak hibai) négyzetdsszegének négyzetgyokét rendeltiik.

A rutin izotoptermelési feladatok ellatasara fiiggéleges elrendezésli nyaldbvéget és specialis
besugarzd rendszert épitettiink fel a debreceni ciklotronnal, mely biztositja a gyors és
kontrollalhaté nyaldbvezetést, a céltargyak megbizatd kezelését, valamint a céltargyakban
keletkezd ho elvezetését. Ezen rendszer kivaldan alkalmas szilard, cseppfolyds valamint gaz
halmazallapotu céltargyanyagok besugarzasara is. Hozamméréseink nagy részet is ezzel a
berendezéssel végeztiik. A (p,2n) reakcidval torténd indium és gallium termelések hozam-
méréseire illetve a rutin termelésekre a Rez-i (Cseh koztarsasag) valamint a Miami Beach-i
(Florida, U.S.A.) gyorsitok besugarzasi rendszereit hasznaltuk. Termelések esetén ezekre az
izotopokra az igényelt aktivitdstol mennyiségétdl fiiggéen 10-36 Ords besugarzasokat
végeztiink 50-150 LA nyaldbintenzitasok mellett.

Eredményeink

A vizsgélataink sordn szerzett tapasztalatok ¢s j tudomanyos eredmények (melyek elérésében
minden esetben meghatarozo szerepem volt) az alabbiakban foglalhatok 6ssze:

1) Uj, az eddigieknél részletesebb méréseket végeztiink a széleskorben hasznalatos "% Ga,
M és ©%Cu, radioizotopok termeléséhez sziikséges magreakciok gerjesztési fiiggvényeinek
meghatarozasdra. A vizsgalt reakcidk ¢és energiatartomanyok a kovetkezék voltak
*Ni(p,n)®'Cu (19 MeV-ig), *“Ni(p,n)**Cu (19 MeV-ig), *Zn(p,n)**Ga (26 MeV-ig),
67Zn(p,n)67Ga (26 MeV-ig ), 68Zn(p,2n)67Ga (26 MeV-ig), 68Zn(p,n)68Ga (26 MeV-ig),
"cd(p,n)''In (30 MeV-ig) és '"*Cd(p,2n)''In (30 MeV-ig). Méréseink segitségével sikeriilt
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teljessé tennilink a fenti reakciok gerjesztési fiiggvényeit a termelésekhez sziikséges energia-
tartomdnyokban, mely adatok bizonyos energiatartomdnyokban eddig vagy nem alltak
rendelkezésre, vagy ezekkel kapcsolatban csak egyetlen, masok altal meg nem erdsitett mérést
kozoltek az irodalomban. (Ilyen reakcidk pl. a 61Ni(p,n)61Cu, 66Zn(p,n)66Ga, 67Zn(p,n)67Ga €s
a ®Zn(p,2n)"’Ga.) A megbizhatonak tiiné irodalmi adatokkal kiegészitve méréseinket
lehetéség nyilt arra, hogy a vérhatd hozamadatokat az eddigieknél nagyobb pontossiaggal
szamolhassuk ki.

