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Abstract

The radioisotope strontiuur-S2 (T172= 25.55 days) decays to short-lived t"Rb 
1T,, = 76 seconds) by

l00o/o electron caphue @C). The short-lived t'*Rb decays by g5.SYopositron-ernissiou p* and 4.5%oEC

to stable'2Kr. Rubidiurn-82g is used in Positron Enr.ission Tonrography (PET) applications, including

studies of myocardial irfarction, kidney tissue and brain blood florv.

In the present study the excitation fi,rnctions for the production of 82Sr, other radio-strontiums and

radio-contaminants produced in the proton bonrbardrnenl of ""'Rb rvere measrred by ureans of the

stacked-foil teclutique. Tlree stacks were prepared and were assernbled fronr RbCl sarnples and

alurninium- and copper- rnonitor foils. The RbCl samples were prepared by pressing the RbCl-salt into

pellets having tlticknesses of 200 rng/cur2 for the energy region 40-100 MeV and 100 rng/crn2 for the

energy region below 40 MeV. The stacks were bonrbarded at the National Accelerator Centre cyclotron

facility with bearns having proton energies of 100.9 MeV, 66.8 MeV and 40.4 MeV and a nominal

beam intensity of 100 nA.

After bornbardrnent the induced activity of the radioactive products in each target pellet and uronitor

foil were measured by means of y-ray spectroscopy. For this purpose a calibrated FIP-Ge detector

coupled to a SILENA l6-k multi-clumel ana.lyzer rvas used.

The measured excitation frurctions for the relevalt radioisotopes are presented and, where applicable,

compared with previously published data. In some cases no other dala were available in the literature

for comparison purposes. Theoretica-l calculations using the colnputer code ALICE-IPPE were also

done and were cotnpared with the present data.

These excitation functious are used to sugg,est a suitable energy rviudorv for the production of a high

quality E2Sr product.
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CHAPTER I

MOTTVATION AND OUTLINE OF TTMSIS

1.1 Introduction and motivation

Proton accelerators are widely used to produce medically useful radioisotopes. Medical

radioisotopes can be produced either by accelerators or by reactors. Radioisotopes produced

in this way have properties that make them attractive as diagnostic tools in nuclear medicine.

Accelerator-produced radioisotopes have an advantage over reactor-produced ones because

they are usually of a different element than that of the target. This makes chemical separation

possible so that a very high specific activity can be achieved. Furthermore, most accelerator-

produced isotopes are neutron deficient and usually decay by positron entission (F) or

electron capture (e), which makes them suitable for applications in diagnostic medicine.

Radioisotopes emitting B* particles are very useful when combined with three-dimensional

imaging techniques such as Positron Emission T-omographll (PET) which is ernployed in

diagnostic studies. In the case of radioisotopes which decay by electron capture, the absence

of particle emission is an advantage in that it helps to reduce the radiation dose received by

the patients.

In order to develop cyclotron-based production rnethods for medical radioisotopes one needs

to acquire accurate knowledge of the relevant nuclear cross-section data. From accurately

determined excitation functions one can then derive the optinrunr production rates and make

decisions on how to achieve them.

In South Africa, the National Accelerator Centre (NAC) provides the rnedical community, as

well as other multi-disciplinary scientific communities, with a Iarge vanety of charged

particle beams generated by a cyclotron. A 66 MeV proton-beam is utilized for the routine

production of radioisotopes. Different medically useful radioisotopes are produced at NAC

and supplied to hospitals and clinics. Introducing new isotopes to the system expands the list.

http://etd.uwc.ac.za
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Amongst the accelerator-produced radioisotopes, strontiurn-82 (t'Sr) enjoys wide usage in

nuclear medicine. Strontium-82 with a half-life of 25.5 days decays by 100%o electron capture

@C) to the ground state of rubidium-82 (t"Rb) but does not decay to 82n'Rb. The ground

state t2Rb has a half-life of 76 seconds and it decays by 95.5Yo positron emission (F.) and

45% EC to stable krypton-82 (*'Kr). 828Rb emits only one gamma ray (y-ray) with an

abundance of more than l%o present in its decay. This y-ray has en energy of 776.5 keV and

its absolute abundance is 13.4oh. Because 82gRb emits p*, it provides a high flux of positrons

for annihilation. Due to its short half-life, this radioisotope allows one to examine patients

without subjecting them to large radiation doses. 82eRb is extensively used in clinicat

medicine as a diagnostic tool in PET studies. In practice, 82eRb is obtained from 82Sr-82Rb

generator systems by eluting it with a solvent. The eluted '2gRb is then injected to a patient.
t"Rb can be used in different diagnostic studies such as rnyocardial infarction (disorder of

the heart muscle), kidney tissue and brain blood flow.

Presently, 82Sr is mainly produced via the n'tRb+p route in the proton energy region of 30-60

MeV, [Dep90, Hor80, and Lag93] and via a spallation process on molybdenum,

-tMo(p,spall)82Sr with an 800 MeV proton beam [Bey89].

Several papers have been published on the production of 82Sr by the proton bombardment of

rubidium targets by means of a stacked-foil method. Most of these publications discuss the

production routes which are commonly used worldwide. These routes involve the use of

either the natural rubidium (*'Rb) targets [Dep90, Lag93] or the enriched rubidium (*tRb)

targets [Hor80] In the case of Deptulaet a/. [Dep90], thin "'tRb targets were bombarded with

a 100 MeV proton beam of intensity 2 8 pA. The reported thick target yreld was 0.43

mci.pA-th-r. whereas, in the case of Lagunas-Solar [Lag93] thin "'tRb targets were

bombarded with a 70 MeV proton beam (no intensity reported). In his previous publication

lLag9zl he reported that in his unpublished results a yield of 0.35 rnCi.pA'rh-r for a 42MeY

exit window was achieved. Horiguchi et al. [Hor80], bornbarded enriched 85Rb targets with a

70 MeV proton beam of intensity 0.5 - I pA and reported a yield of - 0.47 mCi.pA-th-r.

In the spallation method a thick molybdenum target is bombarded with protons (800 MeV) at

currents up to 500 pA. Bombardment times normally vary from two days to one nronth. After

http://etd.uwc.ac.za
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bombardment the relevant radioactive product is separated from its radio-contaminants using

complicated chemical procedures. The product is then y-ray spectroscopically measured and

the activity determined. Yields of -61-100 pCi.prA-th't have been reported [Ver93].

According to Mausner et al. [Mau87] the spallation reaction on n"Mo is inferior in

radionuclidic purity compared to the n'lRb+p reaction. This is mainly due to the fact that it is

impossible to clear 82Sr of the associated long-lived 8sSr (Tyz= 64.9 days), *'S, (T,,, = 50.5

days) and *Sr 
1T,,r:28.5 years). Since the production of 82Sr via notRb does not involve the

8e'e0sr impurities and the high yields achieved (-0.43 mCi.pA-'h-t) [oepool make this route a

much more attractive way of producing 82Sr. Despite the usefulness of 82Sr in diagnostic

medicine, the task of producing it still remains fairly complicated and, since some amounts of

impurities are inevitable in both production reactions, a continued demand for this

radioisotope has encouraged on-going development and refinement of its production.

The bombardment of rubidium targets with protons in the 30-70 MeV energy range has been

reported as a better method than those two discussed above, because it gives high yields and

low level radioisotopic impurities [Ver93]. At the NAC the radioisotope team is planning on

producing 82Sr via this method. The present work is dedicated to the investigation of this

production route through the study of the experimental excitation functions for the production

of 82Sr and its radio-contaminants 80'8r'83'85sr by means of the stacked-foil technique. Three

stacks were prepared (100 MeV, 66 MeV and 40 MeV) where the first stack covered the 60-

100 MeV proton energy region, the second stack covered the 30-66 MeV proton energy

region and the last stack covered the low energy region from threshold up to 40 MeV. These

stacks were bombarded with proton beams of low intensities (100 nA). The measured

excitation functions were then compared wrth the theoretical calculations and with previously

published data.

In addition in this work, excitation functions for the production of other radioisotopes in the

proton bombardment of "'tRb have also been measured. These ur" 7e'81'82nr,83'84'86Rb,77'80m9,

and 7tKr. The results for these important radioisotopes are also included in this work and

contribute to the expansion of the existing worldwide excitation function database. The need

for such data has been stressed previously [Dep90, Hor80 and Lag93].

http://etd.uwc.ac.za
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1.2 Thesis outline

The thesis is structured as follows

The important physical processes relevant to the production of radioisotopes and the

stacked foil technique are discussed in Chapter 2. These processes include the effects of

the beam on the target material and nuclear reactions. The discussion on the importance

of excitation function data is also covered. Beam effects include the stopping power and

energy loss of protons in the target material, energy, path-length and range straggling and

multiple scattering. In the "nuclear reactions" section I discuss reaction threshold, cross-

sections, excitation functions and reaction channels.

