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Introdution

Radionulides in mediine

Radioativity, disovered by Henri Bequerel in 1896, has revolutionized the whole

sienti� world and, espeially, it played a fundamental role in the life sienes

starting from the last entury until today. In partiular, it is possible to say that

the impat of radioativity on Mediine was extraordinary and it is preisely in

Nulear Mediine, a well established branh of mediine, where radioativity had,

and still has, its most important appliations.

In fat, radioativity is widely used as diagnosti and therapeuti powerful tool

in mediine. The reason for this importane is very simple: in the ideal physiologi-

al experiment the subjet or system should not be disturbed. Radioative traers,

due to their sensitivity and due to the fat that isotopi labelling does not signif-

iantly alter the hemial properties of the moleule, provide the perfet tool for

this approah. Thus, this is the reason why it didn't take long, after the disovery

of radioativity until it was used in life sienes [Stöklin et al., 1995℄.

Furthermore, radiation therapy has gained a greater and greater important role.

Atually, it is mostly performed using external beams (i.e. eletrons, x-rays, γ-rays

from radioative soures or hadrons). In addition to external radiation therapy,

some radionulides are used internally to ahieve the therapeuti e�et. This ould

involve introduing a radionulide in a given part of the body either mehanially

or via a biohemial pathway. The mehanial introdution takes plae through

injetion of onglomerates or olloids or as solids in the form of seeds or stents:

192

Ir

implants are used in wire form to treat head, nek, ovarian, and breast aners,

125

I and

103

Pd implants are used to treat malignant tumours of the prostate during

their inipient phases. This form of therapy is often known as brahytherapy.

The use of a biohemial pathway to deliver a therapeuti radioisotope to a spe-
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i� organ is termed as endoradiotherapy or targeted radionulide therapy. This

type of radiotherapy is a unique aner treatment modality. It is systemi and non-

invasive; it delivers soluble radioative substanes to tissues either by ingestion or

via intravenous, intraperitoneal, or intratumoural administration of tumour tar-

geting arriers (suh as antibodies or bioompatible materials). In systemi radio-

therapy, tumour targeting an be ahieved by exploiting metaboli proesses (e.g.,

131

I for thyroid aner,

32

P for polyythaemia vera,

131

I metaiodobenzylguani-

dine for neuroblastoma), extraellular mehanisms (e.g., boneseeking agents suh

as radiolanthanide omplexes with ligands bearing phosphonate groups, di�erent

radiolabelled ells), or ell surfae reeptors (e.g., hormones, peptides, antibodies,

aptamers, liposomes, dendrimers). These tehniques represent a new paradigm for

aner treatment, and ombine developments in moleular biology, nanotehnology,

nanomediine, and radiopharmay [Dearling and Pedley, 2007℄. So target radionu-

lide therapy ombines the spei�ity of aner ell targeting with the anti-tumour

e�ets of ionising radiation.

The major riteria for the hoie of a radionulide for endotherapeuti use are

suitable deay harateristis and suitable biohemial reativity. As regards deay

properties, the desired half-life is between 6h and 7d and the emitted orpusular

radiation should have a suitable linear energy transfer (LET) value and range in

the tissue. The ratio of non-penetrating to penetrating radiation should be high.

The daughter should be short-lived or stable. As regards biohemial reativity,

the situation is similar to that for diagnosti radiopharmaeutials. However, the

stability of the therapeutial is demanded over a muh longer period than that in

the ase of a diagnosti pharmaeutial. The basis for suessful endoradiotherapy

thus inorporates:

� good and seletive onentration and prolonged retention of the radiothera-

peutial in the tumour; typially, radiononmetals are exreted from the ells

again, while radiometals are trapped in the lysosomes, leading to longer tu-

mour retention times [Koppe et al., 2004℄.

� minimum uptake in normal tissue.

As a result of the above mentioned riteria, the hoie falls on about 30 radionu-

lides [Qaim, 2016℄ for whih two important parameters are the biologial half-life,

orrelated to the retention, and the ranges of the emitted partiles are suitable.

Unlike onventional aner therapies, targeted radionulide therapy has the

potential to simultaneously eliminate tumour at the primary site and tumour that
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Figure 1: Correlation between type and energy of orpusular radiation and the range

in tissue [Stöklin et al., 1995℄.

has spread throughout the body (metastases), onentrating the radiation energy

in the tissues of interest without a�eting surrounding healthy tissues.

The ranges of di�erent types of emitted orpusular radiation in the tissue are

shown in Figure 1. The Auger eletrons have a range of about 10 µm and an

have a therapeutial e�et only if they reah the ell nuleus, e.g. by bringing the

radioative soure atom to the DNA. The α-partiles, on the other hand, have a

range of about 100 µm and an have a therapy e�et already if they reah the

ell membrane, e.g. by attahment of the α-emitter to a reeptor ligand. The

β�

-partiles have ranges of about 1 mm and more, depending upon their energies.

They an lead to therapeutial e�ets even if they reah the ell environment. Evi-

dently, ahieving the therapy e�et with Auger eletrons and α-partiles involves a

very subtle approah and demands great skills in biohemistry, radiopharmaology

and radiotherapeutial prodution and appliation. In the ase of β�

-partiles, the

therapeuti appliations have been more straightforward, though not very spei�.

In endoradiotherapy, the radioative deay data thus play a very important role.

In partiular, a knowledge of the energy and intensity of the ionising radiation is

ruial. The e�et of low-energy but high intensity eletrons, emitted following EC

and IT, is not negligible. For widely used therapeuti radioisotopes therefore all

soures of seondary eletrons must be taken into aount.

Nanotehnology and nanomediine

Over the last few deades, nanotehnology has been frequently used for various

appliations in di�erent �elds suh as agriulture, textiles, forensi siene, ele-
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tronis, the spae industry, and medial therapeutis.

Nanomediine an be de�ned as the design of diagnosti and/or therapeuti

devies on the nanosale, the purpose being to improve transport and delivery of

ative speies within biologial systems for the treatment, prevention, and diagno-

sis of disease.

Radiolabelled nanopartile-based ontrast agents are inreasingly being used as

a valuable tool in biomedial researh. Compared to onventional ontrast agents,

nanopartiles promise to improve in vivo detetion and enable more e�ient tar-

geting due to inreased irulation times, evasion of learane pathways, and mul-

timeri binding apaity [Prokop and Davidson, 2008℄. In fat, nanopartiles are

have sizes of less than 100 nm and they seletively inrease the loalisation and

onentration of radiopharmaeutials in the tumour: the small size enables them

to penetrate the disontinuous endothelium lining the vasulature of tumour tissues

and aumulate there due to impaired lymphati drainage and the enhaned per-

meability and retention e�et e�et [Ngoune et al., 2016℄. In this way, nanoarriers

are able to arry high radioative doses to the target ells, resulting in e�etive

tumour ell killing, even with relatively low levels of target reeptor expression.

Furthermore, nanopartiles have high loading apaities, and, unlike antibodies for

example, they an arry more than one type of radioisotope: they are partiularly

suited to targeted aner therapy that requires a ombination of radionulides emit-

ting di�erent energies.

Liposomes are small vesiles in whih one or more onentri lipid bilayers en-

lose disrete aqueous spaes; they are spontaneously formed when (phospho)lipids

are suspended in aqueous media. With respet to the radiolabelling strategy used

to inorporate/attah the radionulide into/to the liposomes: the radionulide an

be trapped in the inner aqueous avity of the liposomes, trapped in the lipid mem-

brane, or attahed to the surfae of the liposome.

Aim of the Ph.D. work

In this work, I have deided to investigate the prodution routes of

99m

T,

89

Zr

and

103

Pd.

From a hronologial point of view, my work started with the analysis of the op-

timization of the prodution of

99m

T, then I worked on

103

Pd and, at the end,

on

89

Zr. Here, in this thesis, I deided to present them in a di�erent sequene:
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for �rst a well known diagnosti nulide (

99m

T, Chapter 4), a promising β�

-

emitter radionulide for labelling monolonal antibodies, bio-distribution studies,

and immuno-PET imaging (

89

Zr, Chapter 5) and then a nulide used for aner

brahytherapy that has innovative strategy of use under development, for example

103

Pd�Au nanopartiles distributed in the diseased tissue (

103

Pd, Chapter 6).

I deided to fous on these radionulides beause:

� tehnetium-99m is onsidered the �workhorse� of radiopharmaeutial imag-

ing. Nearly 80% of nulear mediine imaging proedures are urrently per-

formed with

99m

T-labelled ompounds.

99m

T has a favourable γ-energy

(141 keV), whih penetrates soft tissue but simultaneously delivers relatively

low radioative doses to the patient or experimental animal. In addition,

it has a favourable half-life of 6.02 h and well-known oordination hem-

istry. In reent years there was a worldwide shortage of

99

Mo/

99m

T, whih

is produed in highly enrihed uranium targets via �ssion of

235
U in nulear

reators. This shortage boosted the interest in verifying alternative routes.

One method is the ylotron prodution of

99m

T via the nulear reation

100

Mo(p,2n)

99m

T;

� zironium-89 has 23% positron branhing and emits a low-energy positron

(Eβ� ,max = 0.897 MeV), whih is favourable for ahieving high spatial res-

olution in imaging studies. As I said before, its relatively long half-life

(78.4 h) makes it a useful andidate for labelling monolonal antibodies,

bio-distribution studies, and immuno-positron emission tomography (PET)

imaging. Furthermore, it is possible to prepare simultaneously paramag-

neti and pharmaeutial probes of

89

Zr-labelled liposomes for simultaneous

PET and magneti resonane tumour imaging. Cross-setions of the proton-

indued reations on

89

Y were measured many times and the experimental

data are relatively onsistent. In ontrast, the exitation funtions of the

deuteron-indued nulear reations are rather sattered and I have deided

to re-measure in detail exitation funtions of the

89

Y(d,x) reations up to

18 MeV;

� palladium-103 is a radionulide having a half-life of 16.99 d and deaying

100% by the eletron apture (EC), whih is suitable for brahytherapy, par-

tiularly for the prostate and eye aner therapy. With the rapid development

of nanosiene and nanotehnology, it beomes appealing to make injetable

nano-sale brahytherapy seeds: a new strategy under development to replae

millimetre-size implants, onsist in injeting radioative NPs in the a�eted
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tissues. Nowadays, the development of

103

Pd�Au NPs distributed in the

diseased tissue, ould inrease the uniformity of treatment (ompared with

massive seeds), while enhaning the radiotherapeuti dose to the aner ells

(through Au-mediated radiosensitisation e�et). Nowadays the most widely

used aelerator prodution method is based on high-�ux, 18 MeV proton

irradiation of a

103

Rh target in ylotrons. The use of a deuteron beam ap-

pears to be attrative for the prodution of this radionulide sine the (d,2n)

reation ross setion in the medium to high mass region is generally higher

than that of the (p,n) reation.

The Chapters 1�3 will introdue the experimental parts that are desribed in

the later ones: I will present in Chapter 1 an elementary nulear reations theory,

in Chapter 2 the physial quantities that will be used in the Chapters 4�6 and in

Chapter 3 a desription of the irradiation failities.



Chapter1

Elementary nulear reations theory

A nulear reation is a proess in whih a nuleus reats with another nuleus, an

elementary partile, or a photon to produe, within a time limit of 10�12 s or less,

one or more other nulei, and possibly other partiles. The variety of reations that

have been studied is bewildering, as may be readily pereived from a onsideration

of the variety of bombarding partiles available. They inlude neutrons, protons,

photons, eletrons, various mesons and nulei ranging from deuterons to uranium

nulei.

The sientist who �rst disovered the phenomenon of nulear reations was

Rutherford, in 1919, when he observed that in the bombardment of nitrogen with

the 7.69MeV α partiles of RaC�

�

214Po�, sintillations of a zin sulphide sreen

persisted even when enough material to absorb all the α partiles was interposed

between the nitrogen and the sreen. Further experiments proved the long-range

partiles ausing the sintillation to be protons, and the results were interpreted

in terms of a nulear reation between α partiles and nitrogen produing oxygen

and protons [Friedlander et al., 1981, Rutherford, 1919℄.

From that moment on, a series of new nulear reations were disovered and

these led us to better understand the in�nitely small world of the nulei.

1.1 Energetis of nulear reations

Reations between an atomi nuleus and another partile are alled, as said before,

nulear reations. In some suh reations, new nulei are formed (nulear transmu-

tations); in others, the original nuleus is exited to a higher energy state (inelasti

sattering); in a third situation, the nuleus is unhanged (elasti sattering) (see
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�1.2). In any ase, for a nulear reation to our some onservation laws must be

valid [Choppin et al., 2002℄:

� the onservation of total energy: ∆E � 0

� the onservation of linear momentum: ∆p � 0

� the onservation of total harge: ∆Z � 0

� the onservation of mass number: ∆A � 0

� the onservation of spin: ∆I � 0.

In this spei� ase I am espeially interested in the �rst two quantities. So let us

analyse them.

1.1.1 The mass energy

Most nulear reations are studied by induing a ollision between two nulei, where

one of the reating nulei is at rest (the target nuleus) while the other nuleus (the

projetile nuleus) is in motion. Suh nulear reations an be desribed generially

as:

Projetile P �Target T � emitted partiles X and residual nuleus R.

For example, the �rst reation disovered, as disussed above, might our by

bombarding

14N with α partiles to generate an emitted partile, the proton, and

a residual nuleus, the

17O. A shorthand way to denote suh reation is, for the

general ase,

T �P,X�R

or for the spei� example

14N�α, p�17O.

For the general nulear reation T �P,X�R, negleting the eletron binding en-

ergies, the energy balane in the reation is:

mP c
2
� TP �mT c

2
�mRc

2
� TR �mXc2 � TX

where Ti is the kineti energy of the ith partile and mi represents the mass of the

ith speies.
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Figure 1.1: Shemati diagram of a nulear reation.

The Q-value of the reation [Loveland et al., 2006℄ is de�ned as the di�erene

in masses of the produt and the reatants, that is:

Q � �mP �mT � �mX �mR��c
2
� TX � TR � TP �MeV �, (1.1)

and in general is:

Q � �mP �mT � �

Q

i

mXi
�

Q

i

mRi
�	 c2.

Note that if Q is positive, the reation is exoergi, while if Q is negative, the

reation is endoergi. A neessary, but not su�ient, ondition for the ourrene

of a nulear reation is:

Q � TP A 0.

This equation suggests that Q is an important quantity for nulear reations.

However, I an show, using onservation of momentum, that only TX and the

angle θ of X with respet to the diretion of motion of P su�e to determine Q in

these two-body reations.

In a laboratory system, a typial nulear ollision an be depited as shown in

Figure 1.1. Conserving momentum in the x diretion, it is possible to write:

mP vP �mXvX cos θ �mRvR cosφ; (1.2)

onserving the momentum in the y diretion:

0 � �mXvX sin θ �mRvR sinφ (1.3)

where mi and vi are the mass and the veloity of the ith speies [Krane, 1988℄.
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Vf

(a) before collision

(c) before collision

(b) after collision

(d) after collision

as seen in the laboratory

as seen from the center of mass

VCM

CM

vCM

x

x

y

Y

X

X

y

Y

CM

Figure 1.2: Shemati view of a nulear reation in the laboratory and enter of mass

system.

But, the momentum is p � mv � �2mT �

1~2
, so it is possible to substitute in the

equations (1.2) and (1.3) and obtain:

�mPTP �
1~2

� �mXTX�

1~2 cos θ � �mRTR�
1~2 cosφ (1.4a)

�mXTX�

1~2 sin θ � �mRTR�
1~2 sinφ. (1.4b)

If we now square the equations (1.4), sum them up and solve them for TR, we have:

TR �

mPTP � 2�mPTPmXTX�

1~2 cosθ �mXTX

mR

(1.5)

Finally, inserting the equation (1.5) in the (1.1), we an get the so-alledQ equation:

Q � TX�1 �
mX

mR

� � TP�1 �
mP

mR

� �

2

mR

�mPTPmXTX�

1~2cosθ.