2) A fenti vizsgélatokhoz kapcsolddva mértiik az un. mellék reakciok hataskeresztmetszeteit
is, melyek ugyanazokon (vagy a targetben jelenlevd egyéb) magokon mennek végbe és a
legfontosabb un. szennyezé radioizotdpokat eredményezik. Az ilyen reakciokra vonatkozo
mérések tapasztalataink szerint még hianyosabbak, mint a termelési reakcidokkal kapcsolatos
adatok. Az altalunk vizsgélt 6 reakcio alapjan jelentdsen kiegészitettilk és pontositottuk a
korabbi ismereteket a “°Cu, *°Ga, '“In és "'"’In elballitasaval kapcsolatban (*'Ni(p,2n)*’Cu,
7zn(p,2n)*Ga, ®*Zn(p,3n)*Ga, '''Cd(p,3n)'”In, "'Cd(p,2n)""’In &s '"*Cd(p,3n)'"’In). A
fentiek koziil a *'Ni(p,2n)*°Cu reakciot elséként mértiik a reakeid kiiszébenergiajatol 19 MeV-
ig, mig a kadmiumon végbemend reakciok esetében ugyancsak mi kozoltiink eldszor adatokat
bizonyos energiatartomanyokra vonatkozolag. (Meg kell jegyezniink a szennyezdkkel
kapcsolatban azt, hogy valamely radioizotop termelése esetén azokat a hosszl felezési ideji
1zotopokat kell szennyezdknek tekinteni, melyek kémiailag nem elkiilonithetéek.) Méréseink
alapjan, az optimalis termelési energiaintervallumok (ahol a szennyezdk mennyisége a fel-
hasznalok altal megkivant szint alatt marad, vagy egyaltalan nem termelédnek) pontosabb
meghatdrozasa valt lehetove.

3) A korébbiakndl részletesebb hataskeresztmetszet méréseket végeztiink néhany Ti+p, Ni+p
¢s Autp folyamattal kapcsolatban, olyan uj reakcidkat keresve, melyeket proton nyaldbok
intenzitasanak monitorizalésara is jol fel lehet felhasznalni. Eredményeink alapjan hét reakcio,
illetve folyamat keriilt kivalasztasra, melyeket els6ként mi javasoltunk a fenti célra
"'Ti(p.x)**V (30 MeV-ig), ™Ni(p,x)Co (30 MeV-ig), "Ni(p,x)°Co (30 MeV-ig),
"Ni(p,x)°'Co (30 MeV-ig), "Ni(p,x)’'Ni (44 MeV-ig), "Au(p,pn)'°Au (30 MeV-ig) és
" Au(p,n)'”"™Hg (18 MeV-ig). A kapott visszajelzések alapjan eredményeinket azdta mér
szdmos laboratorium izotoptermelési programjaban hasznaljak.

4) Hatéaskeresztmetszet méréseink soran szamos olyan reakciot is mértiink, melyek jelenleg
nem jatszanak szamottevd szerepet sem az izotdptermelésben sem a nyalabok monito-
rizadlasaban. Ezen eredmények azonban kiegészitik a toltottrészecskék altal kivaltott
magreakciokra vonatkozd rendelkezésre allo adatokat. Ezen folyamatokat vagy elsdnek
mértik (°'Ni(p,0)™™Co és “Ni(p,0)*'Co), vagy bévitettik a vizsgalt energiatartomanyaikat
(°Ti(p,a)*Sc,  “'Ti(p,0)**™eSc,  *Ti(p,2p)*'Sc,  *'Ni(p,a)*Co, ''Cd(p,2n)''"%In  és
7 Au(p,n)"”"™Hg). A kapott adatok szamos, az izotoptermelésen kiviili teriilet szamara is
hasznosak lehetnek (pl. sugarvédelem, gyorsito technolédgia, asztrofizikai kutatasok stb.).

5) A mérésekhez kapcsolodva minden esetben elvégeztiik az addig megjelent irodalmi
adatoknak a korabbiaknal sokkal részletesebb kompildlasat és kritikai elemzését. Kisziirtiik
azon problémakat melyek a kisérleti koriilmények nem megfeleld megvalasztasabol, illetve a
hibas szamolasokbodl kovetkeztek be. Az igy Osszeallitott hataskeresztmetszet és hozamadat
adatbazisokat a késdbbiekben felhasznaltuk un.”ajanlott” adatokat tartalmazo adatbéazisok
létrehozasara. A kompiladlasi eredményeket melyek a Zn+p reakcidkra vonatkoztak, kiilon
publikéacidban is hozzaférhetdve tettiik.
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6) Sajat mérési eredményeinkre €s a megbizhatd irodalmi adatokra tdmaszkodva elséként
hoztunk létre ajanlott (recommended) hatdskeresztmetszet és hozamadat adatbazisokat a 30
MeV-ig terjedd energiatartomanyban az alabbi reakciokra ™Zn(p,x)*Zn, *°Zn(p,n)*°Ga,
67Zn(p,2n)66Ga, 68Zn(p,3n)66Ga, 67Zn(p,n)67Ga, 6SZn(p,2n)67Ga, 68Zn(p,n)68Ga, 111Cd(p,n)mln
"2Cdp,2n)"'In  és  ""Au(p,pn)'”®Au. Szamolt hozamaink Gsszehasonlitasa  irodalmi
mérésekkel megerdsitette adataink hasznalhatdsagat az izotoptermelés teriiletén.