Chapter 3 is a detailed discussion of the techniques involved in the measurement of

excitation function for the production of 82Sr by means of the stacked-foil technique. The

discussion includes the experimental details such as the preparation of the stack and

irradiation details, quantitative y-ray spectroscopic analysis, the measured cross-sections

and their uncertainties.

a

a

a

Measured excitation functions of all the radioisotopes for which cross-sections could be

measured and production rates calculated from the 82Sr excitation function are given and

discussed in Chapter 4. The excitation functions presented are also compared with

theoretical calculations and with previously published data. A brief discussion on the

production of 82Sr at high beam currents is also included. The chapter closes with the

presentation of some theoretical calculations using the ALICE-IPPE code.

Chapter 5 presents the general conclusions as well as suggestions for future

developments.

http://etd.uwc.ac.za
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CHAPTER 2

PASSAGE OF I{IGH-ENERGY PROTONS THROUGH MATTER

During bombardment of a target with a beam of protons, collisions occur between the beam

of particles and nuclei of the target. There are different kinds of interactions, some of which

are important for the production of a particular radioisotope. This chapter discusses some of

those physical processes that are generally thought to be the most important in radioisotope

production and in the application of the stacked-foil technique.

2.1 Beam effects

When charged particles like protons travel through matter they interact with the atomic

electrons via the Coulomb interaction. On passage through the target they lose their energy

by interacting with many such electrons. The impulse exerted on an atomic electron when a

proton pzrses in its vicinity might be sufficient either to raise the electron to a higher

excitation level within the atom or, in some cases rernove it completely from the atom

(ionization). Another possibiliry is that the proton czur be involved in a single electron

collision in which case a 6-ray (secondary electron) nray be emitted.

The kinetic energy lost to a single electron is small compared to the total energy of the

proton. However, since the proton interacts with rnany electrons, its velocity decreases

continuously until it is stopped. The track the proton follows rs roughly straight because the

angle of deflection of the proton from any such encounter is negligibly snrall due to the large

difference in mass of an electron and the proton.

The energy loss process is usually described in terms of a few quantities. The most

commonly used ones are introduced and described below.

http://etd.uwc.ac.za
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2. l. I Stopping power and energy loss

The stopping power S: - + is defined as the linear rate at which a charged particle loses
dx

its energy when passing through matter. This quantity is also frequently referred to as the

"rate of change of energy" and is expressed as a function of kinetic energy, the charge and

the mass of the projectile. It has units of MeV/(g.c*-2) or MeV/cm (see Appendix A2 for the

calculation of the stopping power for protons). Since the number of interactions per unit

length is very large, asubstantial cumulative energy loss occurs in relatively thin layers of the

target material. In practice two main processes contribute to the stopping power for protons

in a target material: nuclear stopping and electronic slopping.

At high energies when the proton interacts with the atonric electrons in the target its own

velocity is usually much higher than the velocities of the electrons. The proton then loses

energy chiefly through electronic excitation and ionization of the target atoms. The energy

loss as a result of both these processes is defined as electronic stopping.It essentially occurs

at relatively high proton velocities. At some stage the proton's velocity is reduced to a point

at which it becomes comparable with the velocity of the K-shell electrons. When this

happens the proton may pick up an electron at which point the stopping power drops off

towards the end of its trajectory and it may pick up electrons and lose thenr many times until

it finally stops.

At these low energies where the velocity of the proton is much smaller than the velocity of

the atomic electrons, electron stopping is no longer donrinant but the interaction with the

relatively small nuclei of the target atoms starts to play a role. If the proton cornes into close

contact with the nucleus, an elastic nuclear collision nray occur. The kinetrc energy of the

proton is transferred to the nucleus setting it in motion as a whole. The proton loses kinetic

energy so as to satisfy conservation of energy and mornentum for the interaction. Since the

mass of the target nucleus is larger than that of the proton, the energy lost to the atomic

nucleus is very little. This energy loss process is called nuclear stoJ)ping.

Figure 2.1 shows the stopping power as a function of energy for protons in RbCl and Rb

targets. All the stopping power values in this study were calculated using the expressions of

http://etd.uwc.ac.za
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Anderson and Ziegler [And77]. In this work the stopping power was calculated in order to

determine the energy in the stacks.

30

\
-Rb
..----.Rbcl

\
\

seo-E
or9
.E E,qv
EL=9<,a>

20

10

0

0 20 40 60 80
Proton Energy (MeV)

100

Figure 2.1: Stopping power.fitr prolons in RbCl and llb targel nruterials

2. | .2 P ath-length and range

Path-length is defined as the average distance covered by a beam of protons travelling from

the point where it enters the material with a specific kinetic energy to the point at which the

kinetic energy is equal to zero. It includes the track deflections caused by angular scattering.

The range of the beam of energetic protons in a target is defined as the nrean depth of

penetration measured along a straighl line parallel to the original direction of the motion of

the protons. The relation of range to energy loss is given by:

dE

dE

where (- dE/dx) is the stopping power for protons in a target material. As illustrated in Figure

2.2,the range is always less than the path-length due to angular deflection caused by multiple

scattering from atomic nuclei (see section 2.1.4). The range becomes increasingly important

in the low energy region (40 MeV stack) where the energy-loss is nruch higher.

R Ep

n=[,0*= 
[,

dx
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Target Material

Beam of protons with
kinetic energy E. l'ath-length

Range

Figure 2.2: Represettlation cf the path-length and lhe ronge of the proton heqnl
inside a torget moterictl.

2.1.3 Energy and range straggling

The energy lost by a proton in a collision with an atomic electron is not always the same

since the impact parameter (distance of closest approach) is not predictable and varies

considerably. The number of collisions per unit length also varies for individual incoming

protons. Hence, the energy lost per unit distance traveled is not constant and so two protons

with the same energy need not come to a stop at the same range or have the same path-length.

This variation is known as straggling and has a statistical nature. At low-energies when

fluctuations in the effective charge of the proton also occur, the fluctuations in the fractional

energy loss per collision become larger, especially at energies where nuclear stopping is

dominant. Through nuclear stopping the proton will then undergo scattering. Thus mono-

energetic beams of protons do not have a unique range in the target nraterial. The beam will

acquire an energy spread after passing through a thickness of target material. This spread

increases with increasing depth of penetration. In short, range straggling results from energy

straggling.

2. 1.4 Small-angle multiple scattering

Multiple scattering of charged particles is caused by deflections of protons by the atomic

nuclei. A single proton undergoes many such srnall angle deflections. Hence, when a beam of

http://etd.uwc.ac.za
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mono-energetic protons traverses a target an increasing angular spread in the beam with

increasing thickness is observed and the beam broadens at the end of the stack. Multiple

scattering, energy and range straggling are all considered in the designing of the stack.

2.2 Nuclear reactions

As a proton travels through matter it is possible that it interacts with a target nucleus. If the

proton does not come into close contact with the nucleus of the target atom, nuclear elastic

scattering takes place in which a part of the proton's kinetic energy is transferred to the

nucleus, setting the nucleus into motion. This process is called elastic nuclear scallering.

However, at close encounters there may be some internal disturbance caused in the nucleus

placing the target nucleus in an excited state. This process is known as inelastic rurclear

scaltering.

At even closer encounters the proton can penetrate the target nucleus and be absorbed

bringing the nucleus into a highly excited state. De-excitation follows immediately and it can

occur in two different ways. Firstly, several y-rays may carry away the excitation energy with

the result that the proton is captured and a new (sometimes a radioactive) nucleus is formed.

Secondly, the excitation energy of the nucleus may be concentrated in one or more of its

nucleons, which can then leave the nucleus. Both alternatives are called ntrclear reaclions.

One of these three types of nuclear reactions can occur: direct reactions, compound nucleus

reactions and pre-equilibriurn reactions.

2.2.1 Types of nuclear reactions

A direct reaction takes place when the incident particle interacts with only a few nucleons in

the target nucleus, some of which may be directly ejected In this case the majority of

nucleons are not disturbed. There is a strong possibility that the incoming particle will leave

the target nucleus again after losing some of its kinetic energy dunng these few collisions.

This reaction takes place very fast (10-22 seconds), before the nucleus progresses to an

intermediate excited compound state. This type of reaction contributes in the excitation

function at high incident energies.
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A compound nucleus is formed when the incorning charged particle and the target nucleus

merge for a complete sharing of energy before any nucleons are ejected. The identity of the

incoming nucleon is lost. This excited state is referred to as a "quasi-stationary" state because

the excitation energy makes the nucleus unstable with respect to the emission of particles.

The nucleons in the compound nucleus exchange energy with each other through many

collisions. Due to statistical fluctuations in energy a concentration of energy will occur

allowing a single nucleon to escape. If the original excitation energy of the compound

nucleus is great enough there might be sequential emission of several particles from the

excited compound nucleus. Each of these emitted particles would have relatively low kinetic

energy. In summary, the compound nucleus mechanism occurs in two stages. Firstly, the

incident particle is captured with the random sharing of energy among the nucleons in the

compound nucleus. Secondly, there is the evaporation of particles from the excited

compound nucleus. The half-life of this reaction ranges fronr l0-r8 to l0-16, seconds,

considerable longer than for direct reactions.