The Q equation shows that if we are able to measure the kineti energy of the

emitted partile X and the angle at whih it is emitted in a reation and we

presume to know the identities of the reatants and of the produts involved in the

reations, we an determine the Q value of the reation itself.
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Now, in order to better understand how nulear reations work and, in partiu-

lar, the quantities that play an important role, let us onsider the same reation as

desribed in the enter of mass (m) oordinate system (Fig. 1.2). In suh system,

the total momentum of the partiles is zero, before and after the ollisions. Thus,

the kineti energy of the enter of mass is:

Tcm �

�mP �mT �v
2
cm

2
�MeV �,

where vcm � vPmP ~�mP �mT � is the speed of the enter of mass. We an now

write the kineti energy of the m as:

Tcm �

1

2
�mP �mT ��

mP vP

mP �mT

	

2

�

1

2
mP v

2
P�

mP

mP �mT

� � Tlab�
mP

mP �mT

�

where Tlab is the kineti energy in the lab system before the reation.

The kineti energy arried in by the projetile, Tlab, annot be fully dissipated

in the reation. Instead, an amount Tcm must be arried away by the enter of

mass. Thus, the available energy that must be dissipated is Tlab � Tcm � T0. The

energy available for the nulear reation is Q � T0; so, to make the reation work,

the sum Q � T0 must be greater than or equal to zero. Finally, rearranging a few

terms of the previous equations [Ehmann and Vane, 1991℄, the ondition to make

the reation our is:

TP C �Q
mP �mT

mT

� Eth �MeV �; (1.6)

the minimum kineti energy that the projetile must have to make the reation

work is alled the threshold energy Eth. This is another important parameter in

order to omprehend the behaviour of a nulear reation.

1.1.2 The Coulomb barrier

In the previous setion we onluded that a reation ours if the projetile has

a kineti energy greater than the threshold energy of the reation itself. This is

not ompletely true. In fat, if the projetile is a positively harged partile (i.e.

protons, alphas et...), it experienes the Coulomb repulsion aused by the nuleus.

This means that the inoming projetile must possess su�ient kineti energy

to overome any repulsion [Choppin et al., 2002℄. Let us understand the phe-

nomenon by using an example: onsider a reation of a positively harged partile

(mP , ZP , vP ) with a target atom (mT , ZT , vT � 0). We an now make two simpli-
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Figure 1.3: Fores (a) and energy (b) onditions when a harged projetile (ZP , vP )

reats with a target nuleus.

fying assumptions: the target nuleus is in the enter of the oordinate system and

relativisti mass orretion an be negleted. Sine both projetile and target have

positive harges, they must repel eah other aording to the Coulomb law:

FCoul �
1

4πǫ0

ZPZTe
2

x2

where ǫ0 is 8.854187817... � 10�12F �m�1
[Mohr et al., 2015℄. This fore is shown

as a funtion of the distane between the partiles in Figure 1.3. At a distane

greater than the nulear radius rn only the Coulomb repulsive fore is in operation;

however, for distanes less than rn both the attrative nulear fore Fnucl and the

repulsive Coulomb at upon the system. Thus, the total fore (i.e. the solid line in

the Figure) is given by the sum of these two fores: Ftot � Fnucl � FCoul. At some

partiular distane alled, rc the fores balane eah other and, at shorter distanes

(x � rc), the attrative nulear fore dominates. The distane rc is known as the

Coulomb radius; but to be more preise, rc is the sum of the projetile and target

radii.

In Figure 1.3 we an observe the energy ondition of the system when a harged

partile reats with a target nuleus; at long distanes from the target nuleus the

kineti energy of the projetile is dereased due to the Coulomb repulsion. Sine

for suh distanes the nulear fore an be negleted, the energeti equation an

be written as:

E0
kin � Ekin �ECoul,

where E0
kin is the original kineti energy of the projetile and ECoul is the Coulomb

potential energy, whih depends on the distane:

ECoul � �
1

4πǫ0

ZPZTe
2

x
�J�.
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As the projetile approahes the target nuleus, the Coulomb repulsion auses

the potential energy to inrease as the kineti energy of the partile dereases.

If the kineti energy reahes a value of zero at any distane greater than rc, the

partile is re�eted away from the nuleus before it is lose enough to experiene

the attrative nulear fore. Thus, a neessary ondition for harged projetiles to

ause nulear reations is that E0
kin exeeds the Coulomb barrier height Ecb:

Ecb �
1

4πǫ0

ZPZTe
2

rc
.

This is the general formula for the alulation of the Coulomb barrier. It is possible

to express the radius as a funtion of the mass number of the partiles; experimen-

tally, the nulear radius is given by r � r0A
1~3fm. But, in nulear physis r0

assumes three di�erent values depending on whih nulear radius onstants (i.e.

rs, rc, rn) I'm interested in. Experiments have indiated that the values of r0 are

approximately 1.1 for the radius rs of onstant nulear density, 1.3 for the Coulomb

radius rc and 1.4 for the nulear radius rn, whih inlude surfae e�ets.

Now, in order to alulate the Coulomb barrier let us use a model in whih the

target nulei and the projetile are just touhing so that rc is taken as the sum of

the radii of the projetile and the target nuleus [Choppin et al., 2002℄. With this

model, the Coulomb barrier energy is shown by the equation:

Ecb�min� � 1.109�AP �AT �
ZPZT

AT �A
1~3
P �A

1~3
T �

�MeV �. (1.7)

Ecb�min� is the minimum energy that a projetile of mass AP and harge ZP must

have in order to overome the Coulomb barrier of a target nuleus of mass AT and

harge ZT in a ollision.

It is important to note that the barrier exists both for the inoming projetile

and the emitted partile if the latter is harged. For this reason, a harged partile

has to be exited to a rather high energy level inside the nuleus before it an leak

through the barrier with appreiable probability.

Finally, a last onsideration must not be forgotten: it has been found that

nulear reations sometimes our at energy level less than that required by the

Coulomb barrier. This behaviour relates to the wave mehanial nature of the

partiles involved in a nulear reation. As a projetile approahes a target nu-

leus, the probability that there will be overlapping and, hene, interation in their

wave funtions, inreases. This phenomenon is well known as the tunnel e�et or

quantum-mehanial tunnelling , but it is important to stress that the probability

of this phenomenon ourring drops rapidly as the energy of the inoming partile
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dereases, ompared to the value of the Coulomb barrier.

1.1.3 Summary

In the previous setions (see �1.1.1 and �1.1.2) it was shown that a reation ours

only if the kineti energy of the inoming projetile is:

� larger than or equal to the threshold energy;

� in ase of positive harge partile, not less than the Coulomb barrier.

I have also said that a reation with a harged partile may happen even if the

kineti energy is lower than the Coulomb barrier, thanks to the tunnel e�et.

So, how an we desribe the behaviour of the probability funtion that a nulear

reation ours depending on the values of the threshold energy and the Coulomb

barrier? In order to understand the general behaviour of this funtion, we must

onsider two di�erent situations: the threshold energy is lower than the Coulomb

barrier or vie-versa.

In the �rst ase (Fig. 1.4(a)) we see that in the energy interval between the Eth

and the Ecb the reation ours only due to the tunnel e�et and so the probability

is very low. However, just after the Coulomb barrier the probability inreases

rapidly to the maximum value.

In the seond ase (Fig. 1.4(b)), instead, the probability is zero until the Eth

and then inreases rapidly to the maximum value.
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(a) Example of probability funtion behavior for

Eth � Ecb.
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Eth A Ecb.

Figure 1.4: Example of probability funtion behavior: in (a), Eth � Ecb, it is shown

how the funtion assumes low values in the interval between the theshold energy and the

Coulomb barrier where the tunnel e�et dominates. For higher energies, the funtion

inreases more rapidly. In (b), Ecb � Eth, it is possible to see that the funtion starts

from zero and reahes the maximum very rapidly.
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What we have just shown are the very general ases for these two types of

reations; of ourse, the probability funtion may have more than one maximum

value but what we wanted to stress is the behaviour of this funtion around the

threshold energy of the Coulomb barrier.

1.2 Mehanisms of nulear reations

Nulear reations an our via di�erent mehanisms: in Figure 1.5 the relation-

ships between the various nulear reation mehanisms are illustrated.

Considering a general nulear reation T(P,X)R, two broad groups of partile-

indued nulear reations may be identi�ed: the ones in whih the nulei X and R

may be idential to P and T and all the others. Let us analyse these two families

fousing our attention on the seond one.

1.2.1 Sattering reations

Sattering reations are a type of reation in whih an inoming partile is de�eted,

or sattered away from the target nuleus. This interation results in a hange of

diretion for the projetile involved, but no hange in the identity of either the

inident partile or the target nuleus. Sattering reations are either elasti or

inelasti [Ehmann and Vane, 1991℄.

INITIAL

STAGE

INCIDENT

PARTICLE

DIRECT

REACTION

COMPOUND

ELASTIC

SCATTERING

CN

SHAPE ELASTIC

SCATTERING

INTERMEDIATE

STAGE

FINAL

STAGE

DECAY OF

COMPOUND

NUCLEUS

Figure 1.5: Coneptual view of the stages of a nulear reation [Weisskopf, 1957℄.



16 Elementary nulear reations theory

1.2.1.1 Elasti sattering reations

In elasti sattering, the projetile-target system has essentially the same total

kineti energy before and after the interation (i.e. Q � 0). Small kineti energy

losses, suh as those to atomi or moleular exitations, may slightly alter the

energy balane. The general notation for elasti sattering is:

T �P,P �T.

What I have just explained suggests that in a strit sense, elasti sattering is not

a real nulear reation, but merely a �billiard-ball� sattering event.

1.2.1.2 Inelasti sattering reations

In inelasti sattering, part of the kineti energy of the projetile is transferred to

the target nuleus, as exitation energy, without hanging the values of A and Z

of either the target or the projetile. The exitation energy an be emitted as γ

photon (route a) or remanis in the target atom (route b):

P � T

¢

¨

¨

�

¨

¨

¤

a�� P � T � γ

b�� P � T �

Q � 0

The latter exists in an exited state and may transform to the ground state quite

rapidly or may exist for a measurable time as an isomer

1

. In any ase, the energy

relationships in inelasti sattering are the same as for other nulear reations.

1.2.2 Compound Nuleus and Diret reations

When a projetile approahes a target nuleus, a two-body ollision may our

between the projetile and some nuleon of T , raising the nuleon of T to an un�lled

level (Fig. 1.5). If the struk nuleon leaves the nuleus, a diret reation is said to

have ourred; if the struk nuleon does not leave the nuleus, further two-body

ollisions may happen, and eventually the entire kineti energy of the projetile

may be distributed between the nuleons of the P � T ombination leading to the

formation of a ompound nuleus CN (Fig. 1.5).

1

Any of two or more nulei with the same mass number and atomi number that have di�erent

radioative properties and an exist in any of several energy states for a measurable period of

time.
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1.2.2.1 Compound Nuleus reations

Most low-energy nulear reations proeed via formation of the ompound nuleus

whih model was proposed in 1936 by Niels Bohr [Bohr, 1936℄. As an example

of this type of reation, let us onsider the �rst nulear reation disovered by

Rutherford:

14
7 N �

4
2 He� �

18
9 F �

�

�

17
8 N �

1
1 H

where the ompound nuleus of �uorine is in square brakets to indiate its tran-

sitory nature and marked with an asterisk to indiate that is exited.

Let us now study this model a little loser: if the projetile has an inoming

kineti energy E0
kin greater than Ecb�min�, the attrative nulear fore dominates

and the partile is absorbed by the target nuleus. This means that the projetile

adds its kineti energy and binding energy to the target nuleus so that the om-

pound nuleus is in an exited state and the nulear exitation energy Eexc an be

expressed as:

Eexc � Q �E0
kin.

It should be noted that the height of the Coulomb barrier does not in�uene the

exitation energy of the nuleus in any other way than that the projetile must

have a kineti energy greater than the Ecb before the reation an our.

The energy brought in by the projetile is transferred to the other nuleons

through numerous ollisions until a state of equilibrium is reahed; this implies two

important aspets:

� the ompound nuleus represents a relatively long-lived reation; in fat, we

an say that the CN must live for at least several times the time it would

take a nuleon to traverse the nuleus (i.e. 10�22s). Thus, the time sale of

ompound nulear reations is of the order of 10�18�10�16s.

� the partile energy is distributed evenly or almost evenly to all nuleons of

the target so that, at this time, the original partile is undistinguishable

from the other nuleons, and the CN has no �memory� of how it was formed.

This phenomenon is alled the Bohr independene hypothesis or the amnesia

assumption.

Now, if su�ient energy is present, eventually a nuleon or a omposite of

nuleons will aquire enough energy to overome nulear binding fores and esape

from the nuleus. This proess is alled evaporation. If residual energy remains
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after one nuleon or omposite unit has been evaporated, more may be emitted,

until there is too little energy left to ause partile emission: the nuleus may then

further de-exited via a gamma transition. Finally, the emission of neutrons from

ompound nulei is preferred over emission of protons and reations suh as �p,n�

and �α,n� are relatively probable if the energy of the inident partile is greater

than 1MeV .

1.2.2.2 Diret reations

Diret reations do not result in the assimilation of the projetile into the nuleus.

Instead, the inoming partile interats diretly with the nuleons at the periphery

of the nuleus in a very fast proess (� 10�22s) that involves the prompt emission of

a nuleon. Thus, diret reations happen in only one step, with no time for equili-

bration between the initial interation and the resulting nulear hange. Therefore,

the nuleus has a sort of �memory� of how it was formed, and the deay modes

are related to the means by whih the nuleus was originally exited [Ehmann and

Vane, 1991℄.

Two types of diret interations are distinguished: knok-on reations and trans-

fer reations. Knok-on reations may proeed in various ways: the inident partile

may transfer a part of its energy to a nuleon and ontinue on its way (inelasti

sattering). It may indue olletive motion of the nuleus (vibration and rotation)

or it may be aptured by the nuleus and transfer its energy to one or several nu-

leons that leave the nuleus. The number of nuleon-nuleon ollisions inreases

with the inreasing energy of the inident partiles. It is important to underline

that this type of proess is most ommonly observed for projetiles with relatively

high energy (50MeV and above) [Lieser, 2001℄.

Transfer mehanism an be divided into stripping and pik-up reations. In

stripping, the target nuleus takes one of the nuleons away from the omposite

inident partile. In a pik-up reation, the projetile takes a nuleon away from the

target nuleus. In general, transfer reations are most often observed for partiles

with energies less than 50MeV .



Chapter2

Fundamental physial,

radiohemial and quantitative

informations

In this hapter, the derived physial quantities that will be used in the future

alulations are introdued. The quantities I am going to de�ne, in order to fully

desribe the nulear reations I am interested in, are: the ross-setion of nulear

reation, the stopping power, the range, the thin target yield and the thik target

yield.

Furthermore, the gamma spetrometry, the analytial tehnique at the basis of

every results, will be shortly disussed.

2.1 Cross-setion

In view of the great variety of possible projetiles and targets, a broad de�nition is

desirable. Conventionally, a target has been hit if the interation of the projetile

with the target has had some spei� measurable e�et. This means that the prob-

ability of a given nulear reation not only depends on the target, the projetile,

and their relative veloity, but also on the physial e�et that I have deided to

monitor. The probability of a nulear reation is usually expressed in terms of

the ross-setion reation [Lilley, 2002℄. Consequently, it is possible to talk about

sattering ross-setions, absorption ross-setions, energy-loss ross-setions, ion-

ization ross-setions, ross-setions for spei� nulear reations and many others.
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Figure 2.1: Marosopi target onsisting of randomly plaed mirosopi targets, bom-

barded by a partile urrent.