7) A mért gerjesztési fiiggvények alapjan meghatiroztuk a ®"*Cu, **"%Ga ¢s '''In
radioizotopok termeléséhez sziikséges optimalis energiatartomanyokat, figyelembe véve a
rendelkezésre allo céltargyanyagok dusitasi fokat és az elérhetd nyaldbenergidkat. Ezen
adatok alapjan folynak a rutin besugarzasok Debrecenben, Rez-ben (Cseh Koztarsasag) és
Miami Beach-ben (Florida, Egyesiilt Allamok) a “’Ga (*’Zn(p,n) és ®*Zn(p,2n)) és a '''In
(""'Cd(p,n) és '*Cd(p,2n)) elballitasara.

A debreceni ciklotronhoz kifejlesztettiink egy olyan fliggdleges elrendezésli izotdptermeld
rendszert is, mely egyardnt alkalmas szilard, cseppfolyds ¢és gaz halmazallapota
céltargyanyagok nagyaramokkal torténd besugarzasara.

8) Szamolasokat végeztiink a *'Ni(p,n), *'Ni(p,2n), *'Ni(p,a), **Ni(p,n), **Ni(p,0), *°Zn(p,n),
zn(p,2n), *Zn(p,n), ®Zn(p,2n) és *Zn(p,n) reakciok gerjesztési fiiggvényeinek leirdsara
kiilonb6z6 magreakcio elméleten alapuld modell programok segitségével. (A szamolasok
soran a felhaszndlt programok figyelembe veszik a kozbensé magok képzddésével jard
folyamatokat és az un. preequilibrium kibocsatasbol szdrmazo jarulékokat is.). Megallapithato
volt, hogy a modell szamitasok jol reprodukaljak a gerjesztéséi fliggvényeket, habar a
hatarkeresztmetszet adatok becslése rendre eltért a mért adatoktol. (pl a Zn+p reakciok
esetén). A szamitasok felhivtak a figyelmet a pontos kisérleti adatok sziikségességére.

9) Részletesen vizsgaltuk az altalunk mért hatdskeresztmetszet adatok felhasznalhatosagat a
kopasvizsgalatokra hasznalt vékonyréteg aktivacios technikaban (TLA),. A Zn+p reakcidok
ajanlott adatait figyelembe véve, javasoltuk a ™Zn(p,x)*Zn és a "™Zn(p,x)°**"**Zn
folyamatok hasznalatét cink tartalmi anyagok un. hitelesitd gorbéinek szamolasokkal torténd
meghatdrozasara. Szamolasainkat a rendelkezésre 4ll6 néhany kisérleti adattal 1is
Osszehasonlitottuk, melyek igazoltak adataink ilyen céli hasznalhatosagat is.

Az értekezés eredményeirdl 13 kozleményben (megjelent illetve elfogadott tudomanyos cikk)
szamoltunk be. (A dolgozat témdajahoz még tovabbi 7 cikk kapcsolodik.) A fenti publikacidkra
1997 méjusdig 49 hivatkozas tortént. A cikkek (13) fénymasolatai a jelen dolgozat
fiiggelékében megtalalhatoak.
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