The two mechanisms discussed above describe the extrenres of a nuclear reaction which may

occur in the interaction of an incident proton with a target nucleus. However, there are some

phenomena that cannot be explained by either of these mechanisms. At high energies it is
possible for particle emission to take place after direct ejectron has occurred, but long before

the equilibrium of the compound nucleus is attained. This implies that the pre-equilibrium

reactions occur between l0-22 and l0-16 seconds. Pre-equilibrium or pre-conrpound reactions

account for this intermediate emission between the fast direct reaction and slow compound

nucleus reaction. This mechanism is evidenced in the excitation functions of the proton-

induced nuclear reactions where the cross-section tail falls steadily with increasing proton

energy.

The above discussion acknowledges the possible nuclear reactions that can take place when a

proton interacts with a target material. Nuclear reactions are usually characterized by certain

physical observables. These observables include reaction threshold, reaction cross-section,

and excitation function (the relation of the reaction cross-section to incident proton energy).
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2.2.2 Reaction threshol d

Conservation of energy and momentum determine the minimum energy required for a

reaction. This energy is known as the "Q-value" of the reaction. The Q-value balances the

mu$ses before and after the reaction. If Q>0 then energy is liberated from the system, if Q<0

then energy must be supplied to the system by the incident particle for the reaction to occur.

The Q-value is expressed as

Q = (mtni,i,t - I111i,,,,1) C2

where fflinitiol and m6no1 are the masses of the reactants and products respectively and c is the

speed of light. The calculations of the Q-values for the proton-induced nuclear reactions

obtained in this work are found in Appendix A3. The threshold energy T6 is defined as the

absolute minimum kinetic energy value below which a reaction is not possible. [t is given by

T6=(- Q)n"*"'
fl|t

where m1 and ffi2 &re the masses of the incident particle and target nucleus respectively. The

masses come from the center-of-mass system where the relevant mass of the reacting

particles is given by the reduced rnass (p = (mr + rn2)/ni2). This threshold condition is only

valid for Q < 0 If Q > 0, then the threshold condition does not exist since the reaction needs

no help. The Coulomb barrier provides another threshold condition. For the nuclear reaction

to occur, the nucleons must touch. This means that the Coulomb potential barrier around the

target nucleus must be overcome. This barrier is caused by the repulsion between the positive

charges of both the incident particle and the target nucleus. It is expressed as

Y,--: 
ztZz€2 

,

\+r,

Where 11 md 12 are the nuclear radii of the particle and the target nucleus, respectively, and

zre and z2a ara the charges of the incoming particle and the target nucleus.
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2.2.3 Cross-sections

The cross-section (o) is defined as the measure of probability for the interaction of a particle

with a target system. This observable has the dimensions of a surface area and is expressed in

mbam (l cm2 = 1027 mbam). For a beam of particles striking a thin target with thickness Ar,
that is, a target in which the beam is attenuated only infinitesimally, the cross-section for the

production of a particular residual nucleus or radioisotope can be calculated from

R; = loNo

whereRi is the rate of production of the radioisotope- i, I is the number of incident particles

per unit time (proton flux rate) and N, is the number of target nuclei per unit area.

In the case of high-energy beams it is often possible to produce a specific radioisotope via

different nuclear reactions since several nuclear reaction-channels may be available to form

either a short-lived precursor or the particular radioisotope directly. Hence, two distinct

reaction cross-sections can be defined. When a single stable isotope (or target element)

undergoes different nuclear reactions to produce a particular radioisotope directly or via its

precursors, the production cross-section for this radioisotope is usually called the anntlative

cross-sectio,n. It is also possible that the target has more than one stable isotope, which may

also undergo different nuclear reactions to obtain a particular radioisotope. The sum of the

cross-sections o;(E) for all possible nuclear reactions that contribute to the forrrration of that

radioisotope is then called the e.ffective cross-seclior o(E). In cases where the target material

used has more than one isotope, only the effective cross-section is applicable.

The expressions for the calculation of cross-sections in this work are discussed in detail in

Appendix A4. The calculated values obtained from measurements for the relevant

radioisotopes and other by-product radioisotopes are found in Appendix ,46.
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2.2.4 Excitation functi ons

The curve showing how the cross-section of a nuclear reaction varies with the energy of the

bombarding particle is called an excilation function. The shape of an excitation function can

be determined by means of a stacked-foil measurement. This is done by exposing several

target foils in a stack (with appropriate energy degradation between the foils) to the same

beam. After irradiation, foils are counted and the spectra are recorded. A quantitative analysis

of the T-ray spectroscopy follows. The cross-sections are then determined for the production

of specifi c radioisotopes.

Several radioisotopes are usually produced in a mono-isotopic target, especially at high-

bombarding energies. This is due to the fact that more than one nuclear reaction is possible in

a target. Also, in a target which consists of several stable isotopes, it is often possible to

produce a specific radioisotope via different nuclear reactions and to produce several other

radioisotopes. To develop a suitable production route for a medical radioisotope, it is

therefore essential to know the excitation functions for the various possible routes. In

addition to this, knowing the excitation functions for the other radioisotopes produced and

also knowing which isotope will eventually end-up as radio-contaminants in the final

product, are often crucial.

The excitation function measurements are discussed in chapter 3 and the results are presented

in Chapter 4.

2.2.5 Reaction channels

The number of reaction channels depends on the energy of the beam. As one increases the

beam energy, the number of possible reactions with the same target nucleus increases. High-

energy beams thus offer a large variety of radioisotopes to be produced from the same target.

Further, the fact that more than one radioisotope is produced in addition to the desired one

poses a problem.
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2.3 Importance of nuclear data

Cross-section data for the production of a specific radioisotope are needed to determine the

optimum energy range of a production process. Optimum energy range refers to that energy

which gives the maximum yield of the desired radioisotope and the minimum amount of

impurities. The increased number of reaction channels at high energies means more nuclear

data are required due to the broadening range of isotopic and non-isotopic impurities formed.

Non-isotopic products can be removed by chemical separation whilst the isotopic products

can only be checked and suppressed by proper selection of the incident particle and energy

range in the target through accurate knowledge of relevant excitation function data.

In this work the excitation functions for the production of 82Sr and of the other

radioisotopes produced in the bombardment of natural rubidiurn with protons are

presented and compared with published data.
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CHAPTER 3

EXCITATION FUNCTION MEASUREMENTS

3.1 Introduction

To develop a production process for a particular radioisotope one requires an understanding

of relevant nuclear cross-sections. This can be achieved by measuring the excitation

functions for the production of the relevant radioisotopes. Knowing the excitation function

for the production of the primary radioisotope of interest enables one to estimate the yield of

the radioisotope to be produced and to determine the optimum energy range for its

production. Therefore, if the excitation functions for the primary radioisotope and for its

radio-contaminants are known, the best bombardment conditions can be chosen to maximize

production yield while keeping the impurities to a minimum. This can be accomplished by

measuring cross-sections for the relevant nuclear reactions in thin targets at different incident

particle energies.

In this experiment, the excitation functions for the production of strontium-8Z and other by-

product radioisotopes were measured by means of the stacked-foil technique. This technique

has the advantage that it permits the measurement of a number of data points over a range of

proton energies in a single irradiation. A stack of samples is irradiated and each sample is

counted individually afterwards. The incident protons lose their energy when passing through

the stack so that different energies are applicable to each sample, making it possible to

measure cross-sections at several energies with a single irradiation.

3.2 Experimental aspects

3.2.1Taryet stacks and irradiation

RbCl salt (purity > 99.9 %) obtained from E.Merck (Darmstardt, Germany) was used as a

target material. The salt was dried under vacuum for forty-eight hours to remove moisture.

Small quantities were weighed and transferred to a punch-and-die set for pressing (see Figure

Al.l, Appendix Al for a detailed view of the pressing tools). Vacuum was applied to the
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assembled tool for two minutes using an Alcatel pump which is operated at the pressure of l5

bar (t500kPa). A uni-ar<ial pressure of 2 tons/cm2 was then applied to the salt for half a

minute with the vacuum pump still active. In this way, the salt was pressed into a very thin

disc-shaped pellet of 20-mm diameter. After breaking the vacuum, the RbCl pellet was

removed from the pressing tool for inclusion in a foil stack. Three stacks were prepared for

proton beam energies of 100.1 MeV, 66.8 MeV and 404 MeV. Pellets with a nominal

thickness of 200 mg/cm2 were pressed for the 100.1 and 66.8 MeV stacks and 100 mglcm2

for the 40.4 MeV stack. Each pellet was weighed and labeled.

Aluminum and copper monitor foils obtained from Goodfellows (Cambridge, UK) were

placed downstream of each RbCl pellet in the stack. Copper was used as a monitor foil at low

energies (-25 MeV). The aluminum (purity > 99.999y;o and thickness of 67.5 mg/cm2) and

copper (purity > 99.9yo and thickness of 111.5 mg/cm2) were cut into discs of l9-mm

diameter, cleaned, weighed and labeled. The stack was assembled (see Figure 3.1) and

mounted in an appropriate stack-holder. The stack-holder was then fitted onto a water-cooled

flange and placed in the proton beam for irradiation (see Figure 3.2). The target remained dry

during the irradiation period.

RbCI Aluminiurn

Proton
Beam

+ Copper

Figure 3.l: Schematic illustration of the stack assembly.