The one I am interested in is the ross-setion for a spei� nulear reation.

For fundamental and pratial reasons there is no way of experimentally deter-

mining mirosopi ross-setions by bombarding one atom with only one proje-

tile. Instead, I utilize the statistial information extrated from a large number of

bombardments.

Suppose a marosopi target is bombarded by a beam of projetiles spread

homogeneously over an area SA (A in Fig. 2.1). If σ is the ross-setion (area of

one nuleus), then the total area of the nulei in the target is:

Snuclei �
σ � ρ � SA � dx �NA

M
�cm2

�
(2.1)

where NA � 6.0221415�10�� 1023 mol�1 [Mohr et al., 2015℄ is the Avogadro's on-

stant, ρ is the target density (g~cm3
), M is the atomi weight (g �mol�1) of the

element and dx is the target thikness. The quantity ρ � dx is known as areal den-

sity or massi thikness. The origins of this onept lie in the di�ulty in making

an aurate estime of the real density ρ of the target. On the other hand, it is

possible to determine the mass m of the foil rather easily and then alulate the

areal density:

dx � ρ �
m

SA

�

g

cm2
� . (2.2)

Typial dimensions for material used in this work are of few mg~cm2
.
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Furthermore, as just said above, the target area is:

Starget � SA �cm2
� . (2.3)

Thus, the probability P for one projetile to interat with a nuleus is:

P �1 projetile� �

Snuclei

Starget

�

σ � ρ � dx �NA

M
. (2.4)

For aelerators, the beam intensity (i.e. partile urrent = number of partile per

unit time) I0 is expressed by:

I0 �
i

q
�

i

ze
�

Q

tirrze
�s�1� (2.5)

where i is the beam urrent (A), q is the projetile harge (C), e is the eletron

harge (C), z is the harge in eletron units of the partile and Q is the total harge

of the beam (C). It should be stressed that the hange in urrent, dI � I�I0, passing

through a thin target layer of thikness dx, is in�nitesimal (i.e. I0 � I) [Ehmann

and Vane, 1991℄.

Now, if N�

is the number of the nulei whih interat with the beam, the

number of interations per unit time is:

dN�

dt
�

σ � ρ � dx �NA

M
I � k �s�1� . (2.6)

Equation (2.6) is valid if the following onditions our:

� the number of nulear reations must remain small ompared to the total

number of target atoms;

� the projetile energy must remain onstant so that the ross-setion reation

also remains onstant;

� the partile urrent does not derease in passing through the target.

Frequently, the irradiated target onsists of more than one nulide whih an ap-

ture bombarding partiles to undergo reation. So, the marosopi ross-setion,

whih refers to the total derease in the bombarding partile urrent, re�ets the

absorption of partiles by the di�erent nulides, in proportion to their abundane

in the target, as well as to their individual ross-setion reation. Assuming that

the target as a whole ontains NV atoms m�3
with individual abundanes w1, w2,

et., for nulides 1, 2, et., the individual ross setions are σ1, σ2, et. Thus, the

marosopi ross-setion Σ is:
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Σ � NV σ
�

� NV

n

Q

1

wjσj �cm�1
� . (2.7)

where σ�

is alled the e�etive ross-setion. For a target that has a geometrial

thikness x (m) we obtain:

I � I0e
�Σx

�s�1� . (2.8)

The value Σ�1
is the average distane a projetile travels between suessive olli-

sions with the target atoms (the mean free path).

2.1.1 Nulear ross-setion and irradiation yield

The prodution of a radioative nulide by irradiation in aelerator an be written

as:

T � P
k
� R1

λ1

� R2. (2.9)

I am mainly onerned with the produt R1 (produed at rate k), whih is assumed

to be radioative, deaying in a single step or via a hain of deays resulting in a

�nal stable nulide.

The rate of the net prodution of the N1 atoms of the produt R1 is the rate

of its prodution minus the rate of its deay:

dN1

dt
� k � λ1N1. (2.10)

The rate of deay of radioative nulides is always proportional to the number of

the radionulides. The proportionality onstant is assigned usually by λ and it is

alled the deay onstant. In almost all data tables λ is not given, but rather the

half-life t1~2 of the radionulide. The relationship between λ and t1~2 is λ�t1~2 � ln 2.

Integrating equation (2.10) between the limits of N1 � 0 (no radioative nulide

R1 exists at the beginning of the irradiation) and N1 for an irradiation time tirr,

we obtain:

N1 �
k

λ1

�1 � e�λ1tirr
� . (2.11)

N1 inreases exponentially with time towards a maximum value (saturation limit),

whih is reahed when λ1tirr Q 1 (i.e. tirr Q t1~2~ ln 2). In this ase it is possible

to write:

N1,max �
k

λ1

(2.12)
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Figure 2.2: Examples of the hange in number of

181Re (t1~2 � 19.9 h) and

186gRe

(t1~2 � 90.64 h) atoms during and after irradiation.

However, if tirr P t1~2~ ln 2 it is possible to ignore the deay of the radionulide

sine the rate of its formation is muh greater than its deay rate. So, by expanding

the exponential into a Malaurin series, exp�λ1tirr
� 1 � λ1tirr, the equation (2.11)

beomes:

N1 � ktirr �for tirr P t1~2~ ln 2�. (2.13)

Furthermore, if we measure the irradiation time in number of half-lifes, a � tirr~t1~2,

we obtain:

N1 � N1,max �1 � 2�a� , (2.14)

that shows that irradiation for one half-life (a � 1) produes 50% of the maximum

amount, two half-lives gives 75% and so on.

After the end of the irradiation time, the radioative produt nulides ontinue

to deay aording to their half-lives. I indiate this deay time after the end of

irradiation (termed the ooling time) as tcool . The number of nulides, whih is a

funtion of the irradiation time tirr and ooling time tcool, is now expressed by:

N1 �
k

λ1

�1 � e�λ1�tirr
� e�λ1 �tcool . (2.15)

The e�et of the ooling time is shown in Figure 2.2 for two sample radionulides.

Furthermore, we have to take into aount the deay during the measurement.

If at the beginning of the measurement the radioative nulides are N1 (eq. (2.15)),

after a ounting time tcount they are:
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N2 � N1e
�λ1 �tcount

�

k

λ1

�1 � e�λ1�tirr
� e�λ1 �tcoole�λ1 �tcount . (2.16)

So, in the elapsed time tcount, the number of the deayed radioative nulides is:

∆N � N1 �N2 �
k

λ1

�1 � e�λ1 �tirr
� �1 � e�λ1 �tcount

� e�λ1 �tcool . (2.17)

But, usually, the radioative deay rate A1, rather than the number of atoms N1, is

measured. Realling A � λN � �∆N~∆t (with ∆t � tcount), equation (2.17) yields

the averaged ativity during the measurement (ounting):

A1 �
k

λ1 � tcount
�1 � e�λ1�tirr

� �1 � e�λ1�tcount
� e�λ1�tcool

�Bq�. (2.18)

This general equation represents the basi relationship for the prodution of ra-

dionulides and for equations (2.5), (2.6) and (2.18):

A �

σ � ρ � dx �NA �Q � λ

M � ze
�

1 � e�λ�tirr

λ � tirr
��

1 � e�λ�tcount

λ � tcount
� e�λ�tcool �Bq�. (2.19)

In my experimental proedure, however, I am interested in evaluating the ross-

setion σ. Thus, from equations (2.19) we have:

σ �
A �M � ze

ρ � dx �NA �Q � λ
�G �tirr� �D�tcount� � e

�λ�tcool
�cm2

� , (2.20)

with the orretion growing fator:

G�tirr� �
λ � tirr

1 � e�λ�tirr
, (2.21)

and the orretion deay fator:

D�tcount� �
λ � tcount

1 � e�λ�tcount

. (2.22)

The evaluation of the ativity A is presented in �� 2.5 and 2.6.

2.2 Stopping power and range

All of the harged ions that I will onsider have positive harges. Energeti harged

ions move through material on essentially straight trajetories, giving up or losing
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p

∆P

∆P

Figure 2.3: A sattering event with momentum transfer P
�

perpendiular to the beam

diretion.

Figure 2.4: Trajetory of a moving ion past an eletron.

kineti energy through ollisions with the atomi eletrons of the material. In

omparison, an ion is rarely sattered by the Coulomb potential of a nuleus, and

even more rarely does a nulear reation take plae. Nulear reations are exluded

when the initial kineti energy of the heavily harged partile is lower than the

Coulomb barrier and the threshold energy (as summarized in � 1.1.3).

Thus, the ions interat with an extremely large number of eletrons and the

average behavior of the ions as they pass through matter an be examined. The

rate at whih harged partiles lose energy as they travel through a given material

is alled the stopping power of that material. The stopping power is made up of two

parts: the eletroni stopping power, due to the interation with the atomi ele-

trons of the material, and the nulear stopping power . This equation is expressed

by:

�

dE

dx
� Selectronic � Snuclear � Selectronic �

MeV

cm
� , (2.23)

where the eletroni stopping power is always muh larger than the nulear stopping

power [Krane, 1988℄. The minus sign of the rate indiates that the ions are losing

kineti energy. The nulear stopping power is not zero, of ourse, beause we know

that nulear reations take plae, even if they are rare. The stopping powers are

funtions of the mass, the harge, the ion veloity and the atomi number of the

target together with its density.

Niels Bohr suggested that the energy loss rate ould be simply desribed as

the series of impulses delivered to individual eletrons by the ion [Bohr, 1913℄.
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Imagine an ion moving on a straight-line trajetory past an eletron (Fig. 2.3): a

net impulse to the eletron will our perpendiular to the trajetory of the ion

beause any impulse, aused by the approahing ion, will be anelled by that of

the reeding ion. It an be shown [Loveland et al., 2006℄ that the energy gained by a

single eletron (lost by the ion) in one enounter depends on the impat parameter

b (Fig. 2.4) as:

∆E�b� �
2z2e4

mev2b2
, (2.24)

where v is the veloity of the ion, and me is the mass of the eletron. The number

of eletrons in a ylindrial ring with a radius between b and b � db and thikness

dx is 2πNebdbdx, where Ne is the eletron number density. Consequently,

�dE�b� � ∆E�b�Ne2πdbdx. (2.25)

This expression should not be integrated from b � 0 to b �ª but only from the range

bmin to bmax [Loveland et al., 2006℄ that orresponds to the initial assumptions

regarding the ion and the eletron, so that:

�

dE

dx
�

4πz2e4

mev2
Ne ln

bmax

bmin

. (2.26)

The minimum impat parameter will orrespond to those ollisions in whih

the maximum amount of kineti energy is transferred to the eletron. Due to

the onservation of momentum, the maximum energy transferred to an eletron is

Tmax �
1
2
me�2γv�

2
[Amaldi, 1971℄ where we have inluded the relativisti fator γ

(i.e. γ � �1 � β2
�

�1~2
where β � v~c) due to the low mass of the eletron. Thus,

substituting the energy loss at a given impat parameter into the equation (2.24):

Tmax � ∆E�bmin� �
2z2e4

mev2b
2
min

� 2γ2mev
2

(2.27)

we �nd that:

bmin �
ze2

γmev2
. (2.28)

The maximum impat parameter has to be estimated from di�erent onsidera-

tions. The basis of this proess is that the ion rapidly moves past the eletron and

delivers a sharp impulse to the eletron. The eletrons are bound in atoms and,

thus, are orbiting with their own harateristi frequenies or time sales. Thus,

the time for the ion to ross the atom should be less than the average time for an

eletron orbit; otherwise, the ollision will not be adiabati or �rapid�. The time for
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the ion to move past an be estimated as the ratio of the impat parameter to the

ion's veloity and the average orbital time for an eletron will learly depend on the

hemial element, as there will be an average radius and veloity. These onsidera-

tions indued Bohr to evaluate the stopping power with a lassial formula. Bohr's

formula has been superseded by the expression derived by Bethe and Bloh [Bethe,

1932℄ based on momentum transfer in a quantum mehanially orret formalism.

Their expression with the expanded form of the eletron number density is:

��

dE

dx
�

Bethe-Bloh

� 4πNAr
2
emec

2ρ
Zz2

Aβ2
�ln�

Tmax

I
� � β2

� , (2.29)

where re � e
2
~mec

2
� 2.8179402894�58��10�15m [Mohr et al., 2015℄ is the lassial

radius of the eletron, ρ is the density of the stopping medium with atomi number,

Z, mass number, A, and ionization potential, I. Finally, Tmax is the maximum

energy transfer, enountered above. Various formulas are available to give the

average variation of the ionization potential for the hemial elements. For example,

in the Thomas-Fermi model, the expression is given by [Amaldi, 1971℄:

I � 10 � Z �eV �. (2.30)

The modern form of the stopping power inludes two orretions [Loveland

et al., 2006℄. The �rst one is applied at high energies at whih the polarization of

eletrons by the eletri �eld of the moving ion tends to shield distant eletrons.

This orretion depends on the eletron density. Furthermore it is a subtrative

term and given the symbol δ. The seond orretion is applied at low energies when

the ollisions are no longer adiabati, similar to the limit introdued by Bohr. This

orretion is termed the shell orretion as it depends on the orbital veloities of

the eletrons. It is also a subtrative term and given the symbol C. If we inlude

all the onstants, the modern form beomes:

��

dE

dx
�

Bethe-Bloh

� 0.3071
MeV � cm2

g
ρ
Zz2

Aβ2
�ln�

Tmax

I
� � β2

�

δ

2
�

C

Z
� (2.31)

whih has the dimensions of MeV ~cm when the usual form of the density in g~cm3

is used. The atual evaluation of this funtion is ompliated due to the detailed

variation of the ionization potential and the two orretion terms. In pratie,

several omputer odes and detailed tables of the stopping powers are available.

Sometimes, for example, when ombining materials, it is more useful to use the

stopping power divided by the density, ρ, and report the mass stopping power as:
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Figure 2.5: Density of ionization along the path of a partile stopping in air. The Bragg

peak in the ionization density is evident. [Holloway and Livingston, 1938℄

�

1

ρ

dE

dx
�

MeV � cm2

g
	 . (2.32)

Looking at the these equations for the stopping power, it an be seen that they

all have a part that depends on the moving ion and another part that depends on

the stopping medium. Conentrating on the part that depends on the ion, it an

be written:

�

dE

dx
�

z2

v2
ln�γ2v2�g�Z�, (2.33)

in whih we an onvert the fators of v2 into kineti energy, E, by suitably applying

fators of

1
2
mion. The funtion g�Z� ollets all the variations of the absorbing

medium. The revised expression shows that the energy loss rate will be proportional

to the mass of the ion:

�

dE

dx
�

Az2

2E
ln�

γ22E

A

� g�Z�. (2.34)

At low ion veloities (E~A � 10 MeV ~A), the ln�γ22E~A� term is approximately

onstant and then the stopping power is inversely proportional to the kineti energy:

�

dE

dx
�

Az2

E
(2.35)

Thus, a more energeti ion will tend to lose energy at a lower rate than a less

energeti ion. Note that the relativisti terms, γ2
� 1~ �1 � β2

�
and β2

�

v2

c2
, in

the parentheses, were ignored. These terms produe a minimum in the omplete

funtion near β � 0.96 and a small rise at higher veloities. (Partiles with β � 0.96

are alled minimum ionizing partiles.)
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The energy loss rate begins to inrease dramatially as β � 0, but, more im-

portant, the harge state of the ion starts to derease as the ion aptures orbital

eletrons ausing the rate to drop. The ion rapidly loses energy at the end of its

range and stops rather suddenly. The energy loss for a partile near the end of

its range is shown in Figure 2.5. The resulting peak in the energy loss funtion,

just before the end of the harged partile's range, is alled the Bragg peak . The

fat that harged partiles deliver a signi�ant fration of their kineti energy at

the end of their range makes harged partiles useful for radiation therapy. All

of these onditions for the stopping power only apply to pure hemial elements.