The beam was focused and aligned to strike the center of the target prior to irradiation by

means of a BeO screen (250 pm thick) and a television camera (see Figure 3 2) To confirm

the beam focus and position, autoradiograms (Polaroid instant film pictures) of some target

pellets were taken at the end of their bombardment. In addition to this, a post-irradiation blue

beam spot was clearly visible at the center of each RbCl pellet.
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Figure 3.2: Schematic diogram of the experimental set-up usedfor the iruadiation
ofthefoil stack. For beamfocusingpurposes the BeOfocusing screen replaces
the stack-holder.

The stacks were irradiated with proton beams of 100.1 MeV, 66.8 MeV and 40.4 MeV

primary energy, all with a nominal beam intensity of 100 nA. Beam intensity fluctuations

were less than 5 %o and were recorded for all energy-stacks. The bombardment time was one

hour for each stack and in each case the protons were stopped directly behind the stack by a

copper beam-stop.

3 .2.2 Monitor reactions

Accurate cross-section values minimize the uncertainty in the excitation curve. One of the

main factors that contribute to the uncertainty in experimental cross-sections is the estimated

beam flux. The beam flux can be obtained by measuring the electric charge induced. This is

achieved by mounting the target in front of a properly designed Faraday cup. However, if
such an arrangement is not available, measurement of the proton flux may not be accurate.

The use of monitor reactions is usually a more common means of measuring the proton flux

because a much simpler target arrangement is required. A nuclear reaction of an accurately
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known excitation function is chosen and monitor foils of an appropriate material are then

included in the stack.

An approximate proton flux was measured by accumulating the charge with a Brookhaven

Instrument Corporation 1000C current integrator while an accurately measured proton flux

was eventually obtained from the well known excitation functions for the nutAl(p,X) 22Na and

nutCu(p,X)62'6szn reactions. The approximate cross-sections obtained from these

measurements are listed in Table 46.l in the appendix. Figure 3.3 shows a comparison

between the approximate excitation function of "utAl(p,X;22Na obtained in this work and the

data presented by Steyn et al. lSte90]. From the figure it is clear that there is an excellent

agreement between the data points in the energy range 40-100 MeV. Hence, the approximate

cross-section data for the 66 MeV and 100 MeV stacks obtained from this work was

multiplied by a factor of one.

In the low-energy region (40 MeV stack) the excitation functions of nutCu(p,X)62'6sZn were

used as monitor reactions. The approximate cross-section measurement data are listed in

Table 46.l in the appendix and are compared in Figure 3.4 with the data presented by Mills

et al.lMil92]. The approximate cross-sections measured in this work are higher than those of

Mills er al. but they are within the error of the data presented by Mills er a/. This implied that

the secondary electrons (at least 99Yo of them) did not escape from the stack and therefore,

the approximate cross-section data obtained in this work were only multiplied by a factor of

one. Hence, the approximate proton flux was taken as the accurate value.

3.2.3 y-Ray spectrometry

After irradiation, the y-rays of the radioactivity induced in each target pellet and monitor foil

were counted with accurately calibrated HPGe (High Purity Germanium) detectors, coupled

to a SILENA l6k multi-channel analyzer system, (see Figure 3.5). The detector is mounted at
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Figure 3.3: Excitation function of Na-22.The approximate data obtained in this work are compared
with the published data ot [Ste90].
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Figure 3.4 (a,b) Excitation functions for the production of Zn-62,65 from Cu-nat+p.
approximate data from this work are compared with the data trom [Ste90] and [Mil92]
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the end of a 2-meter long bench with a movable holder. The set-up enables the setting of

source-to-detector distances with a high degree of repeatability. The multi-channel analyzer

(MCA) system has 16384 channels of which 4196 were used for a single spectrum. It also

incorporates a 700 MHz ADC (Analogue to Digital Converter) and a Silena Model 7614

spectroscopy amplifier, which includes electronic circuitry for the rejection of pile-up pulses

and a live-time correction.

HV Bias
Supply

HV Filter
EMCAPLUSCount-rate Meter

Detector MCAPre-Amp Amplifier ADC

Oscilloscope

j Source

Figure 3.5: Schematic representation of the y-ray spectroscopy set-up.

Two different detectors were used: (a) ORTEC HPGe detector (with Be window) which has a

resolution of 2.14 keV full width at half-maximum (FWHM) at 1408 keV and (b) a HPGe-

DSG detector (Detector Systems GMBH) with FWHM of 1.82 keV at 133 keV and 1.92 keV

at 1408 keV. The detector efficiencies at various y-energies and counting geometries were

determined from the relevant y-ray peaks of r52Eu, r33Ba and 24rAm sources supplied by

Amersham Plc, UK. The energy calibration (calibration of channel number in terms of

energy) is done prior to the start of the counting sessions. This was accomplished by using

the spectra of 2arAm (13.9 - 59.5 kev), '"Ba 180.9 - 383.9 kev) and 's2Eu 1121.78 - 1408.03
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keV) sources because they have several peaks with accurately known energies spread across

the entire y-energy region of interest (13 - 1420 keV).

Corrections for decay losses during and after irradiation were made (Section A4.2, Appendix

A4). Counting was done in sessions according to the expected radioisotope half-lives. For the

measurement of the short-lived radioisotopes of interest, each target pellet and monitor foil

was counted for 200 seconds in the first counting session. The counting sessions following

the first were also scheduled according to the half-lives of the radioisotopes (see Table 3.1).

In order to get good counting statistics, high counting rates were preferred. The total system

dead time was kept below l0 %. This was accomplished by choosing an appropriate distance

between the sample and the detector. A background spectrum was collected before each

counting session started. The ORTEC Ge detector was used for the first four counting

sessions. The DSG detector was used for counting session 5 when a detector with high

resolution was needed to resolve the 514 keV peak of 85Sr and the 5 I I keV peak.

Table 3.1 : Counting sessions for eachfoil stack

Counting session Start after EOB Counting time (seconds)

I -12 minutes 200

2 2 hours s00

3 24 hours 1200

4 l0 days 3600

5 60 days l 0800

3.2.4 Data analysis

The average proton energy in each target pellet was calculated using the stopping power

formulae of Anderson and Ziegler lAnd77) presented in Appendix A2. The disintegration

data (half lives and branching ratios) of the relevant radioisotopes were obtained from the

catalogue of Reus and Westmeier [Reu83].

http://etd.uwc.ac.za



23

The peak integration and background subtraction of the relevant y-ray peaks was achieved by

using the peak analysis software EMCAPLUS supplied with the SILENA multi-channel

analyzer system. Table 3.2 lists the nuclear reaction products from nutRb+p reactions detected

in the spectra and for which cross-section data were determined. Strontium-82, however,

does not emity-rays but it only decays by EC to its daughter 82sRb (Trn:75 seconds) which

does emit a776.5 keV y-ray (absolute abundance :13.4 %). This y-ray was used to calculate

the 82Sr activity.

Table 3.2; Radioisotopes identifiedfor the ""tRb+p nuclear reactions and which were

measured in this work.

Radioisotopes Half-life Energy (kev) Intensity of major y-ray (%")

,Br 2.37 days 238.9 23.9

or-Bf 4.42 hours 37.1 39

,Kr 35.0 hours 261.3 12.7

,Rb 22.9 min 129.4 10.9

o'Rb

8lmp6

4.58 hours

30.6 min

190.2

86.4

64.3

4.72

drmRb 6.30 hours 554.3 62.5

o'Rb 86.2 days 520.4 46

ooRb

,o-Rb
32.8 days

20.5 min

88r.6

248.2

67.9

63

ooRb 18.7 days 1076.69 8.98

ouSr 1.8 hours 589 39

o'Sr 25 min 153.4 35.1

o'Sr 25.5 days 776.5 13.4

o'Sr 32,2 hours 762.67 30

"'Sr
85m^)r

64.7 days

67.7 min

514

231.78

99.3

23r.78

As can be seen from the table, this production route produces many by-product radioisotopes.

One of these products is the 85Sr radioisotope. The shon-lived 8s'Sr (Trn : 67.7 minutes)

decays by 87 %oIT to a longer-lived 8ssr (Tvz:64.7 days) and by 13%EC to stable 85Rb.
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The longer-lived SsSr isotope emits y-rays with an energy of 514 keV (branching ratio er:
99.3%) which has interference from the positron annihilation peak at 511 keV (see Figure 3.6

(a)). In the figure, it is clear that the FWHM for the 5l I keV peak is greater than that of the

514 keV peak (can be explained by Doppler shift). Although a high-resolution detector

(DSG-detector) was used, the peaks were still not properly resolved. To accurately determine

the areas of these photo-peaks a stripping approach was followed.

(a) RbCl spectrum
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Figure 3.6: Representation of the spectra used in the stripping approach where (a) is the
double 51 1/514 keV peak obtainedfrom RbCl spectrum and (b) is the single 5l I keV peak
obtainedfrom the 22Na spectrum.