The stopping power of a ompound or any ompliated mixture will depend on the

overall density and the relative numbers of eletrons from eah hemial element.

Reognizing that the ionizing radiation will usually move through marosopi dis-

tanes, we an use an averaging proedure alled Bragg's rule (eq. (2.36)) [Amaldi,

1971℄. The average mass stopping power is:

�

1

ρ

dE

dX
�

total

�

Q

j

wj

ρj
�

dE

dX
�

j

(2.36)

where wj , ρj , and so forth, refer to the fration by mass of element j-th in the

entire mixture and its elemental density. The summation is done for all the ele-

ments in the mixture. Thus, if the mixture were a pure ompound, then we would

ombine the numbers of eah element in the moleular formula. If the mixture had

several omponents, then we would ombine the masses of eah element from all

the omponents, and so on, to get an overall mass stopping power.

The range or distane that a heavily harged partile will travel through a

material an be obtained by integrating the energy loss rate along the path of the

ion. In the approximation that the ion follows a straight-line trajetory, then the

range for a given kineti energy, R�T �, would be given by the integral [Sigmund,

2006℄:

R�T � �

S

T

0
��

dE

dx
�

�1

dE (2.37)

where the funtion dE~dx is the appropriate funtion for the ion in the material.

There are two di�ulties in applying this simple integral formula: the ions will suf-

fer a di�erent number of ollisions with atomi eletrons, and, more importantly,

the ions will undergo some sattering from the Coulomb �elds of the atomi nulei.

The multiple Coulomb sattering leads to an e�et that the ion's trajetory is not

straight, but rather, is made up of a series of straight line segments. Thus, the

apparent range or the projetion of the range onto the initial veloity vetor of the

ion will not be a single value, but rather, will onsist of a statistial distribution of



30 Fundamental physial, radiohemial and quantitative informations

Figure 2.6: Intensity distribution or attenuation urve is shown as a funtion of absorber

thikness for a typial energeti heavy ion penetrating into a metal. The e�et of range

straggling is indiated by the Gaussian distribution of ranges.

values. Thus, the distribution of ranges is due to range straggling. It is important

to note that the size of range straggling will grow as an ion penetrates into the

material beause it will literally add up. The range of an ion and its �utuations

are integral quantities, whereas the energy loss rate and its �utuations are di�er-

ential quantities. It is still true that Coulomb and nulear sattering are relatively

rare, so that the range straggling for typial ion energies in metals is only a small

perent of the range. The qualitative features of the range distribution and the

attenuation urve for a typial heavily harged partile are shown in Figure 2.6.

Heavily harged partiles penetrate uniformly into matter with essentially no at-

tenuation in intensity until they are nearly at rest; at this point, the intensity of

moving ions rapidly drops to zero.

It an be seen from the integral form of the range as a funtion of initial kineti

energy, given above, that R � aEb
(Fig. 2.7). The exponent should be of order 2

at low energies where the energy loss rate is dominated by the 1~β2
or 1~E term.

The range�energy relationships are very useful in determining the kineti energies

of partiles by measuring the attenuation urves.

As a �nal point (more pratial) is related to the use of the stopping power and

ranges of harged partiles, as the best method to alulate the amount of energy

deposited in a thin foil. Clearly, the ion will slow down as it passes through the

material so that the energy loss rate will hange as the partile passes through the

foil. Thus, the average energy loss rate should be used. However, sine the funtion

is not linear, a tehnique to determine the average is required. The main interest

is for thin foils in whih the initial, average, and �nal energy loss rates are nearly

the same. In this ase of a thin foil [Loveland et al., 2006℄, the following expression

an be used:
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Figure 2.7: Range-energy urves for some harged partiles in silion. Note the data

has the form R� aEb
with a similar exponent for all ions. [Skyrme, 1967℄

Figure 2.8: Graphial representation of the range-energy evaluation.

∆E�∆x� � �

dE

dx
�∆x. (2.38)

It should be veri�ed that the �nal rate is approximately equal to the initial rate:

�

dE

dx
�

initial

� �

dE

dx
�

�nal

. (2.39)

If the energy loss rates are not substantially di�erent, then the average rate an

be obtained from the initial rate by the following approximation proedure. The

tehnique relies on determining the ranges of ions in graphs or tables of ranges

as follows (Fig. 2.8): imagine that an inident partile with an energy E0 passes

through some material with thikness x. These are the �known quantities�. The
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partile will emerge from the foil with an energy Et, whih should be determined.

The total range, R1, of the ion in the material an be found from tables. The

partiles that emerge from the foil will have a residual range equal to R1 � x. The

range table or graph an be used to determine Et that orresponds to the range

R2 � R1 � x. The slowing down and averaging of the energy loss rate will be

ontained in the range funtion and do not have to be expliitly evaluated.

For pratial purpose, range-energy tables or relationships are among the most

ommonly used tools. The largest olletion of data on stopping powers and

ranges of ions in matter is that of Ziegler and Biersak ontained in the omputer

SRIM/TRIM programs [Ziegler et al., 2010℄.

2.3 Thin target yield

Thin target yield (tty) y�E� is a funtion of projetile energy. It is de�ned as the

slope at the origin of the growing urve of the ativity per urrent unit (A~i) of a

radionulide versus the irradiation time (tirr) for a target in whih the energy loss

is insigni�ant ompared to the projetile energy [Bonardi, 1987℄. In pratie, the

tty is de�ned as the seond derivate of A~i respet to the partile energy and the

irradiation time, whih is alulated when the irradiation tirr tends toward zero

(i.e. End Of Instantaneous Bombardment, EOIB):

y�E� � y�E�EOIB � y�E,0� � �

∂2
�A~i�

∂E∂tirr
	

tirr�0

�

Bq

C �MeV
� . (2.40)

Considering equations (2.18) and (2.6) and applying the (2.40) leads to:

y�E� �

σ�

�E�NAλ

Mz 1
ρ
dE
dx

�E�

(2.41)

where E � `Ee is the �average� projetile beam energy (MeV ) in the thin target. In

suh situation, the equation (2.38) is a good approximation. In addition, ρdx � ρ∆x

an be measured by using equation (2.2) and ∆E an be easily alulated by the

di�erene of ranges of inoming and outgoing partiles in the target using the

tehnique previously shown in Figure 2.8.

2.4 Thik Target Yield

The Thik-Target Yield (TTY) Y �E,∆E� is de�ned as a two parameter funtion

of inident partile energy E �MeV � on the target and the energy loss in the target
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Figure 2.9: Example of alulated thik-target yield as a funtion of target thikness

(in MeV ) for 95mTc prodution [Bonardi et al., 2002℄.

itself ∆E �MeV � [Bonardi, 1987℄, aording to the equation (2.42), that holds in

the approximation of a monohromati beam of energy E not a�eted by either

intrinsi energy spread or straggling:

Y �E,∆E� �

S

E

E�∆E
y�x�dx �

Bq

C
� . (2.42)

Note that the integrand y�x� represents the tty of equation (2.41). In ase of total

partile energy absorption in the target (i.e. energy loss ∆E � E), the funtion

Y �E,∆E� reahes a value Y �E,E �Eth�, for ∆E � E �Eth, that mathematially

represents the envelope of the Y �E,∆E� family of urves. This envelope is a

monotonially inreasing urve, never reahing neither a maximum nor a saturation

value, even if its slope beomes insigni�ant for high partile energies and energy

losses. Equation (2.42) states, obviously, that the prodution yield of a thik-

target does not inrease further if the residual energy in the target is lower than

the nulear reation energy threshold, Eth.

The expressions of thin-target yields y�E� are analytially or numerially in-

tegrated at given intervals obtaining the groups of urves reported in Figure 2.9.

In the same piture, the �rst and seond alulated loi of the maxima of Thik-

Target Yields are represented (the seond maximum is present only in some ases).

These maxima orrespond to ouples of optimized values �E,∆E�, having di�erent

values for eah di�erent radionulide.
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2.5 γ-spetrometry with HPGe detetors

The evaluation of the samples ativity, and of all physial quantities linked to it

(ross-setions and target yields), was done by using gamma spetrometry

1

. Thus,

it is neessary to desribe some important aspets dealt with this tehnique and,

espeially, with the detetor alibration.

A modern gamma-ray spetrum is, in essene, a list of numbers of pulses mea-

sured within small onseutive pulse height ranges. Detetor alibration allows the

γ-ray spetrum to be interpreted in terms of energy and amount of ativity. This

is possible thanks to two main tasks: the energy alibration (i.e. the relationship

between hannels and energy) and the e�ieny alibration (i.e. the relationship

between number of ounts and disintegration rate).

In order to alibrate the detetor, in gamma spetrometry, it is extremely im-

portant to onsider the quality of the nulear data

2

used in the alibration proess.

This means that it is neessary to hoose a Nulear Database and then use it for

all measurements: both for the detetor alibration and for the spetra analysis.

2.5.1 E�ieny alibration

The term �e�ieny� is used in many ontexts and has many di�erent meanings.

In experimental physis, it is generally de�ned as the ratio between the response of

the instrument and the value of the physial quantity that is measured. In gamma

spetrometry the intention is to relate the peak area in the spetrum to the amount

of radioativity it represents. For this reason, we need the absolute full-energy peak

e�ieny ε: this relates the peak area to the number of gamma-rays emitted by

the soure.

The absolute e�ieny is generally de�ned as the ratio of the number of ounts

deteted in a peak to the number emitted by the soure:

ε �
events registered

events emitted by soure

.

This funtion depends upon the geometrial arrangement of the system soure-

detetor and upon the probability of an interation in the detetor itself. So,

the absolute e�ieny an be fatored into two parts: the intrinsi e�ieny εint

and the geometrial e�ieny or aeptane εgeom. Thus ε is, then, given by the

1

For a omplete treatment of the topi see Debertin and Helmer 1988, Gilmore 2008, ICRU

1994, Knoll 2000.

2

The interesting nulear data useful to the detetor alibration are γ-ray energies, their prob-

ability of emission and the half-life of the nulide.
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produt:

ε � εint � εgeom.

The intrinsi e�ieny relates the ounts in the spetrum to the number of

γ-ray inidents on the detetor:

εint �
events registered

events hitting the detetor

;

this probability depends on the ross-setion interation of the inident radiation

on the detetor medium. The intrinsi e�ieny is, thus, a funtion of the type of

radiation, its energy and the detetor material.

The geometrial e�ieny, instead, is that fration of the soure radiation whih

is geometrialy interepted by the detetor. This depends entirely on the geomet-

rial on�guration of the detetor-soure system.

Sine it is quite impossible to separate the two elements of the absolute e�-

ieny, I have deided to �x the geometry and, thus, evaluate ε.

2.5.1.1 Absolute full-energy peak e�ieny

The absolute full-energy peak e�ieny is the parameter with the most signi�ane

in pratial gamma spetrometry. The alulation of ε is straightforward. It is the

ratio of the number of ounts deteted in a peak to the number emitted by the

soure:

ε �
cps

A � Iγ
,

where cps are the ounts per seond (i.e. the full-energy peak ount rate), A is

the soure ativity (Bq) and Iγ is the probability of emission of the partiular

gamma-ray being measured (i.e. gamma-ray abundane).

Thus, in order to obtain the e�ieny alibration urve, I have used two erti�ed

alibration soures:

152Eu and

133Ba.

Eah radionulide's spetrum, olleted onsidering the same geometry and

same duration, was analysed. In partiular, I omputed the absolute e�ieny for

all the more important gamma emissions. In fat, it is onventional to onstrut an

e�ieny urve by measuring many γ-rays and plotting e�ieny against energy

(Fig. 2.10).

It is evident that the relationship is approximately linear in a bilog sale over

muh of the ommonly used energy range, from 150 to 2000 keV . Below 150 keV ,

the e�ieny falls due to absorption in the detetor ap and dead layers. This is

the ritial part, spei�ally in orrispondene to the so-alled �knee�, where the



36 Fundamental physial, radiohemial and quantitative informations

100 1000

1E-3

0,01

"knee"

0,05

200050

a
b

s
o

lu
te

 e
ff
ic

ie
n

c
y
 ε

energy (keV)

133
Ba

152
Eu

Figure 2.10: E�ieny urve obtained ombining the values of two alibration soures

suh as

152Eu and

133Ba.

auray of the e�ieny urve must be as high as possible. In fat, in this region,

a tiny mistake, both in the hoie of the peak area and of the �tting funtion, may

imply signi�ant di�erenes in the �nal value of the e�ieny itself. This means

that the mathematial funtion I use to �t the experimental data also plays an

important role in gamma spetrometry. Furthermore, it is important to reognize

that none of the possible �tting equations has any theoretial basis. They are all

simply empirial relationships whih may �t the experimental data to a greater

or lesser degree. A higher-order polynomial funtion will ertainly be able to �t

all the slight variations in the data better than a lower one and will give a better

�goodness-of-�t� fator. This is the reason why I have hosen this type of funtion

for log�ε� against the peak energy E (in keV ):

ε�E� � eP
6

i�1
aiE

2�i

� ea1E�a2�
a3

E
�

a4

E2
�

a5

E3
�

a6

E4 , (2.43)

where ai are the best �tting oe�ients.

One of the advantages of this polynomial expression is that it is usually applied

as a single equation overing the whole energy range of interest (i.e. typially up

to 2000 keV ).
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2.6 Experimental ativity, ross-setion and

yield evaluation

After the introdution of the main parameters relating to gamma spetrometry, I

am able to evaluate unknown ativities of given samples measured using the same

geometry of the alibration soures. If Cγ are the ounts per seond registered by

the detetor:

Cγ �
events registered

LT
�s�1� , (2.44)

where LT is the live time of the detetor, i.e. the time period in whih the detetor

really works (LT � tcount), de�ned ε�Eγ� as the total e�ieny at energy Eγ and

Iγ as the abundane of the gamma-ray, the ativity is given by:

A �

Cγ

ε�Eγ� � Iγ
�Bq�. (2.45)

Sine I am interested in the evaluation of the ross-setion σ, inserting equation

(2.45) in (2.20), I obtain the experimental value:

σ �
Cγ

ε�Eγ� � Iγ

Me

λQNAρx
�D�RT � �G�tirr� � e

λ�tcool
�m2

� . (2.46)

Now, ombining this formula with equation (2.41), the experimental thin target

yield beomes:

y�E� �

Cγ

ε�Eγ� � Iγ

10�6

Q∆E
�D�RT � �G�tirr� � e

λ�tcool
�

Bq

MeV �C
� , (2.47)

and, for the Thik-Target Yield (eq. (2.42)), it an be onluded that:

Y �E� �

Cγ

ε�Eγ� � Iγ

10�6

Q
�D�RT � �G�tirr� � e

λ�tcool
�

Bq

C
� . (2.48)

These formulas are the basis of my experimental evaluations and analysis that will

be presented in the next hapters.
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2.7 Main radiohemial parameters

In the radiohemial and radiopharmaeutial industry, the onepts, and sub-

sequent spei�ation used for determining the purity of the radiopharmaeutial

produt, are of onern to both the regulator and the produer.

In this setion I present the fundamental quantities involved in the evaluation

of pharmaeutial qualities.