Both the RbCl and the 22Na spectra (Figure 3.6) were recorded under the same detector

conditions. After recording the spectra, we checked whether the FWHM of the single 5l I

keV photo-peak obtained from '2Na was the same as FWHM of the 51 I keV photo-peak

obtained from RbCl. Regions of interest were marked on the single 511-keV peak obtained

from 22Na and on the double 5ll/514 keV peak obtained from RbCl. Within these regions of

interest, the local background subtraction was done. Both the single 5l I keV peak (22Na) and

the double 5lll5l4 keV peak (RbCl) were norrnalized and this resulted in the 511 keV of the

single-peak ("Nu) being exactly the same as the 5ll keV of the double 5ll/514 keV peak

(RbCl) (Figure 3.7 (c)). The 5ll keV peak was then subtracted from the double (5111514

keV) peak resulting in a single 514 keV peak (Figure 3.7 (d)). The area of the 514 keV peak

was then accurately determined.
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(c) RbCUNa-22 spectra

c
f
oo

'10000

8000

6000

4000

2000

0
990 1000 1 010

channels

1020 1030

gt
8 o

8
t

(d) Resultlngspectrum

c
f
oo

8000

6000

4000

2W

0

a
a

a

a

990 1000 '1010

channels

1020 1030

Figure 3.7; Representation of (c) the superimposed RbCt and 22No spectra (d) the single
peak (5 1 4 keV) resulting afier subtroction of 5 1 I keV peak from the double peak.

3.2.5 Cross-sections and uncertainties

Cross-sections for the production of 82Sr and other by-products in individual pellets were

calculated from the measured y-ray peak areas using the formulae discussed in Appendix ,A4.

The calculated values are listed in Table A6.2. The total uncertainty in each cross-section

value was obtained by summing all the contributing uncertainties in quadrature. This total

uncertainty consists of a variable component and a constant component.

The variable component comprises the uncertainties in the y-ray peak areas and in the beam

loss compensation. It is necessary to compensate for the fact that some (< 2%) of the incident

protons might not reach the last foil of the stack. This is mainly due to nuclear reactions that

take place inside the stack, removing protons from the beam and, consequently, causing a

beam intensity reduction towards the end of the stack.

The constant part (-14%) includes the uncertainties in the determination of the proton flux

(8%), decay correction (lYo) and foil thickne ss (2%o). It also includes the uncertainties in the

detector efficiency calibration (5oZ), counting geometry (l%) and photo-peak integration

(l%). Additional uncertainties (10%) in the case of ttsr due to stripping approach were also

considered. Uncertainties in the primary proton energy, stopping power and foil thickness
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result in an uncertainty in the energy value associated with each data point. All the specified

energy values are estimated to be accurate to within 3.0 MeV.

In the spectra there were some spurious photo-peaks, which were not identified due to

interference from other T-rays. For example, a 146.4 keV y-ray could belong to both 77Kr

(Ttn: 1.24 hours) and 3acl (Ttn:32 minutes). Both these y-rays are emitted with high

percentage abundance. In order to be certain to which radioisotope the y-ray belongs, we have

to look at the intensities (branching ratio) of other y-rays associated with the radioisotopes. In

the case of 77Kr, its intense 77 keY and 130 keV lines did not appear in the spectrum at all.

On the other hand, the 1176 keV photo-peak for 34Cl did appear but only in the spectra of the

first three foils of the 100 MeV stack. Thus, there was no conclusive evidence that the photo-

peaks belong to either of those two radioisotopes.

The experimental work discussed in this chapter formed the base of this study. The results

and discussions are presented in Chapter 4. They include the excitation function

measurement for 82Sr and those of the other radio-contaminants produced.
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CHAPTER 4

RESULTS AND DISCUSSION

The excitation function measurements for the production of 82Sr and other radio-

contaminants in the bombardment of natural rubidium with protons Ere presented here. These

data are compared with previously published data (where applicable) and with the theoretical

calculations based on the computer code ALICE-IPPE which is discussed in detail in

Appendix A5. The excitation curves presented in the Figures 4.1,4.4-4.5 show the data

obtained in this work, previously published data and ALICE-IPPE calculations. Sections 4.l-

4.4 discuss the comparison of the previously published data with those obtained in this work

and Section 4.5 discusses the comparison of the ALICE calculations with those obtained in

this work. The discussion of the production yields calculated for 82Sr and the production test

at high beam currents are presented in Section 4.1.2 and Section 4. 1.3.

4.1Strontium-82

4. 1. I Excitation function

The following reactions contribute to the production of 82Sr via (p,xn) on ""Rb

*'Rb1p,4n;, 
Q-value : -31.16 MeV

*'Rb1p,6n;, 
Q-value : -49.7MeY

The cross-section values for the production of 82Sr measured in this work are listed in Table

A6.2 and the excitation function is shown in Figure 4.1. The data are compared with the

published data presented by Deptula et al. lDep90], Horigu chi et a/. [Hor80] and Lagunas-

Solar [Lag93]. The cross-sections presented by Horiguchi et al. are for the protons on

enriched 8sRb. In order to compare these cross-sections with the data presented in this work

they were multiplied by the absolute abundance of 85Rb (72.17%\.
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In the proton energy region above 60 MeV the agreement is good. In the region around the

ma:rimum the cross-sections presented by Deptula et al. and Horiguchi et al. are higher than

the data obtained in this work whereas, the data of Lagunas-Solar are lower than those

obtained in this work. The maximum cross-section obtained in this work is 123 mb at Eo =

50.0 MeV, 181 mb at E, : 51. I MeV, 172 mb at Eo : 50.4 MeV and 91 mb at Ep : 5 I .4 MeV

for Deptula et al., Horiguchi et al. and Lagunas-Solar, respectively. The shapes of the peaks

of the excitation functions are the same (broad) in the cases of Lagunas-Solar and this work.

The peak of the excitation function of the data of Horiguchi et al. shows three maximum

cross-sections whereas, the peak of Deptula et al. is narrow.

4.1.2 Calculated yields based on the excitation function

Yields were calculated using the formulae discussed in Appendix .A4. The calculated values

are listed in Table ,{6 5 and 46.6. Figure 4.2 shows the E2Sr yields calculated for Rb and

RbCl targets. The yield for the RbCl+arget was obtained by multiplying the thin target yield

for the Rb-target by the ratio of the stopping powers for Rb and RbCl and the ratio of their

molecular masses. Table 4. I shows the calculated yields of both target materials for a specific

energy window applicable to the NAC production target holder (see Figure 4 3). It is clear

that the yield from a RbCl-target is considerably less (28%) than that calculated for the pure

Rb-target. This is mainly due to the fact that the number of rubidium atoms per unit volume

in the RbCl-target is 29Yo less than that in a Rb-target.

Table 4.1 Yield calculatedfor lhe production of82Sr innotRb+p.

Energy window

(MeU

Target material Thick-target

Yield (mCi/pAh)

6t 5 - 44.0 Rb 0.32

RbCI 0.23

4.1.3 Production tests at high beam currents

The use of high intensity beams is essential in order to achieve the high production yields

required in the production of radioisotopes for use in medicine. In the large-scale production
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of t2Sr at the NAC cyclotron facility, a thick RbCl target will be bombarded with a 66 MeV

proton beam at a nominal intensity of -100 pA. The production team at NAC performed a

few production tests that did not form part of this work. Targets were prepared by drying 7g

RbCl powder in the oven at 200 0C for twenty-four hours. A standard procedure similar to the

one in Section 3.2.1 was followed to press thick tablets.

A uni-a:<ial pressure of 5 tons/cm2 was applied to the powder for sixty seconds whilst the

vacuum pump was still active. The resulting pellet wzr removed from the system after

breaking the vacuum. Each pellet was then heated to 650 oC for half an hour after which it

was sealed under vacuum in an aluminium capsule (see Figure Al.3) by means of a cold-

pressure-welding procedure (see Figure Al.2). The standard aluminium capsule halves were

machined from a 6802 grade aluminium alloy and annealed in a laboratory furnace for one

hour at 450 0C. These targets were bombarded with a 66 MeV proton beam and a beam

current of up to 90 pA over a period of three to ten hours each. The target arrangement is

shown schematically in Figure 4.3.

,/

l.Ornnt water
l.0rnm Al 0.5urrn Al

66 MeV
Protons

.-:
5ov,m
thick
foils

61.5 MeV 44.0 MeV

RbCI

TARGET

Ugurt 4.3: Schematic representatiort of the larget aruangementfor lhe prodtction oJ
t2Sr at high currents.
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The heat dissipated in the target is of the order of a few kilowatts and it has to be water

cooled to prevent thermal failure. After irradiation each target was subjected to a chemical

separation procedure. Due to chemical losses the yield in high current production runs is

usually lower than the expected value (-0.23 mCi/pAh, see Section 4.I.2). This is seen in the

cases shown in Table 4.2.

Table 4.2: Production yield of82Sr measured at end of bonrbardment (EOB) in produclion

runs at the NAC for lhe proton-energ) window of 44.1-61.5 MeV.

Target

No.

Average

Current

(pe)

Irradiation

time (h)

Total Charge

(pAh)

Yield at EOB

(mCi/pAh)

2 80 68:52 4997 0. l5

6 90 87:54 6785.2 0.l5

7 90 69:36 5747 0. l3

8 90 50:1 3 3386 0. l3

9 85 77'08 5832 0.t2

10 85 126:36 I 0078 015

ll 85 1 36:1 5 t0774 0. l6

These tests were conducted independently and did not form part of this study. But they

confirm that it is possible to get good yields after chemical separation.