2.7.1 AS, CA and IDF

In nulear and radiohemistry the onepts of spei� ativity, radioative onen-

tration, isotopi and non-isotopi arrier, arrier-free and no-arrier-added are of

paramount relevane. In fat, traes of arrier are easily introdued in the radioa-

tive preparations: they may be present in the target material, in the equipment

and hemials used in target proessing, and, �nally, they may also be produed

by side nulear reations indued in the target by nulear ativation, sometimes

followed by a deay hain. Moreover radionulides, partiularly short-lived ones,

may be present as ultra-traes, as is evident from the basi equation (2.49) relating

ativity to number of radionulides. Thus, the radionulide mass is given by:

Amount �mol� �
ativity �Bq� � t1~2 �s�

ln 2 �NA

(2.49)

where NA is the Avogadro's onstant (mol�1).

2.7.1.1 AS spei� ativity

In many relevant appliations of radionulides a spei� ativity (AS) as high as

possible is envisaged [de Goeij and Bonardi, 2005b℄. The use of radiotraers with

high spei� ativity plays a fundamental role. In fat for biologial studies, it

is very important that there is no deviation from the normal physiologial state:

if, to produe the required traer ativity, the hemial level of the ompound

given to an organism greatly exeeds the normal physiologial or hemial level,

the therapeutial e�ets or diagnosis are open to question. So, the spei� ativity

of the traer ompound must be su�iently high for the total hemial level to be

administered to be within the normal range.

In the last deades many e�orts have been made to develop new nulear pro-

dution methods without intentional addition of isotopi arrier. The radionulides

obtained in this way are named no-arrier-added (NCA). The isotopi arrier is the

total number of atoms (or mass) of the same element (same Z) present in a radioa-

tive preparation. Unfortunately, NCA is a qualitative de�nition and in most pra-
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tial ases the radionulide onerned is diluted in a mixture of both radioative

and stable atoms of the same element.

We de�ne quantitatively the spei� ativity of a radionulide with a 100%

radionulidi purity (see � 2.7.2), under the assumption that a free isotopi exhange

is provided in the radioative preparation and that only stable isotopi arrier is

present, as:

AS�t� �
N�t� � λ

m�t�
�Bq � kg�1� (2.50)

where N�t� is the number of atoms of the radionulide onerned at time t (s),

m�t� is the total mass (kg) of all atoms (both stable and radioative) of same Z

present in radioative preparation at time t and λ � ln 2~t1~2 is the deay onstant

(s�1) of radionulide with half-life t1~2 (s). In the ase of aelerator-produed

radionulides, the order of magnitude of AS (NCA) is very often in the MBq �µg�1

to GBq � µg�1 range.

In a few seleted ases, a radionulide an be onsidered absolutely free of

isotopi arrier. In suh ases the radionulide of atomi mass M (kg �mol�1) is

named arrier-free and its AS is alulated as:

AS�CF � �

NA � λ

M
�Bq � kg�1�. (2.51)

This parameter is a onstant for eah nulide and, for example, for

103
Pd is

2.76GBq � µg�1.

In order to omplete the de�nitions related to AS�t�, it should be realized that

in many ases, a suitable amount of isotopi arrier is added intentionally during the

radiohemial proessing of a radionulide. The main aim of this proedure is either

to inrease the radiohemial yield of the separation of a spei� radionulide from

a mixture of both stable and radioative elements or ompounds, or the preparation

of a labelled hemial speies with a onentration representative of investigation

arried out. A radionulide obtained in this way is named arrier added (CA) and

its spei� ativity is de�ned AS�CA�; the numerial relation between the di�erent

types of spei� ativity is: AS�CA�P AS�NCA� B AS�CF �.

2.7.1.2 CA ativity onentration

Ativity onentration CA�t� of a radionulide at time t is de�ned as the ratio

between the ativity A (Bq) of radionulide and the mass (kg) or volume (m3
) of

substrate or solvent in whih the radionulide is diluted [Bonardi et al., 2004℄:

CA�t� �
ativity of radionulide

mass or volume of substrate

�Bq � kg�1� or �Bq �m�3
�. (2.52)
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Sometimes the two quantities AS�t� and CA�t� are onsidered as synonyms and

seem interhangeable, even though the de�nitions of these two quantities are om-

pletely di�erent.

2.7.1.3 IDF : isotopi dilution fator

Further on, a relevant dimensionless quantity that an be introdued in order to

express quantitatively the degree of isotopi dilution of a radionulide is the isotopi

dilution fator IDF �t� [Bonardi and de Goeij, 2005℄. This is the ratio at time

t after end of radiohemial proessing (EOP), inluding labelling, if appliable,

of a radionulide, between the number of all atoms (both stable and radioative)

isotopi with radionulide of interest and the number of atoms of radionulide itself.

The IDF �t� at the EOP is denoted by IDF . It is easy to show that, under the

assumption that all isotopes are present in the same hemial form, the IDF �t� is

the ratio between AS�CF � and AS�t�, or:

IDF �t� �

number of stable and radioative nulides of the same Z

divided by the number of atoms of the radionulide

�

�

AS�CF �

AS�t�
.

Thus, the IDF �t� is a dimensionless quantity presenting always values not lower

than unity, while just in the ase of a true CF radionulide, the IDF �CF � is equal

to unity.

2.7.2 Radiopharmaeutial preparation

Prodution of radiopharmaeutial preparations has to respond to the harater-

istis presented in the Pharmaopoeia. A relevant parameter presented in the

Phamaopoeia is the radionulidi purity that is de�ned as the ratio, expressed

as a perentage, of the radioativity of the radionulide onerned to the total

radioativity of the radiopharmaeutial preparation:

RNP%�t� �
A�

�t�

Pj Aj�t�
� 100 (2.53)

where A�

�t� is the ativity of the radionulide of interest and Aj�t� is the ativity

of the j-th nulide at a stated time t.

Another important parameter stated in the Pharmaopoeia is the radiohemial

purity, de�ned as the ratio, expressed always as a perentage, of the radioativity of

the radionulide onerned whih is present in the radiopharmaeutial preparation
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in the stated hemial form, to the total radioativity of that radionulide present

in the radiopharmaeutial preparation.





Chapter3

Irradiation failities

The irradiations for my work were arried out with the ylotron (Sanditronix

MC40, K = 38) of the JRC-Ispra (setion 3.1) and with the ylotron of the AR-

RONAX enter, Saint-Herblain (FR) (IBA C70, setion 3.2): after the losure of

the ylotron of the JRC-Ispra from January 2015, I deided to move to the y-

lotron of the ARRONAX enter beause its beam is similar to the SPES one

[Prete et al., 2014℄ that is being installed in the INFN national laboratory of Leg-

naro (LNL-INFN).

Even if there were a lot of di�erenes in the irradiation onditions, I will show

(Chapter 6) that there is a good overlap between the experimental data obtained

from the Ispra and the ARRONAX irradiations.

3.1 Ispra ylotron

The ylotron of the Joint Researh Centre (JRC) of the European Commission in

Ispra (VA, Italy) (Fig. 3.1), reated in 1982, is used for materials researh and for

the prodution of radionulides for medial appliations (diagnosis and therapy).

The aelerator, an AVF (isohronous) ylotron, is a Sanditronix MC 40

model (K=38, beam urrent up to 60µA), whih is variable energy and aelerates

positive ions (protons, deuterons, alphas and

3He2�). The relevant harateristis

of extrated beams are reported in Table 3.1.

3.1.1 Cylotron Set-up

The irradiations, arried out with the ylotron of JRC-Ispra, were at di�erent

energies with a typial urrent of 100 nA. This ylotron (Fig. 3.2) has 7 beam
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Figure 3.1: Ispra ylotron building.

Table 3.1: Charateristis of the JRC Cylotron extrated beam.

Partile

Energy (MeV ) Maximum extrated

(min.-max.) urrent µA

p 8�40 60

d 4�20 30

alpha 8�53 30

3
He

2�
4�20 60

lines designed for di�erent purposes. In my experiment, I used the beam line #1

to study the exitation funtions (Fig. 3.3). The beam line leaves the ylotron

and is driven till the irradiation hamber.

The beam passes through a �rst ollimator (Fig 3.4 point a, diameter 6mm)

whih stops the major part of the beam, espeially the tails. In fat the beam pro�le

is not a trivial topi (see �3.3) in order to obtain a beam pro�le in its entral part

as homogeneous as possible in order to irradiate the target surfae with the same

intensity. So, this �rst ollimator uts o� the lateral parts of the beam and, thus,

redues its diameter. Sine it bloks almost the entire beam, it heats up during the

irradiation proess. It an be ooled down with water and in this ase must be used

line #2 that is suitable onstruted. In my ase the beam urrent is low enough

to use line #1 without using of the ooling system. Usually, only one ollimator is
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(a) Control room. (b) Cylotron.

Figure 3.2: Ispra (Va) ylotron.

Figure 3.3: Beam lines # 1 e #2 of the Ispra ylotron.

not enough to properly modify the beam pro�le. This is the reason why there is a

seond ollimator (Fig. 3.4 point b), with a diameter of 5mm, with the funtion

to further redue the beam dimension and de�nitely ut o� any residual tail.

Then, the beam enters in the Faraday Cup whih ollets the whole harge

produed inside in order to determine the integrated harge (Fig. 3.4 point  and

Fig. 3.5). In these irradiations the Faraday up onsists of a magnet ollimator ,

the peuliarity of whih is based in the insertion of two little magnets whih goal is

the de�etion of the seondary eletrons produed during the ollision so that only

the whole primary harge an be olleted inside the Faraday Cup (Fig. 3.5 point
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Figure 3.4: Irradiation hamber.

Figure 3.5: Faraday up.

a). In the middle of the up, there is enough spae where it is possible to introdue

various numbers of targets in agreement with the geometrial dimensions of the

targets themselves (Fig. 3.5 point b). Finally, if the energy of the beam is so high

that the material foil is not able to ompletely stop the beam, a beam stopper is

able to stop and ollet all the residual harges (Fig. 3.5 point ).
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3.2 ARRONAX ylotron

ARRONAX, an aronym for �Aelerator for Researh in Radiohemistry and On-

ology at Nantes Atlantique�, is a high energy (70 MeV for protons) and high in-

tensity (2 � 375µA for protons) multi-partile aelerator loated in Saint-Herblain

(Frane). It began its hands-on phase in Deember 2010.

ARRONAX, an AVF ylotron with 4 high hill setors, is an IBA model Cylone

70XP, whih is variable energy and aelerates positive ions (protons, deuterons,

alphas and H

�

2 ). The relevant harateristis of extrated beams are reported in

Table 3.2.

Table 3.2: Charateristis of the ARRONAX Cylotron extrated beam.

Partile

Energy (MeV ) Maximum extrated

(min.-max.) urrent µA

p 35�70 375�2

d 15�35 50

alpha 70 70

H

�

2 35 50

3.2.1 Cylotron Set-up

The irradiations, arried out with the ylotron of ARRONAX-Nantes (Fig. 3.6),

were at di�erent energies with a typial urrent of � 150 nA. This ylotron has

8 beam lines designed for di�erent purposes: �ve vaults, dediated to average and

high urrent, eah house a single end-station and one vault, dediated to low or

very low urrent, has three (Fig. 3.7).

The beam line is losed using a 75 µm thik kapton foil whih makes a barrier

between the air in the vault and the vauum in the line. The staks were loated

about 6�8 m downstream in air (Fig. 3.8). A beam dump was plaed after the

stak to ontrol the intensity during the irradiation.

3.3 Beam pro�le

The beam pro�le is not a trivial issue. Ideally the beam pro�le must be �at. In my

experiments and spatially distributed in a homogeni way in order to ativate in an
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Figure 3.6: ARRONAX ylotron building.

Figure 3.7: ARRONAX experimental vault, at the top right in Fig. 3.6

.
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Figure 3.8: ARRONAX experimental irradiation station.

(a) Alumina foil (b) Target

Figure 3.9: ARRONAX experimental irradiation station.



50 Irradiation failities

homogeni way the target. Unfortunately, this is very di�ult to obtain and, in my

irradiations, I tested the distribution of the beam on the targets by the �piture�

of the beam done with a suitable instrumentation.

3.3.1 Cylone

The Perkin Elmer Cylone storage phosphor system (Fig. 3.10) performs �lm-

less autoradiographies. Reusable storage phosphor sreens apture and store the

ativity of samples whih are exposed, as with �lm, in ommon �lm assettes.

The sreens are sanned by a laser foused to less than 50 µm, and the latent

image is deteted by unique onfoal optis to reate a high resolution digitized

image with quantitative data in the form of an image �le.

Samples are exposed to the phosphor sreens, whih store energy in the pho-

tostimulable plate (PSP, BaFBr � Eu2�
). The ability of this phosphor to at as

an image storage devie relies on the presene of the Eu2�
dopant, the presene

of naturally ourring point defets in the rystal lattie, and a phenomena known

as Photostimulable Luminesene (PSL). When X or γ-rays are inident on the

phosphor they may further ionize the Eu2�
ations to Eu3�

. The fast eletrons so

produed populate the ondution band from where they may either drop bak to

reombine with Eu3�
ations or beome trapped in �olour entres�.

The olour entres of interest in PSL are known as F -entres and are aused by

the absene of halogen anions from their designated position in the BaFBr lattie.

Figure 3.10: Perkin Elmer Cylone.
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Figure 3.11: An energy diagram of the exitation and photo-stimulated luminesene

proesses in a BaFBr � Eu2�
phosphor. On the left, is the representation of the in-

terations proposed by von Seggern. On the right, is the energy diagram proposed by

Takahashi. Inident X or γ-rays form an �eletron� latent image in a meta-stable F -

enter site that an be proessed with a low energy laser beam, produing the desired

luminesent signals. τ is the deay onstant of the proess indiated above.

A F -Center is a type of rystallographi defet in whih an anioni vaany in a

rystal is �lled by one or more eletrons, depending on the harge of the missing

ion in the rystal. Eletrons in suh a vaany tend to light in the visible spetrum,

so that a material that is usually transparent beomes oloured. Thus the origin

of the name, F -enter, whih originates from the German Farbzentrum.

The translation of this term also provides the synonym olor enter, whih an also

refer to suh defets. F -entres are often paramagneti and an then be studied

by eletron paramagneti resonane tehniques. The resulting F �

-entres are long

lifetime traps into whih eletrons, having enough energy to enter the ondution

band, may fall. One an eletron beomes trapped in a F -enter it may stay in that

meta-stable state until it is exited again into the ondution band by exposure

to laser light at 633nm. From this point it may either fall bak into an F -enter

or reombine with Eu3�
ations with the emission of blue light at around 390 nm

whih is deteted by a high quantum e�ieny photomultiplier tube (PMT).

The important fators whih make this phosphor suitable as an image storage

devie are:

� the number of F -entres populated by eletrons from the exitation proess

is proportional to the reeived dose;

� the intensity of the luminesent light under PSL is proportional to the number

of F -entres ontaining trapped eletrons;

� the F -entres reated by radiation are generally long-lived with a time on-
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stant of around a few hours at normal operating temperatures.

There are urrently two major theories for the PSP energy absorption proess

and the subsequent formation of luminesene entres. These inlude a bimoleular

reombination model [Takahashi et al., 1984℄, and a photostimulated luminesene

omplex (PSLC) model [Von Seggern et al., 1988℄ shown in Figure 3.11. Physial

proesses ourring in BaFBr � Eu2�
, using the latter model appear to losely

approximate the experimental �ndings. In this model, the PSLC is a metastable

omplex at a higher energy (F -enter) in lose proximity to an Eu3�
� Eu2�

re-

ombination enter. X or γ-rays absorbed in the PSP indue the formation of

�holes� and �eletrons�, whih ativate an �inative PSLC� by being aptured by an

F -enter, or form an ative PSLC by formation and/or reombination of �exitons�

explained by F -enter physis [Von Seggern et al., 1988℄. In either situation, the

number of ative PSLCs reated (number of eletrons trapped in the metastable

site) are proportional to the X or γ-ray dose to the phosphor.