4.2 Other strontium radioisotopes

Knowing the excitation functions for the important (p,*n) reactions in no'Rb+p allows one to

accurately determine the amount of each radioisotope impurity expected in the final product

of 82Sr. The cross-sections for 80'8r'83'85Sr measured in this work are listed in Table A6.Z and

the excitation functions are shown in Figures 4.4 and 4.5. The measured cross-sections are

for the direct production of the Sr-isotopes via nuclear reactions as presented below:
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tost ttRb1p,6n;

t'Rb1p,gn;

ttRb1p,5n;

t'Rb1p,7n;

Q-value = -53.0 MeV

-70.7

-43.7

-64.0

85nbfu,pon;

*tRb1p,7n;'esr

87Rb(p,pan)

t'Rb1p,9n;7esr

85Rb(p,p4n)

*5Rb1p,5ny8'sr

t's. ttRb1p,3n1

,rRb1p,5n;

t'sr 8sRb1p,n;

rrRb1p,3n;

Q-value = -48.4 MeV

-49 2

-64 5

-65.4

-38 9

-4t.9

Q-value : -22.3 MeY

-40.8

-1.84

-20.4

ttsr

In the case of t''*'St, the present measurements are also compared with those for protons on

enriched 85Rb published by Horiguchi et al. lHor8Ol. The data of Horiguchi are multiplied by

the absolute natural abundance of 85Rb (72.17%) so that they could be compared with the

data obtained in this work in the applicable energy region.

In the case of t''*'Sr, the agreement between the data obtained in this work and the data of

Horiguchi et al. is very good except for the case of 83Sr, where in the proton energy above 50

MeV there is a discrepancy between the data. In this region the data of Horiguchi et al. are

lower than the data obtained in this work. This is explained by the contribution of the
E'Rb1p,Sn; reaction (Q-value : -41 MeV) in the natural target. Also, in the excitation function

for 85Sr the contribution by both the 85'87Rb targets is evidenced by the two maxim4 where

the first one is due to the 85Rb(p,n) reaction and the second maximum is due to the (p,3n)

reaction on 8'Rb. Both 80'8rSr reach their maxima at higher energies due to their higher

reaction Q-values. The contribution by the 87Rb in the natural target is seen in the excitation

functions of E3'85Sr. In each case a second peak is visible at higher proton energies.

4.3 Rubidium radioisotopes

Rubidium isotopes can be produced either by the direct formation via nuclear reactions or via

the decay of their precursors. The cross-sections measured in this work and the excitation

functions presented are for the following possible reactions:

'eRb

stRb
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8rRb 87Rb(p,p6n)

8'Rb1p,7n;8tsr

8sRb(p,p3n)

87Rb(p,p5n)

85Rb(p,p2n)

t'Rb1p,3n;*'sr

87Rb(p,p4n)

8'Rb1p,5n;83sr

85nb6,pn;

87Rb(p,pln)

87Rb1p,pn;

Q-value: -58.4 MeV

-49.3

-30.2

-48.7

-19.2

-22 3

-37 8

_40.8

- 10.5

-29.1

-9.9

szma6

83Rb

83Rb

E4Rb

86Rb

The cross-section values are listed in Table .{6.3 and the excitation functions are shown in

Figures 4.6 to 4.9. In Figures 4.6 to 4.8 the data obtained in this work are also compared with

those for protons on enriched 85Rb published by Horiguchi et al [Hor80]. The data of

Horiguchi et al. are multiplied by the absolute natural abundance of 85Rb in order to compare

them with the data obtained in this work at the applicable proton energies. Also in the cases

of 83'8*Rb the results presented by Horiguchi did not include the contribution by the decay of
E3Sr and t4'Rb. Hence, in order to compare with our results we had to add those

contributions.

In the cases of 8r'8rm'82nu83Xb the comparison between the data obtained in this work and the

data of Horiguchi et al. is reasonably good except for the apparent energy shift in the case of
83Rb. Indications of the slight energy shift are also visible in the case of 8'Rb. In the

excitation functions of 84Rb and 84''Rb, around the peak regions (20-50 MeV) the data of

Horiguchi et al. arc significantly higher than the data obtained in this work but above 50

MeV the agreement is good in the case of 8antp6 and excellent in the case of toRb. The

reason for the discrepancy at energies below 50 MeV is that perhaps Horiguchi et al. had

other contaminants. The contribution by the siRb in the natural target is seen in the excitation

functions o182nu83'8apb. ln each case a second peak is visible at higher proton energies. This is

also noticable in the excitation function of 86Rb. Obviously these second peaks are not visible

in the data of Horiguchi et al.
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4.4 Bromine and krapton radioisotopes

The cross-section measurements for Br and Kr radioisotopes are listed in Table 46.4 and the

excitation functions are shown in Figure 4.10. Some of these radioisotopes are produced

either directly or via the decay of their precursors. The cross-sections measured in this work

include all the reactions listed below:

77Br

80mga

'eKr

ttRb1p,3p6n;

85Rb(p,crp4n)

85Rb1p,2p7n;7'Kr

85Rb(p,cr5n)77Kr

*'Rb1p,9n;"sr

85Rb1p,p8n;77Rb

87Rb1p,3p8n;

87Rb(p,up6n)

*'Rb1p,2p9n;"Kr

87Rb(p,cr7n)77Kr

t'Rb1p,r 
ln)77Sr

87Rb(p,plon)77Rb

t'Rb1p,3p3n;

85Rb(p,crpn)

t'Rb1p,:psn;

87Rb(p,crp3n)

85Rb1p,2p5n;

85Rb(p,cr3n)

*'Rb1p,7n;'esr

85Rb1p,p6n;7eRb

8'Rb1p,2p7n;

ETRb(p,cr5n)

8'Rb1p,9n;'esr

87Rb1p,p8n;7eRb

Q-value = MeV-62.9

-43.6

-63.8

-47.5

-63.3

-64 5

-83 8

-65 4

-82.0

-66.5

-77.4

-80.6

-45.t

- 16.8

-7 5.1

-50.4

-45.5

-27.1

-49.2

-48.4

-63 7

-45.6

-65.4

-64.5
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There was no available previously published data to compare the excitation function of
77't0m3, with. These excitation functions show the high-energy cross-section maxima. In the

case of 7t(r, the excitation function is compared with the previously published data of

Horiguchi et al. lHor9O]. The data of Horiguchi et al. was multiplied by the absolute natural

abundance of 85Rb for this purpose. The comparison is excellent especially since no

precautions were taken in order to avoid the gaseous krypton from escaping.

4.5 Comparison with theoretical calculations by means of ALICE-IPPE

The ALICE-IPPE, [Bla89], calculations are compared with the data obtained in this work.

These calculations include both metastable states and ground states. The agreement between

the ALICE-IPPE values and the data obtained in this work is excellent in the cases of tt'"Sr,

8r'82nu8a'86p6, to'B. and 7Tft. But there is a noticeable slight energy shift in the excitation

function of 85Sr and the agreement is worst. Also, in the excitation functions of srRb 
at proton

energies above the maximum cross-section the ALICE-IPPE values are slight higher but

below a factor of 2. The shape of the excitation functions of 80'82Sr *6 ze't:p6 obtained in this

work is the same as that of the ALICE-IPPE data but the calculated values are higher by a

factor I.5<f<2. The reasons are unclear. In the case of the excitation function of 8aRb the

agreement is good at proton energies around 42-70 MeV and below 2l MeV. In the regions

between 2l-42 MeV and above 70 MeV there ALICE-IPPE values are lower by a factor of

1.5. This is also noticeable in the excitation function of 86Rb where the agreement is

reasonable below 40 MeV and then there is a considerable drop in the ALICE-IPPE

calculated values. The drop in the cross-section of the ALICE-IPPE values changes the shape

of the excitation function. The reason(s) for the discrepancy in the excitation function of 83Rb

are unclear. In this case the ALICE-IPPE values are higher by a factor of 2.2.In summary,

ALICE-IPPE calculated values compare well with the data obtained in this work with just a

few exceptions.

The total number of excitation functions measured in this work is fourteen, where five of
those are for strontium radioisotopes, including 82Sr. Six excitation functions for the

production of rubidium isotopes, three of the bromine isotopes and one for a krypton isotope

are also included. Some general conclusions and a few suggestions are presented in the

following chapter.
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CHAPTER 5

CONCLUSION

The main aim of this study was the determination of excitation functions for notRb+p with an

emphasis on the production of 82Sr 
and other radio-strontiums. This was done by measuring

the production cross-sections for proton energies up to 100 MeV. The purpose was to study

the problems that are posed by other radio-strontiums in the final 82Sr product. The relevant

excitation functions were used to maximize its production yield given constraints on energy

range, target thickness and the impurity levels. The excitation functions were measured by

means of the stacked-foil technique. Three stacks with incident proton energies of I00.1, 66.8

and 40.4 MeV were used in order to minimize energy spread in the low-energy region. The

production yields of 82Sr were calculated from the excitation function.