3.3.2 Beam �piture�

The beam piture was obtained in this way: the irradiated target was plaed on

the Cylone plate for some minutes in a ompletely dark room. Then, after this

exposure, the plate was analysed. It is important to stress that the beam shape

hanges in eah irradiation and this is demonstrated by the my beams �piture�

that show that the pro�le is not �at and repeatable.

In Figure 3.12, one of the JRC-Ispra irradiations, the ativity distribution is not

uniform (the z-axis is the Cylone unit Digital Light Unit, DLU), but it is quite

spread all along the diameter of the ollimator even through there is a region with

a greater onentration of harge.

Also in Figure 3.13, two of the ARRONAX irradiations, the ativity distribution

is not uniform. This may be due to the fat that the last ollimator is not so lose

to the target.

In any ase, in the ativity evaluation I hose to keep the soure-detetor dis-

tane su�iently high to prevent possible mistakes due to the non-point-like beam

shape and, onsequently, to the ativity distribution.
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(a) 3D beam pro�le.
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(b) 2D beam pro�le.

Figure 3.12: Beam �piture� of one of the JRC-Ispra irradiation.
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Figure 3.13: Beam �piture� of two of the ARRONAX irradiation.





Chapter4

The exitation funtions of

100

Mo(p,x)

99

Mo and

100

Mo(p,2n)

99m

T nulear

reations

1

4.1 Introdution

99m

T is the most used radiotraer in nulear mediine. This is due to multiple

advantages, not only from a physial and hemial point of view but also beause

it is onveniently available through a

99

Mo/

99m

T generator system [Vértes et al.,

2011℄.

In reent years there was a worldwide shortage of

99

Mo/

99m

T, whih is pro-

dued in highly enrihed uranium targets via �ssion of

235
U in nulear reators

[Counil of the European Union, 2010℄. This shortage boosted the interest in ver-

ifying alternative routes [Nulear Energy Ageny, 2010, Wolterbeek et al., 2014℄.

One method is the ylotron prodution of

99m

T via the

100

Mo(p,2n)

99m

T nulear

reation.

As reported reently [Qaim et al., 2014℄ there are large disrepanies in pub-

lished data onerning the reation ross setion for the reation

100

Mo(p,2n)

99m

T

[Alharbi et al., 2011, Challan et al., 2007, Gagnon et al., 2011, Khandaker et al.,

2007, Lagunas-Solar, 1999, Lagunas-Solar et al., 1991, Lebeda and Pruszy«ski,

1

A large part of this hapter was published in Manenti et al. [2014℄
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The exitation funtions of

100

Mo(p,x)

99

Mo and

100

Mo(p,2n)

99m

T nulear
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2010, Levkovski, 1991, Sholten et al., 1999, Takás et al., 2003, Tárkányi et al.,

2012, Wenrong et al., 1998℄.

Thus, the main goal of this work is to eluidate the disrepanies in litera-

ture by a areful determination of the exitation funtions of the nulear reations

100

Mo(p,2n)

99m

T and

100

Mo(p,x)

99

Mo.

A partiular emphasis is layed on an analysis of all the aspets involved in

the determination of the

100

Mo(p,2n)

99m

T ross-setion in order to try to �nd an

explanation for the satter of previously published data.

4.2 Experimental

I determined the exitation funtions using the staked-foil tehnique overing the

proton energy range from 8 MeV to 21 MeV. Staks of thin foils onsist of alternat-

ing high purity aluminium (as energy degrader foils inserted between Mo targets),

highly enrihed molybdenum

100

Mo and one titanium foil. In partiular eah stak

was omposed of the same number of Mo and Al foils, i.e. four or �ve depending

on the irradiation energy, and by a Ti foil, inserted as �nal monitor foil in the

stak.

100

Mo targets (0.08%

92
Mo, 0.05%

94
Mo, 0.1%

95
Mo, 0.11%

96
Mo, 0.07%

97
Mo, 0.54%

98
Mo, 99.05%

100
Mo; Iso�ex Isotopes, San Franiso, CA, USA) were

prepared with a nominal thikness of 20�25 µm (� 0.020�0.025 g�m

�2
and a gen-

eral relative unertainty of �2%) in the nulear target laboratory of the Legnaro

National Laboratory of National Institute of Nulear Physis, Italy (LNL-INFN),

from

100

Mo purhased as metalli powder. The powder was pressed to get small

pellets. The pellets were molten under vauum by an eletron beam and ooled

slowly in a nitrogen atmosphere. Due to the high surfae tension of the molten Mo,

the initially �at pellet got a spherial shape during eletron beam melting. Then,

the spherial pellets were laminated using the pak-rolling tehnique into the re-

quired foil thikness. The true value of target thikness was measured aurately

by weighing.

All irradiations were arried out with the ylotron (Sanditronix MC40, K =

38, beam urrent up to 60 µA) of the JRC-Ispra at di�erent inident energies with

a onstant urrent of about 100 nA for a duration of 1 hour. The exitation fun-

tions were obtained from seven foil staks irradiated in seven di�erent irradiation

experiments.

Eah irradiation took plae in an insulated target holder under vauum, whih

was designed as an elongated Faraday up to determine the integrated harge of the

proton beam. In the Faraday up a strong magnet was installed to avoid esaping

of sattered or baksattered eletrons as the loss of suh eletrons ould lead to a
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virtually larger proton dose on the foil staks. Two oaxial Al ollimators (5 mm in

diameter) were plaed in front of the Faraday up. Based on the distane between

the ollimators and from the last ouple of quadrupoles a maximum broadening the

beam of a few µm was alulated. The harge was integrated by a urrent integrator

(BIC Brookhaven Instruments Corporation, Austin, TX, USA; model 1000C), ali-

brated within 2% unertainty by an authorized alibration servie (Nemko S.p.A.,

Biassono, MB, Italy): in my experiment I use the experimentally measured harge.

The reliability of the integrated urrent has been validated by the values of

the ross setions measured for

nat

Ti targets used as monitor foils, ompared with

the IAEA tabulated monitor reation

nat

Ti(p,x)

48

V [Tárkányi et al., 2001℄. The

extrated beam energy, alibrated by a ross-over tehnique, has an unertainty of

0.2 MeV [Birattari et al., 1992℄. Mean proton beam energy and energy degradation

in eah foil were omputed by the Monte Carlo based omputer ode SRIM 2013

[Ziegler et al., 2010℄. The unertainty of the mean energy in eah foil (�0.25�0.44

MeV) inludes the energy unertainty of the extrated proton beam energy, the

unertainties in the mean mass thiknesses and the beam-energy straggling through

the target foils (�0.1�0.3 MeV). The ativity was measured, without any hemial

proessing, by alibrated high purity germanium (HPGe) detetors (EG&G Orte,

15% relative e�ieny, FWHM = 2.2 keV at 1.33 MeV). The �rst measurements

of the samples were generally started within a few hours after end of bombardment

(EOB) and measurements ontinued periodially for about one month to follow the

deay of molybdenum-99: in general the ounts in the peak in the region of interest

exeed 10 000.

The overall unertainty of the determined ross-setions is aused by several

error soures in the measurement and evaluation proess. Regarding the measure-

ment proess, a typial omponent is related to the statistial error in the peak

ounts: partiular attention is given to redue this value below 1%. All foils were

measured in the same geometrial position as that used for the alibrated soures

in the energy and e�ieny alibration of the detetors in order to avoid orre-

tions for di�erent geometries. The distane from the detetor ap was su�iently

high to redue dead time and pile up errors to negligible values (� 0.1%). Other

signi�ant error soures were: the target thikness and uniformity (� 2%), the in-

tegrated harge (� 2%), the alibration soures unertainty (1.5% and 2.0%) and

the �tting of the detetor e�ieny urves (� 1%), with a typial overall relative

error of 4.5%.

The published data about the abundane of the gamma emissions and the half-

lives were onsidered as being exat. Deay harateristis for the radionulides

investigated, as summarized in Table 4.1, were taken from Browne and Tuli [2011℄,
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Table 4.1: Deay data [Browne and Tuli, 2011℄ of

99m

T and

99

Mo radionulides and

ontributing reations. Branhing ratio (BR) is reported from ICRP [2008℄. Energy

threshold (Eth) evaluation is based on Wang et al. [2012℄

Nulide t1~2 (h) Contributing reations Eth (MeV) Eγ (keV) Iγ (%)

99

Mo 65.949

100
Mo(p,x)

99
Mo 6.13 140.511 5.1

*

99

Nb�

99

Mo

�

181.1 6.142

99m

T

�

6.0067

100
Mo(p,2n)

99m

T

7.79

140.511 89

99

Mo

BR�87.73%
�������

99m

T 142.684 0.02225

*

see setion 4.3.2

�100

Mo(p,2p)

99(m,g)

Nb, Eth=11.26 MeV

�

It is impossible to distinguish the 140.511 keV peak from the 142.63 keV one. We use the

umulative intensities: 89.022%.

ICRP [2008℄ and Wang et al. [2012℄.

4.3 Results and Disussion

The foils of the staked foil targets were measured, positioning them on the detetor

with the beam-on side showing towards the detetor up. The experimental ross-

setions σ(E) [m2
� 10

27
mb℄ for eah target were alulated from the thin-target

yield by the relationship [Bonardi, 1987℄:

σ�E� � yEOIB�E� �

M �Z � e �∆E

λ �NA � ρ∆x
(4.1)

where yEOIB�E� is the thin-target yield [Bq�(C�Mev)

�1
℄ at the End Of Instantaneous

Bombardment, M denotes the atomi mass [g�mol

�1
℄, E � `Ee is the �average�

proton beam energy in the �thin� target [MeV℄, e the eletron harge [C℄, Z the

atomi number of the projetile, ∆E the beam energy loss in the target [MeV℄, λ

the deay onstant [s

�1
℄ of the investigated nulide, NA Avogadro's onstant [mol

�1
℄

and ρ∆x the mass thikness [g�m

�2
℄.

yEOIB�E� was alulated by the equation:

yEOIB�E� �

COUNTSγ

εγ � Iγ �LT
�

1

Q �∆E
�D�RT � �G�tirr� � e

λ�∆t
(4.2)

where Q is the integrated proton harge [C℄ (obtained from Faraday up read-out

and on�rmed by beam monitor reations), COUNTSγ denotes the net photo-peak

ounts at energy Eγ above the ontinuum bakground, Iγ the γ-emission absolute

abundane, εγ the experimental e�ieny of the HPGe detetor at the γ-energy
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Table 4.2: Experimental ross-setions (1SD) of the

100

Mo(p,2n)

99m

T and

100

Mo(p,x)

99

Mo reations

Energy

99

Mo

99m

T

(MeV) (mb) (mb)

8.12 � 0.34 0.27 � 0.01

9.40 � 0.29 84.20 � 3.90

10.58 � 0.25 0.38 � 0.02 187.56 � 8.68

11.07 � 0.37 0.77 � 0.04 230.44 � 10.55

12.12 � 0.33 4.89 � 0.20 297.30 � 13.61

12.69 � 0.34 8.40 � 0.42 306.29 � 14.02

13.12 � 0.30 12.40 � 0.50 303.84 � 13.91

13.65 � 0.20 17.17 � 0.94 322.90 � 14.78

14.03 � 0.38 21.41 � 1.01 311.09 � 14.28

14.60 � 0.36 29.83 � 1.40 307.79 � 14.09

15.12 � 0.43 38.59 � 1.80 315.15 � 14.43

15.16 � 0.41 42.42 � 1.96 320.87 � 14.69

15.65 � 0.41 45.95 � 2.13 291.34 � 13.34

16.18 � 0.38 55.28 � 2.55 292.15 � 13.38

16.70 � 0.36 66.25 � 3.06 298.35 � 13.66

16.84 � 0.44 66.53 � 3.05 306.98 � 14.05

17.59 � 0.41 79.41 � 3.64 296.30 � 13.57

17.76 � 0.44 90.17 � 4.15 294.03 � 13.46

18.05 � 0.39 94.55 � 4.33 302.88 � 13.87

18.77 � 0.42 104.17 � 4.78 269.70 � 12.35

19.74 � 0.40 119.46 � 5.49 240.59 � 11.02

20.85 � 0.43 153.07 � 7.02 195.14 � 8.94

onsidered, LT the Live ounting Time [s℄, RT the Real ounting Time =LT + DT

[s℄ (where DT is the Dead ounting Time), ∆t the waiting time from the EOB [s℄,

tirr the Irradiation Time [s℄. The non-dimensional quantities D�RT � (the deay

fator to orret deay during ounting time) and G�τ) (the growing fator to

orret deay during irradiation) are de�ned as:

D�RT � �

λ �RT

1 � e�λ�RT
(4.3)

and

G�tirr� �
λ � tirr

1 � e�λ�tirr
. (4.4)

I give the experimentally determined ross setions of the

100

Mo(p,2n)

99m

T

and

100

Mo(p,x)

99

Mo nulear reations in Table 4.2.
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Figure 4.1: Exitation funtions for

100

Mo(p,x)

99

Mo nulear reations. For larity,

literature data are presented without error bars. Only my presented data have been

�tted with a polinomial urve (- - -).

The measured exitation funtions are shown in Figures 4.1 and 4.3.

4.3.1

99

Mo

In addition to the diret formation of

99

Mo, the

99

Mo ross-setion ontains also

the ontributions of

100

Mo(p,2p)

99(m,g)

Nb (respetively t1~2 = 2.6 m and t1~2 = 15

s) after the total deay of the

99(m,g)

Nb. The ross-setion values presented here

are normalized to targets onsisting of 100% enrihed

100

Mo.

General agreement is noted when omparing my data with Takás et al. [2003℄,

Gagnon et al. [2011℄ and Lebeda and Pruszy«ski [2010℄. Some disagreement at

higher energies may be justi�ed if the ontribution of the

100
Mo(p,2p)

99(m,g)

Nb

(Eth=11.26 MeV) nulear reation has not been taken into aount. This ontri-

bution depends on the irradiation time and on the enrihment in

100
Mo of the

target. In my ase, due to the

99(m,g)

Nb very short half-life, the evaluation of

100
Mo(p,2p)

99(m,g)

Nb ross setion was not possible.
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Figure 4.2: Example of a γ-ray spetrum. The piture reports the emissions used to

determine the ativity. The other emissions belong to:

96

Nb/

96

T,

95

Nb/

95

T,

94

Nb/

94

T,

93g

T produed by the isotopes of molybdenum ontained in the target in a non-natural

abundane and

99

Rh and

100

Rh produed by the impurities ontained in the target.

4.3.2 Determination of the absolute intensity 140.511 keV

γ-ray emission of

99

Mo

The deay hain of

99

Mo and

99m

T reates a problem in the determination of the

intensities of γ-rays: in this ase the parent nulide deays to the ground state of

the daughter through the isomer and at the same time bypassing it (Fig. 4.2). In

the previous papers, not all the author took in onsideration this aspet and the

value of the absolute intensity of the 140.511 keV γ-ray of 99Mo was very sattered

ranging from an unknown value to 89.43% (Table 4.3). On the other hand, this

value is important for the onsiderations presented in setion 4.3.3. So I evaluated

this deay harateristi of

99

Mo when it is in equilibrium with

99m

T and I took

the 181.1 keV γ-ray of 99Mo as internal referene to alulate this relevant 140.511

keV line intensity.