In the case of 82Sr experimental data published previously by Deptula et al., Lagunas-Solar

and Horiguchi et al. were used for comparison purposes. Theoretical calculations using the

code ALICE-IPPE were also compared with the data obtained in this study. Of the three

published data sets found, two sets focus on the production of 82Sr via the n'tRb(p,xn) nuclear

reactions and were published by Deptula el al. and Lagunas-Solar. The third data set in the

literature presented by Horiguchi el al. derived the 82Sr cross-sections from the 85Rb 
fu,an)

nuclear reaction. There are significant discrepancies between these published data sets

especially atthepeak. The datapublished by Deptula et al. are higher than the datapresented

by Lagunas-Solar by almost a factor of 2. The present data Iie between the extremes of the

published data. The maximum cross-sections of Deptula et al., Horiguchi et al. and Lagunas-

Solar are: 1.5, 1.2 and 0.74 tirnes the maximum cross-section of the present data. All data sets

have similar uncertainties: Deptula's are l5%, Horiguchi's are 15-160/0 and Lagunas-Solar

are I4%o. A final feature worth commenting on is the width of the peak. The peak of the

excitation function of the datapublished by Deptulaet al. is narrow (-8 MeV) whereas, the

peak of the excitation function of the data sets published by Lagunas-Solar, Horiguchi and

the present work is broad (-15 MeV).

In comparing published excitation functions with the data obtained in this work the

agreement is good at proton energies above 60 MeV. The shape of the peak of the excitation
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function obtained in this work seems to support the data presented by Lagunas-Solar with its

broader peak. The broadness of the peak is also supported by the ALICE-IPPE calculated

values. The cross-sections calculated from ALICE-IPPE are even larger than the highest

reported experimental values. At the peak ALICE-IPPE calculated values are higher than the

values obtained in this present study by a factor of I.6.

The agreement between the experimental and theoretical values for the maximum cross-

section is poor. This conclusion as based on the discrepancies found on the data. The lack of

previously published data does not help. The confirnration of the shape of the peak of the

excitation function is the only positive result drawn from the comparisons.

Figure 5.I shows the excitation functions obtained in the present study for the strontium

radioisotopes up to 100 MeV. The figure clearly shows that the short-lived isotopes 80'8rsr

only occur in the high- energy region (over 55 MeV). The excitation functions for 83Sr covers

the region from 20-100 MeV while that of *ssr covers the region frorl 5-100 MeV. The

excitation function for 82Sr has a nraximum around 40-60 MeV. It is inipossible to select an

energy window in which the 82Sr cross-section is much greater that those of 83'"Sr. From the

figure it is clear that a good choice is around 40 to 60 MeV where the 82Sr cross-section is

maximum and the cross-sections for the longer lived strontium contaminants 183'85511 have

decreased from their maximum.
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In this study the activity o182'83'855, was calculated for the energy window 44.1-61.5 MeV

with a charge of I pAh. This window was chosen because it is commonly used at the NAC.

At EOB (end of bombardment) the activity of the 82'83'8s5r are given in Table 5.1 below.

Table 5.1: Activilies of radioisolopes at dif.ferent limes after EOB as obsened in the

irradiation of *'Rb wilh protons in the production energl window 44. l-61.5 MeVfor I pAh

From the table it is clear that 83Sr 
does not pose a major problem after l5 days of decay. At

EOB the ratio of t'Sr to t'Sr is -0.061. At 5 days after EOB this ratio would have increased

to -0.066. The ratio would continually increase until say 25 days after EOB it is -0.0922. By

carefully choosing the exit energy one can mininrise the amount of 85Sr in the product.

In the bombardment of notRb with protons, the final 82Sr product at 15 days after EOB

contains about 7.8 7o 
85Sr. This is not the case for the production of 82Sr via the n'tMo(p,spall)

nuclear reactions. In the spallation of "'tMo targets there are two additional long-lived radio-

strontiums present in the final product namely, t'Sr (T,,, = 50.5 days) and'oSr (T,,r:28.5
years), making the bombardment of n"Rb with protons a better production method.

In the cases of all radio-contaminants, the published data of Horiguchi et al. was compared

with the data obtained in the present study. The data presented by Horiguchi et al. was for

protons on enriched t'Rb and therefore, it was rnultiplied by the natural abundance of 85Rb

(72.17%). The one disadvantage of using enriched nraterials is that the contribution of other

reactions is not studied. There is excellent agreement between the published data and the data

Isotope Half-

life

(days)

Activity

(rnCi)

EOB 5 days l0 days I 5 days 20 days 25 days

t'Sr 25.6 0.233 0.203 0 t77 0 155 0.135 O.II8
t'sr

1.3 5 4.1 I 0.31 I 0 0242 0 00186 0 000I43 I .097x I 0'5

o'Sr 64.8 0.0142 0 0r35 0 0128 0.0 t 21 0.01l5 0 0109
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obtained in this work in cases of 8rSr, t'Rb, and 7eKr. In the case of 'eKr, no precautions were

taken (in this work) to avoid the escape of gaseous krypton. Even so, the published data

agrees well with our data. In the cases of 83Sr the agreement is good at proton energies below

50 MeV. Above that energy region there are discrepancies caused by differences in target

material used. The data of Horiguchi et al. do not show the second peak which is due to the

contributions of 87Rb in the natural target. In the cases of srnr'8rp6 there is a noticeable energy

shift. The agreement is still good. There is a prominent energy shift in the case of 83Rb 
and

the reasons are unclear The agreement in the case of 8anu8ap6 is poor. The shapes of the

excitation functions are not the same. The cross-sections presented by Horiguchi el a/. show

noticeable irregu I ariti es.

The agreement between the calculated ALICE-IPPE values and the data obtained in this work

is good in the cases of *''t'S,, 8184Rb, 80n'Br and "Kr. In other cases such as 
t''t'Sr, 7e'81'86Rb

and 77Br the agreement is not as good but is within a factor of 2. In t'Rb the agreement is

slightly worse with ratios of up to 2.2 between the data sets.

In summary, all the non-isotopic radio-contaminants 1 
7e'8lnt'82'83'tl4nt8ap6, 77'8t)nr3, and TeKr) do

not pose a problem in the 82Sr final product since all can be chernically separated from 82Sr.

In addition most are short-lived isotopes.

In the case of the thick target tests conducted at the NAC it was found that good yields were

achieved by bombarding a thick RbCl-target (7 g) with a proton beam of 66 MeV at - I 00 pA

intensity. Thick target yields of 0.12 - 0.16 mCi/pAh for the production energy window of

44.1 - 61.5 MeV wereobtained. This supports theyield of 0.23 mCi/pAh calculated from the

measured excitation function especially if one takes into account the losses due to chemical

separation. This exercise confirmed that this energy range is suitable for the production of
t2sr. The 66 MeV routine production proton beam available at the NAC can therefore be used

for the production of 82Sr via the notRb(p,xn) nuclear reactions.
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For future work, it is recommended that one should use a thick target (79 as used in

production runs but at low current intensities of 0.1 pA and at different exit energies. The

results should be compared with those data obtained in production runs. Also, the use of

enriched 8sRb targets with the thickness of 200 mg/cm2 used at 0.1 pA currents would be

good for comparing with the present data set.
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APPENDIX AI

SCHEMATIC ILLUSTRATIONS OF THE TOOLS FOR THE PRESSING
AND SEALING OF TABLETS

Spacer

Target rnateriai

Vacuum port

Figure A1.1: Schematic diagyam of the pttnch-and-die set u.sed.for pressirtg tablets
at the NAC cyclotron facility.

Rarn

Target capsule

Die

Vacuum port

Figure Al.2: Schemqtic representation of the cold-pressure-,rvelding lctol

N
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Figure A1.3 A thick target pellet o.f 7 g in ntass and 20 mnt in diameter prepared at
the NAC for the production o.f 82Sr.The target is sealed in an aluruiniunt capsule.
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APPENDIX A2

CALCULATION OF STOPPING POWER

The stopping power calculations for elernents were based on the expressions presented by

Anderson and Ziegler [And77l for hydrogen (protons, deuterons and tritons) in elements.

It concerns a semi-empirical parameter fits for elements from the Bethe-forrnula. The

expression treats three energy regions separately. These regions are, (a) the high-energy

region (particle energy above I MeV/nucleon), (b) the low-energy region (particle energy

l-10 keV/nucleon) and (c) the intermediate region (particle energy between l0-1000

keV/nucleon).

At medium and high-energy range the Bethe equation is given by

+tre'Zi Zl
L(t',2,)

S(E): nlv (A2.1)

Where L=(r,,Zr)= Lu

Whereby B:v/c with v and c the particle velocity and the velocity of light; rn and e are the

electron mass and charge respectively,Zris the atomic nurlber of the projectile; Zzisthe

atomic number of the target element. The main pararneters of the Bethe-forrnula are the

mean ionization I, which characterizes the target, and the shell correction term ClZz for

low energy correction. The parameter B is related to the kinetic energy E of the projectile

by:

=r^e+)-rn(r -p')-p'-;

0' = t- Jt + --a-1-'
93 l 100'

(^2.2)

This expression was used as a rnodel for fitting the experimental stopping power for

protons in elements for energies >l MeV/nucleon so that it can be written as:
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This formula in addition to the stopping power for intermediate and low-energy ranges

given by

s = A,E", 1l-lokev; (^2.4)

s'(E) = (^%.)l^i#)- p' -f o,.,(r"E)']

5-' = |.*' (ro-rookeV)

52

(42.s)

Where Sl,* = ArEo'ot and Sr,irr,

The proton energy E is given in eV and the A;'s are fitting parameters of which their

values were taken from the tables of [And77]. The stopping power S is given in eV/(10'5

atoms/cm2).

For compounds, the stopping power is given by the "additivity rule" of Bragg-Kleeman as

referred to [Hel83]. If one considers atarget composed of cornponents A and B, then the

stopping power is given by the summation of the independent stopping powers of the two

components as:

S(A,,,8",) = nS(A)+mS(B) (^2.6)

Where n and m are the relative mass, concentration of each component where n*m:l

All the stopping power and energy calculations were carried out with the conrputer by the

programs STOPPING and STACK which incorporated the above-mentioned formulae.

A._ ,ln
E (,. + + +n), respectivety

http://etd.uwc.ac.za



53

APPENDIX A3

CALCULATION OF REACTION Q-VALUES

The minimum energy require for a reaction to start is known as the "Q-value" of the

reaction. As mentioned in Section 2.2.2, this quantity balances the masses before and

after the reaction.

It is expresses as

Q : (minirtut - mrrnut) c2 (A3.1)

where the initial masses are given by

ITlinitial : Illprojectile * llltarget (43.2)

and x,. final masses are given by

Illfinal : ffiejectile * lllradionuclide (A3.3)

In this cBSo lnprojectle arld rnta.set are the masses of the proton (: 1.007825 amu) and the

natural rubidium target (85Rb and 8'Rb; also in atomic mass units, respectively. The

emitted particle depends on the type of reactions that take place in the interaction between

the target and the proton. So, in that case the mass of the ejected particle ffiejectite can be a

neutron (: 1.008665 amu), proton or alpha particles (:4.03298 amu). The mass of the

radionuclide produced in the reaction is given by rrlradion,cl;6.. The speed of light c is
expressed in MeV (: 931.5 MeV). The Q-value is expressed in MeV.

The mass related quantities used in this work were all taken from the Internet page

designed by the Los Alamos group. All the values used were taken from the data tables of

Moller et al. lMol95l and from the publication of Audi and Wapstra [Aud95]. The

calculated Q-values for the reactions are given in Chapter 4.
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APPENDX ,A4

CALCULATION OF CROSS-SECTION MEASUREMENTS AND PRODUCTION

YIELDS

There are two important parameters that govern the calculation of production cross-

sections and yields. These parameters are the rate of production (Ki) of a particular

radioisotope and the rate at which that radioisotope decays (Ai) known as the activity. The

rate at which a particular radioisotope is produced is given [Fri8l] by

Where N is the number of nuclei of a radioisotope

N. is the number of target nuclei per unit area in a foil (/crn2)

I is the number of protons per unit time incident on the foil (s-r)

o; is the cross-section for the production of the radioisotope (cm2)

The number of target nuclei in a foil and the proton flux are expressed as

R,, =#= N,,ro

rr MNo
"u= A ,

, l, KrC,

lb lb

(A4.1)

Where Na is Avogadro's number (mol'r)

Ax is the target thickness (g/cm2)

Ct is the integrated charge given in prAh, K1:2.24719x10t6

A is the atomic mass of the target (g/mol)

It is the total number of protons incident on the target foil

tu is the bombardment time (s)

The activity of the radioisotope is given by

Ar=-!! =lN
dr

(A4.2)
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Where 7: ! is known as the decay constant and is expressed in terms of the half-life
7,,

/2

Trn of the radioisotope.

The activity A; varies with time during the experiment whilst the rate of production

during bombardment is assumed to stay constant. After bombardrnent, the radioactive

species continue to decay according to the decay law

A;(t): ,{6; exp(-}"t) dt (A4 3)

Where Aor is the activity at the start of irradiation, time t = 0

A4.2 Built-up of decay rate

Before deriving the formulas, we need to define the points in time of the experiment

to = 0 is the start of bombardment,

tr is the end of bombardment (EOB),

tz is the start of the counting time and

t: is the end of counting time

Where t: > tz > tr > to.

From the above points in tinre we deduce that

tr - h: tt is bombardment time

tz - tr : ta is decay tirne

tt - tz: t" is counting time

After bombardment, the induced activity A;(t1) of the radioisotope at time t1 decays with

time according to:

Ai(t) : A;(t1)exp(-}.(t-t1)l

Therefore

Ai(t,) = A;(t ) exp[-],(t1-t)l (A4.4)
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The activity dAi(t) produced in a small time interval dt at a particular point in time t

during bombardment is given by

dAi(t) = l. Ridt (A4.s)

At the end of bombardment the activity dAi(0 decays to a value dA;(1) by

dAr(tr) : 1. Ri dt exp[-I(t1-|], 0 < t < tr (A4.6)

Integrating (A4.6) over the interval t: 0 to t = t; we get the total activity Ai(tr) at EOB,

A;(tr) : ft; [-exp(-I(tr)J (A4.7)

During the counting period, the instantaneous activity equals the average activity at a

certain point in time tn, known as the "mean" time. Hence, the corresponding average

activity is obtained by integrating dN (the number of disintegratrons in time dt) over

counting time t: tz to t = tr and dividing by t" = ts - tz. Therefore

Also we can express N as

Where tz < t < t3. It follows from (A4.8) and (A4 9) that

Ar(L,): Ai(t2) exp[-],(tn,-t2) I = N
lt - t,

.+ = l'(t =) iexpt-z(r - r,)ldtlr-t, tr-trl.

tn, : tz - l,nIexp(-/"1, - exp(-21,)l
1 | ),(t, -rr) ]

(A4.8)

(A4 e)

(A4.10)
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A4.3 Cross-section

The same mean activity can be obtained form the photo-peak area of a1-line An obtained

from the multi-channel analyzer Silena (EMCAPLUS version 1.04.1) which is used at the

NAC

Where eB is the detector efficiency

e, is the branching ratio.

From (A4.1) the cross-section is expressed as

o: .f'- @4.12)N,I

Therefore by using equations (A4 ll), (A4.12), (A4.10), (A4.7) and (A4.4) we can

express the cross-section o; as

Ar(t*) - 
A 

o

I 
"t e€,

LA.
An

(A4 13)

A4.4 Production Yield

It follows from (A4.1) that the differential rate of production in units of (Bq/(MeV.pAh))

is given by the relationship

(A4.1l)

(A4.t4)

where AA is the change in the rate of decay of a radioisotope and AR is the change in the

rate of production of a radioisotope. Frorn the definition of R in (equation A4.l) and Io it

follows that
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(A4. r s)

(44.16)

LA = 
lN ul'o

A

AE

s(")-

where Ns = (Nadx)/A and A is the atomic mass of the target. Also Io is given by Io = CtKr

so that if AA is divided by AE it gives the yield as

AA
Ro*

AE

Where A is the atomic mass of the target material and S(E) is the stopping power of

protons discussed in APPENDIX 2. E denotes the average energy given by

Eo': (Ein IEu",)12 (A4.t7)

Ein and Esgl &r€ the incident and exit energies, respectively

A4.5 Thick target yield

The differential production rate in (A4 16) is a function of energy, hence, the rate of

production &r,i"r for a particular radioisotope in a thick target where the beam is stopped

is given by

l?r,,"r(E,,) = J:'' Rdur(E)dE, (n,4.18)

Calculated thick target production rates presented in this work were obtained as a

function of energy by numerical integration of the particular differential production-rate

curve up to that energy. The production rate R15;.p(E;n,Eou,) in a specific interval (Ein-Eo,,)

was given by

Rn';"1(E;n,Eout) = R6;"p(Ein) - Rs,;.p(Eou1) (A4. 19)

A4.6 Computer Program

The cross-section and thin and thick target yield calculations were carried out by means

of a computer program SIGMA and YIELD.
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APPENDIX A5

IMPORTANT PARAMETERS USED IN THE ALICE.IPPE CODE

The production of medical radioisotopes used worldwide requires the evaluation of both

experimental and modeled cross-sections for radionuclide production reactions.

Generally, theoretical models are used only when measured cross-section data are not

available or when there are large discrepancies between available experimental data sets.

In most cases modeling is used as guide rather than full evaluation. In this work, the

ALICE-IPPE code was solely used as black box to calculate theoretical cross-sections for

comparison purposes. In general, this code is based on the nuclear reaction theories and

models which covers the target-projectile and energy range including the pre-equilibrium

model. ALICE can cover a wide range of values, but most of them are not relevant in this

work, only cross-sections. Hence, only a few parameters were of importance in this study

and they are described in below.

Table A5.l: Input parameters for the code ALICE-IPPE and lheir values used in this

work

Variable Value

AP I

At Target mass number

ZP I

ZT Target charge

NA Max. of 9

NZ Max. of 4

M3 4

QVAL Reaction Q-value

ED 0.2

PLD 9

LDOPT 2

where

AP/AT Masses of the incident particle and of the target rnaterial, respectively
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ZPIZT

NA/NZ

M3

Q.VAL

ED

LDOPT

PLD

Charge of the incident particle and of the target, respectively

Number of neutrons and incident particles out

Neutron, proton, alpha and deuteron emission

Reaction Q-values

Energy bin mesh size in MeV

Ignatyuk level density

Level density parameter
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