The absolute intensity of the 140.511 keV γ-ray of

99

Mo (IMo
140.5) is given by

IMo
140.5 �

COUNTStot
140

COUNTSMo
181

�

ε181

ε140.5
� IMo

181 �

tMo
1~2

tMo
1~2

� tTc
1~2

�BR � ITc
140.5 (4.5)

where ε is the HPGe e�ieny at the indiated energy, IMo
181 is the absolute intensity
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of the 181 keV γ-ray of 99Mo, BR is the branhing ratio for the

99

Mo deay to the

ground state of the daughter through the isomer

99m

T (BR � 87.73%, Table 4.1)

and Mo and T are used as abbreviations for

99

Mo and

99m

T.

In this manner, I experimentally obtained the value of 5.1 � 0.2% that is equal

to the one measured by Chen et al. [1985℄: 5.10 � 0.16%.

4.3.3

99m

T

The determination of the

100

Mo(p,2n)

99m

T ross-setion is not a trivial topi. In

fat,

99m

T emits only 140.511 keV and 142.63 keV photons and, as seen in setion

4.3.2, there is the ontribution of the same gamma emission due to the deay of

99

Mo.

Furthermore there is a ontribution for the indiret prodution of

99m

T as a

result of

99
Mo deay, both during and post irradiation and a possible ontribution

for the prodution of

90

Nb.

90

Nb has main γ-emissions of 141.2 keV (69.0%) and 1129.1 keV (92.0%) and

an be produed via the nulear reations

92

Mo(p,dp+2pn)

90

Nb (Eth=17.47 MeV),

94

Mo(p,αn)90Nb (Eth= 9.05 MeV) and

95

Mo(p,α2n)90Nb (Eth= 16.50 MeV).

In my experiment, I didn't found evidene of the presene of the 1129.1 keV

γ-emission and, for the Ep,max=21 MeV,

90

Nb has an ativity limit [Gilmore, 2008,

setion 5.6℄ at the EOB equal to 150 Bq, i.e. less than 0.007% of the

99m

T ativity:

this may be due to the small amount of ontributing molybdenum isotopes.

So for the evaluation of the

100

Mo(p,2n)

99m

T ross-setion, COUNTSγ in

equation 4.2 is given by:

COUNTSTc,dir
� COUNTS � �CF1 �CF2� (4.6)

where CF1 is the orretion fator for the interferene of the 140.511 keV peak

arising diretly from deay of

99
Mo and CF2 is the orretion fator for indiret

prodution of

99m

T as a result of

99
Mo deay, both during and post irradiation.

These orretion fators an be alulated as

CF1 �
AMo

EOIB � ε140.5 � I
Mo
140.5 � LT

DMo
�RT � �GMo

�tirr�
� e�λ

Mo
�∆t

(4.7)

CF2 �
A

Tc,ind
EOB � ε140.5 � I

Tc
140.5 � LT

DTc
�RT � �GMo

�t
irr

�

� e�λ
Tc

�∆t
(4.8)

with



4.3 Results and Disussion 63

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
0

50

100

150

200

250

300

350

400

 %(3)100Mo(p,2n)99mTc

 

 

cr
os

s-
se

ct
io

n 
(m

b)

proton energy (MeV)

 Levkoski, 1991
 Lagunas-Solar et al., 1999
 Sholten et al., 1999
 Takács et al., 2003
 Khandaker et al., 2007
 Challan et al., 2007
 Lebeda and Pruzynski, 2010
 Alharbi et al., 2011
 Gagnon et al., 2011
 Tárkányi et al., 2012
 Qaim et al., 2014
 Manenti et al.

Figure 4.3: Exitation funtions for

100

Mo(p,n)

99m

T nulear reations. For larity,

literature data are presented without error bars. Only my presented data have been

�tted with a polynomial urve (- - -).

A
Tc,ind
EOB � BR �AMo

EOIB

<

�

�

�

�

>

λTc

λTc
� λMo

� �e�λ
Mo

�∆t
� e�λ

Tc
�∆t

Ǳ�

�

1

1 � e�λ
Mo

�tirr
�1 �

λTc

λTc
� λMo

� e�λ
Mo

�tirr
�

�

λMo

λTc
� λMo

� e�λ
Tc

�tirr
�

=

A

A

A

A

?

.

(4.9)

These equations di�er from the expression published in Lebeda and Pruszy«ski

[2010℄ and used in [Gagnon et al., 2011℄: this is beause I solve the exat di�erential

equation starting from the EOIB and not from the EOB. I think that, in the

experimental measurement of the ross setion, the EOIB approah is the orret

one, but, for short irradiations (tirr P 1~λMo
) the di�erenes are negligible.

The numerial data of the ross-setion are given in Table 4.2 and the measured

exitation funtions are shown in Figure 4.3.

A large disagreement is noted when omparing the present data with previously
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Table 4.3: Relevant data: ��� is for an information not expliitly reported in the previous paper, �NA� is for the information not available,

CF1 is the orretion fator for the interferene of the 140.511 keV peak ( ) and CF2 is the orretion fator for indiret prodution of

99m

T

as a result of

99

Mo deay, post irradiation ( ) or both during and post irradiation (  ). In the last two olumns the are the energy and the

maximum ross setion.

99m

T

99

Mo orretions maximum

ITc
140.5 (%) IMo

140.5 (%) IMo
181 (%) BR (%) CF1 CF2 Ep�σmax� (MeV) σmax (mb)

Lagunas-Solar et al. [1991℄

*

89.0

�

88.7 6.3 87 � � � 17 � 290

Levkovski [1991℄ � � � � � � � 15 � 305

Lagunas-Solar [1999℄ 89.0 88.7 6.3 87   � � 16.5 � 365

Sholten et al. [1999℄ 89.06 � 6.07 � �   � 17 � 200

Takás et al. [2003℄ 89 89.43 5.99 � �   � 16 � 210

Khandaker et al. [2007℄ 89.06 4.52 6.07 �     � 18 � 200

Challan et al. [2007℄ 89.06 � � � � � 13 � 18 350 � 380

Lebeda and Pruszy«ski [2010℄ 88.05 4.72 6.01 87.6      � 16 � 260

Alharbi et al. [2011℄ 89.06 89.43 5.99 �     � 15 � 220

Gagnon et al. [2011℄ 89.08 4.52 5.99 87.6      � 16 � 310

Tárkányi et al. [2012℄ 87.2 � 5.99 � �   � 16 � 260

Qaim et al. [2014℄ 16�17 � 280

this work 89.002 5.1 6.142 87.73     

� 13.5 � 325

12�18 285�325

*

this set is not reported in Figure 4.3

�

in this paper is reported also a 143 keV γ-line with a Iγ=6.4%
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reported data. This may be due to (i) a inaurate determination of the alibration

urve (Ge detetors present maximum e�ieny in the 140 keV region: this means

that it is neessary to be sure of the values obtained from the �tting funtion,

beause it is not trivial to interpolate the data in this energy region), to (ii) the

use of di�erent nulear data or to (iii) not taking into aount the orretion for

the determination of the diret

99m

T prodution. In Table 4.3 I report the (i) and

(ii) relevant data, if they are provided by papers author. In partiular, a less poor

agreement is noted when omparing only with Gagnon et al. [2011℄ and Levkovski

[1991℄. This is somewhat strange beause Levkovski paper is one of the older and

it is without details but, mainly to its minimality, it is not possible to say that he

didn't apply orretions.

Moreover, the maxima of my experimental ross setion are at lower energies than

the evaluated urve in Qaim et al. [2014℄.

4.3.4 Thin and Thik Target Yield

In order to make some more quantitative onsiderations for the prodution of

99m

T

and

99

Mo, it is useful to alulate the Thik-Target Yield Y �E,∆E�) that is de-

�ned as a two parameter funtion of inident partile energy E (MeV) on the target

and energy loss in the target itself ∆E (MeV) [Bonardi et al., 2002℄ and holds in

the approximation of a monohromati beam of energy E not a�eted by either

intrinsi energy spread or straggling.

I alulated the Thik-Target Yield for

99m

T and

99

Mo: the experimental thin-

target yields of these radionulides (Figg. 4.4 and 4.5) were �tted by the software

TableCurve 2D for Windows (Systat Software In). These mathematial funtions

were integrated by MathCAD (PTC, USA) to bear the Thik-Target Yields in Fig-

ures 4.6 and 4.7.

In Figure 4.6 the alulated lous of maxima of Thik-Target Yield that orre-

sponds to ouples of optimised values �E,∆E� is reported: this set of Thik-Target

Yields allows to alulate the optimum irradiation onditions in order to have ra-

diotraers with radionulidi purity as high as possible.

Using Figures 4.6 and 4.7, it is possible to alulate the expeted ativity as

funtion of t

ool

and t

irr

(e.g. Table 4.4).
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Table 4.4:

99m

T ativity �GBq~100µA� for E = 14 MeV and ∆E = 5 MeV

t

ool

(h)

0 (EOB) 1 2 4 8

t

i

r

r

(

h

)

1 23.6 21.1 18.8 14.9 9.4

2 44.7 39.8 35.5 28.2 17.8

4 80.2 71.5 63.7 50.6 31.9

8 130.8 116.5 103.8 82.5 52.0

Table 4.5: Deay data [Browne and Tuli, 2011, NNDC, 2016℄ of

99g

T,

96

Nb and

97g

Nb

radionulides and ontributing reations. Branhing ratio (BR) is reported from ICRP

[2008℄. Energy threshold (Eth) evaluation is based on Wang et al. [2012℄

Nulide t1~2 Contributing reations Eth (MeV) Eγ (keV) Iγ (%)

96

Nb 23.35 h

100
Mo(p,αn)96Nb 3.83 568.87 58.00

97

Nb
72.1 m

100
Mo(p,α)97gNb 0 657.94 98.23

97m

Nb�

97g

Nb

*

99g

T 2.11 � 10
5
y

100
Mo(p,2n)

99m

T 7.79 89.5 6.5 � 10
�4

99

Mo

BR�12.27%
�������

99g

T

99m

T�

99g

T

*

t1~2(
97m

Nb)=58.7 s

4.3.5 Radionulidi impurities:

96

Nb,

97g,um

Nb and

99g

T

My main motivation for this earlier work was to assess the level of the o-produed

99g

T ontaminant and ompare the tehnetium spei� ativity of the ylotron

route to that whih an be ahieved with the urrent generator standard. Simul-

taneous to these initial irradiations to assess

99m

T and

99

Mo prodution follow-

ing proton irradiation of enrihed

100

Mo, I also evaluated the

100

Mo(p,2n)

99g

T,

100

Mo(p,αn)96Nb, and 100

Mo(p,α)97Nb reation ross setions. With the disus-

sions relating to the quality of ylotron-produed

99m

T, these side reations are

of great interest.

Deay harateristis for these radionulides are summarized in Table 4.5.
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Table 4.6: Experimental ross-setions (1SD) of the

100

Mo(p,αn)96Nb,
100

Mo(p,α)97g,umNb and

100

Mo(p,2n)

99g

T

Energy

96

Nb

97g

Nb

99g

T

(MeV) (mb) (mb) (mb)

8.12 � 0.34 0,14 � 0.01

9.40 � 0.29 0.68 � 0.04

10.58 � 0.25 1.52 � 0.08

11.07 � 0.37 1.95 � 0.09

12.12 � 0.33 3.35 � 0.16

12.69 � 0.34 3.86 � 0.19

13.12 � 0.30 4.17 � 0.20

13.65 � 0.20 5.08 � 0.25

14.03 � 0.38 0.15 � 0.02 5.11 � 0.24

14.60 � 0.36 0.28 � 0.02 5.50 � 0.26

15.12 � 0.43 0.55 � 0.03 6.11 � 0.30

15.16 � 0.41 0.62 � 0.04 6.08 � 0.29

15.65 � 0.41 0.83 � 0.04 5.37 � 0.26

16.18 � 0.38 1.33 � 0.07 5.75 � 0.28

16.70 � 0.36 2.00 � 0.10 5.95 � 0.28

16.84 � 0.44 2.12 � 0.10 6.14 � 0.29

17.59 � 0.41 3.30 � 0.16 5.83 � 0.27

17.76 � 0.44 867.1 � 57.6

18.05 � 0.39 4.43 � 0.21 6.15 � 0.28

19.74 � 0.40 929.7 � 61.1

20.85 � 0.43 570.6 � 44.2

In Table 4.6 there is the ross setions of the

100

Mo(p,2n)

99g

T,

100

Mo(p,αn)96Nb

and

100

Mo(p,α)97g,umNb nulear reations.

General agreement is noted (Figures 4.8 and 4.9) for both

96

Nb and

97g,um

Nb

when omparing my data with Levkovski [1991℄, Lebeda and Pruszy«ski [2010℄ and

Gagnon et al. [2012℄.

4.3.5.1

99g

T

While the prodution of

99m

T and

99

Mo may be quanti�ed via γ-ray spetrometry

using an HPGe detetor,

99g

T does not emit any suitable γ-ray for analysis with

this method. This mandated an alternative strategy for evaluating the

99g

T on-

tent and, ultimately, the exitation funtion. I utilized ICP-MS [Beker, 2003℄ for

this study. The diret

99g

T exitation funtion was thus determined using ICP-MS

in ombination with γ-ray spetrometry to orret for the indiret

99g

T ontribu-
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tions following deay of

99m

T and

99

Mo: the samples were left to deay for more

than one year to allow for omplete deay of the

99m

T and

99

Mo reation produts.

To measure

99g

T, hemial separation of the tehnetium from the bulk of the

100

Mo was neessary.

Tehnetium was extrated from the bulk molybdenum of the irradiated foils by

dissolution using 1 ml 30% H2O2 and 3 ml 8N HNO3 at 70 °C. Solutions were then

basi�ed by the addition of 6N NaOH. Liquid-liquid extration was arried out by

addition of 6 ml methyl ethyl ketone (MEK), an immisible organi solvent, shak-

ing of the solution and subsequent removal of the top 3 ml of the organi layer.

Tehnetium oxide is soluble in MEK but not molybdenum oxide. After agitation,

the MEK will �oat to the surfae of the aqueous solution and an be removed,

arrying with it the

99m

T. This proess was repeated three times. Eventually, the

MEK is evaporated leaving behind the tehnetium oxide.

These samples were measured by HR-ICP-MS at the Physis Department of the

University of Milano Bioa.

The experimentally measured

100

Mo(p,2n)

99g,dir

T ross-setion is summarized
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in Figure 4.10. Due to tehnial problem, we were able to measure only three sam-

ples and only one is energetially lose to the data in previous literature: it is in

good agreement with that. Unlike the extrapolation of Gagnon et al. [2011℄, the

ross-setion seems to inrease and then derease rapidly at the energy of 19�20

MeV.

4.4 Conlusions

With this study, I presented an experimental veri�ation of the reation ross

setions of the nulear reations

100

Mo(p,x)

99

Mo and

100

Mo(p,2n)

99m

T and I gave

the solution of the exat di�erential equation starting from the EOIB.

It is my opinion that the best energy range range for the prodution of

99m

T via

ylotron route is 12�17 MeV. In fat, the ross setion reahes its maximum value

in this energy range. Furthermore, for energies higher than about 17 MeV there

is a sharp inrease of the side prodution of the long-lived radioisotopi impurities

due to the prodution of

98
T (

100
Mo(p,3n)

98
T, Eth=16.85 MeV).
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The exitation funtions of the

89

Y(d,2n)

89

Zr nulear reation

5.1 Introdution

Zironium-89 is one of the most promising radionulides for labelling monolonal

antibodies, bio-distribution studies, and immuno-PET (positron emission tomog-

raphy) imaging [Bansal et al., 2015, Brasse and Nonat, 2015, Deri et al., 2013,

Knowles and Wu, 2012, Tolmahev and Stone-Elander, 2010℄.

Furthermore, a method to prepare simultaneously paramagneti and pharmaeuti-

al probes of

89

Zr-labelled otreotide liposomes for simultaneous PET and magneti

resonane tumour imaging apabilities has been reported [Abou et al., 2013℄.

89

Zr (t1~2=78.41 h, Tab. 5.1) deays by positron emission (22.3%) and eletron

apture (76.6%) to the stable isotope

89

Y [Mustafa et al., 1988℄. β�

partile emis-

sion has a maximum deay energy of 900 keV.

The longer-lived isotope Zironium-88, with a reasonably long half-life (t1~2=

83.4 d) and single gamma-ray emission (392.87 keV), is the only radioisotopi im-

purity in

89

Zr produed by deuterons on

89

Y. It is used in extended experiments

suh as animal bio-distribution studies and pharmaokineti behaviour of labelled

antibodies [Meijs et al., 1997℄.

88

Zr also provides the opportunity to produe signi�ant amounts of monoisotopi

arrier free

88

Y from a

88

Zr/

88

Y generator [Meijs et al., 1996℄.

Yttrium-88 (t1~2=106.65 d) is produed in large sale for investigation of the
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bio-distribution of

90

Y (t1~2=64.1 h) labelled therapeuti ompounds [Kobayashi

et al., 1999℄, for gamma-ray detetor alibration soure and for dose determination

in aelerator tehnology.

My work presents and disusses the experimental results with referene to the

ross-setions of the

89

Y(d,2n)

89

Zr reation in the 6�18 MeV energy range. The

earlier results for deuteron indued nulear reations on Y target were published by

Baron and Cohen 1963, La Gamma and Nassi� 1973, Bissem et al. 1980, Degering

et al. 1988, West et al. 1993, Uddin et al. 2007, Tárkányi et al. 2005 and Lebeda

et al. 2015 and were rather sattered. Their data are ompared with mine.

5.2 Experimental

I determined the exitation funtions using the staked-foil tehnique. Staks of

thin foils onsist of alternating high purity aluminium (as energy degrader and

monitor foils inserted between the Y and the Ti targets), yttrium and titanium

foil. In partiular eah stak was omposed of the same number of Y and Al foils,

i.e. four or �ve depending on the irradiation energy, and by one Ti foils after eah

Y/Al foils in the stak.

89

Y targets (Goodfellow Cambridge Ltd., Ermine Business Park, Huntingdon

PE29 6WR, UK) had a nominal thikness of 25 µm. The true value of target

thikness was measured aurately by weighing: � 12.37 mg�m

�2
and a relative

unertainty of �2%.

The irradiations were arried out with the ylotron of the ARRONAX enter,

Saint-Herblain (FR) (IBA C70). The ARRONAX ylotron delivers a deuteron

beam with an energy within � 0.25 MeV [Haddad et al., 2008℄. The staks were

irradiated with an external deuteron beam, delivered by the ARRONAX ylotron.

A 75 µm thik kapton foil loses the line and makes a barrier between the air in

the vault and the vauum in the beam line. The staks were loated 82 mm down-

stream in air.

Two staks were irradiated with a di�erent inident energy in order to minimize

this energy dispersion and over the energy range from 18 MeV down to 6 MeV.

Irradiations were arried out with a mean beam intensity of about 180 nA for 1 h.

During irradiation, an instrumented beam stop was used to ontrol the beam
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Figure 5.1: Exitation funtions for

nat

Ti(p,x)

48

V nulear reations.

urrent stability. However, it was not used as a Faraday up with preise intensity

measurements, sine it is not under vauum and is is not equipped with a devie

to avoid esaping of sattered or baksattered eletrons.

In this ase, the titanium and the aluminium foils were used also as monitors

-

nat

Ti(p,x)

48

V and

27

Al(d,x)

24

Na reations, IAEA tabulated monitor reations

[Tárkányi et al., 2001℄ - for the exat determination of beam intensity and energy

(Figures 5.1 and 5.2).

Mean deuteron beam energy and energy degradation in eah foil were omputed

by the Monte Carlo based omputer ode SRIM 2013 [Ziegler et al., 2010℄. The

unertainty of the mean energy in eah foil (�0.2�0.4 MeV) inludes the energy

unertainty of the extrated deuteron beam energy, the unertainties in the mean

mass thiknesses and the beam-energy straggling through the target foils (�0.1�0.3

MeV).

The ativity was measured at the LASA laboratory (INFN and Physis Dept.

of University of Milan, Segrate MI), without any hemial proessing, by alibrated

high purity germanium (HPGe) detetors (EG&G Orte, 15% relative e�ieny,
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FWHM = 2.2 keV at 1.33 MeV). The �rst measurements of the samples were

generally started within within 48 hours after end of bombardment (EOB) and

measurements ontinued periodially for about six months (e.g. Fig. 5.3).

The overall unertainty of the determined ross-setions is aused by several

error soures in the measurement and evaluation proess. All foils were measured

in the same geometrial position as that used for the alibrated soures in the energy

and e�ieny alibration of the detetors in order to avoid orretions for di�erent

geometries. The distane from the detetor ap was su�iently high to redue

dead time and pile up errors to negligible values (� 0.1%). Other signi�ant error

soures were: the target thikness and uniformity (� 2%), the integrated harge

(� 2%), the alibration soures unertainty (1.5% and 2.0%) and the �tting of the

detetor e�ieny urves (� 1%), with a overall relative error of 4�20%.

The published data about the abundane of the gamma emissions and the half-

lives were onsidered as being exat. Deay harateristis for the radionulides

investigated, as summarized in Table 5.1, were taken from Firestone et al. [1999℄

and Wang et al. [2012℄.
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5.3 Results

I show the measured exitation funtions in Figures 5.4�5.6 in omparison with the

literature data.The numerial data are olleted in Table 5.2.
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Table 5.1: Deay data [Firestone et al., 1999℄ of Zr and Y radionulides and ontributing

reations. The Eth evaluation is based on the mass defets of Wang et al. [2012℄.

Nulide t1~2 Contributing reations Eth (MeV) Eγ (keV) Iγ (%)

90

Zr stable

89

Y(d,n)

90

Zr 0

89

Zr 78.41 h

89

Y(d,2n)

89

Zr 7.4 908.96 99.87

88

Zr 83.4 d

89

Y(d,3n)

88

Zr 15.50 392.87 97.31

88

Y 106.65 d

89

Y(d,x)

88

Y 5.34 898.04 93.7

Table 5.2: Experimental ross-setions (1SD) of the

89

Y(d,xn)

89,88

Zr and

89

Y(d,x)

88

Y

reations

Energy

89

Zr

88

Zr

88

Y

(MeV) (mb) (mb) (mb)

6.03 � 0.33 8.6 � 0.7

9.56 � 0.23 445.7 � 36.2 0.25 � 0.02

12.33 � 0.20 728.5 � 59.2 3.8 � 0.2

14.08 � 0.25 857.1 � 69.6 7.6 � 0.4

14.71 � 0.17 851.1 � 69.1 8.6 � 0.5

15.64 � 0.23 865.6 � 70.3 0.11 � 0.02 9.9 � 0.6

17.09 � 0.22 895.3 � 72.7 6.5 � 0.5 14.8 � 0.9

17.91 � 0.21 901.2 � 73.2 20.8 � 1.7 21.5 � 1.2
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5.3.1

89

Y(d,2n)

89

Zr

89

Zr has a half-life of t1~2 = 78.41 h and an be produed through the (d,2n)

reation. I assessed the ativity through the 908.96 keV gamma line (Iγ = 99.87%).

89

Zr has a short-lived isomer

89m

Zr (t1~2 = 4.18 m, isomeri transition probability

equal to 93.77%) that was not measured: I measured a umulative prodution of

89,m+g

Zr.

The measured experimental ross-setions are shown in Figure 5.4 together with

the data of the earlier study and urves of theoretial alulations with TALYS

odes (TENDL-2014). My ross-setions are in good agreement with the results of

Lebeda et al. 2015 and West et al. 1993. The predition of TENDL-2014 is higher

than all the experimental data.

5.3.2

89

Y(d,3n)

88

Zr

88

Zr has a half-life of t1~2 = 83.4 d and an be produed through the (d,3n) reation.

The ativity was assessed through the 392.87 keV gamma line (Iγ = 97.31%).

My ross-setions (Fig. 5.5) are in good agreement with the two previous results in

the same energy range [Lebeda et al., 2015, West et al., 1993℄. The experimental
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data in the studied energy range from the work of La Gamma and Nassi� [1973℄

are higher than mine, while data from Tárkányi et al. [2005℄ are lower.

5.3.3

89

Y(d,x)

88

Y

88

Y an be produed through the (d,x) reations.

88

Y has a half-life of t1~2 = 106.65 d and the ativity was assessed through the

898.04 keV gamma line (Iγ = 93.7%).

My ross-setions are, in general, in good agreement with the results of Lebeda

et al. 2015 and West et al. 1993 (Fig. 5.6). The experimental data in the stud-

ied energy range from the work of La Gamma and Nassi� [1973℄ and Uddin et al.

[2007℄ are lower than mine, while data from Tárkányi et al. [2005℄ are higher. Also

TENDL-2014 is lower than my experimental points.

5.4 Conlusions

89

Zr has a pratial importane as it is widely used in the researh of new radio-

therapeutis. The present exitation urve allows for alulating and optimizing
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Figure 5.6: Exitation funtions for

89

Y(d,x)

88

Y nulear reations.

bath yields of this radionulide.

I presented measurement of the exitation funtions of the deuteron-indued rea-

tions on

89

Y up to 18 MeV. Signi�ant amounts of

89

Zr an be produed at low

energy aelerators using yttrium as target and the possibility to involve radionu-

lidi impurities is very low in the energy range onsidered in this study.





Chapter6

The exitation funtion and yield

for the

103

Rh(d,2n)

103

Pd nulear

reation

6.1 Introdution

103

Pd (t1~2=16.991 d [Firestone et al., 1999℄) deays almost exlusively (99.90%),

by eletron apture (EC) to

103m

Rh (t1~2=56.12 min), whih de-exites through in-

ternal transition (IT). As a result of these proesses (EC and IT) Auger-eletrons

and X-rays are emitted whih are ideally suited for therapy. Taking into aount

also the de-exitation of the �daughter� nulide

103m

Rh, every 100 deays of

103

Pd

are aompanied by the emission of about 263 Auger eletrons, 188 low-energy on-

version eletrons and 97 X-rays National Nulear Data Center [2016℄. These deay

features and the pratial absene of high-energy γ-rays make 103

Pd partiulary

suitable for interstitial brahytherapy: enapsulated in millimetre-size seed im-

plants it is used in prostate Yoshioka [2009℄, breast Pignol et al. [2006℄ or horoidal

melanomas Semenova and Finger [2013℄ aner brahytherapy.

It has been shown that gold nanopartiles (Au NPs) distributed in the viinity of

103

Pd radioative implants an at as radiosensitivers that strongly enhane the

therapeuti dose of radioative implants [Jones et al., 2010, Lehtman et al., 2011℄.

A new strategy under development to replae millimetre-size seeds [Moeendarbari

et al., 2016℄, onsist in injeting radioative nanopartiles in the a�eted tissues.

The development of

103

Pd�Au NPs distributed in the diseased tissue, ould in-
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rease the uniformity of the treatment ompared to larger seeds, while enhaning

the radiotherapeuti dose to the aner ells through Au-mediated radiosensitisa-

tion e�et.

The possibility to use this radionulide for therapeuti purpose is stritly linked

to the feasibility of inreasing the Spei� Ativity (A

S

, the ratio between the ra-

dioativity and the mass of the sum of all radioative and stable isotopes of the

nulide of interest de Goeij and Bonardi [2005a℄), approahing the theoretial ar-

rier free value of A

S

(CF)=2.76 GBq�µg�1.

Nowadays,

103

Pd an be produed in reators via the

102

Pd(n,γ) reation with

a very low A

S

or in no-arrier-added form with aelerators using proton indued

reations [INTERNATIONAL ATOMIC ENERGY AGENCY, 2006℄.

Irradiation of 100% enrihed palladium in palladium-102 (3.2% natural abun-

dane) to saturation (tirr � 85 d) in a nulear reator with a �ux of 1015 �ns�1 �cm�2

will lead to about 6.8% of

103

Pd.

The most widely used aelerator prodution method based on high-�ux 18 MeV

proton irradiation of a

103

Rh target in ylotrons [INTERNATIONAL ATOMIC

ENERGY AGENCY, 2009, 2012℄ allows to reah a yield [Otuka and Takás, 2015℄

equal to 2.40 GBq�C

�1
(the yield for an energy irradiation of 50 MeV is 3.25

GBq�C

�1
).

The use of a deuteron beam appears to be attrative for the prodution of a

few radionulides sine the (d,2n) reation ross-setion in the medium to high

mass region is generally higher than that of (p,n) reations [Qaim, 2016℄. However,

studies on this alternative prodution methods using deuterons were sare, and

only two studies were reported beginning of this researh work [Ditrói et al., 2011,

Hermanne et al., 2002℄.

My work presents and disusses the experimental results with referene to the

ross-setions of the

103

Rh(d,2n)

103

Pd reation and of the o-produed radionu-

lides in the 5�33 MeV energy range.

6.2 Experimental

The exitation funtions were determined using the staked-foil tehnique. Staks

of thin foils onsisted of alternating high purity aluminium (as energy degrader and

monitor foils inserted between the Rh and the Ti targets), rhodium and titanium

foils. In partiular eah stak was omposed of the same number of Rh and Al foils,

i.e. four or �ve, depending on the irradiation energy, and (i) by a Ti foil, inserted
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as �nal monitor foil in the stak for the JRC-Ispra irradiations or (ii) one Ti foil

after eah of the Rh/Al foils in the stak for the GIP-ARRONAX irradiations.

103

Rh targets (Goodfellow Cambridge Ltd., Ermine Business Park, Huntingdon

PE29 6WR, UK) had a nominal thikness of 12.5 or 25 µm (� 15.1�31.7 mg�m

�2

with a general relative unertainty of �2%: these values of target thikness used

in the alulation were measured aurately by weighing).

Low-energy irradiations were arried out on �ve staks with the ylotron (San-

ditronix MC40, K = 38) of the JRC-Ispra at di�erent inident energies overing

the energy range from 16.6 MeV down to 5.2 MeV with a onstant urrent of about

100 nA for a duration of 1 hour.

Eah irradiation was arried out in an insulated target holder under vauum, whih

was designed as an elongated Faraday up to determine the integrated harge of

the deuteron beam. Inside the Faraday up a strong magnet was installed to avoid

esaping of sattered or baksattered eletrons as the loss of suh eletrons ould

lead to a virtually larger deuteron harge on the foil staks. Two oaxial Al olli-

mators (5 mm in diameter) were plaed in front of the Faraday up. Based on the

distane between the ollimators and the last ouple of quadrupoles, a maximum

broadening of the beam of a few µm was alulated. The harge was integrated

by a urrent integrator (BIC Brookhaven Instruments Corporation, Austin, TX,

USA; model 1000C), alibrated within 2% of unertainty by an authorized ali-

bration servie (Nemko S.p.A., Biassono, MB, Italy). The inident energy has an

unertainty of � 0.20 MeV [Birattari et al., 1992℄.

The reliability of the integrated urrent has been validated by the values of the

ross-setions measured for

nat

Ti targets used as monitor foils, ompared with the

IAEA tabulated monitor reation

nat

Ti(p,x)

48

V [Tárkányi et al., 2001℄.

Medium and high-energy irradiations were arried out with an IBA C70 y-

lotron of the ARRONAX enter, Saint-Herblain (FR). The ARRONAX ylotron

delivers deuteron beam at variable energies with an energy unertainty of � 0.25

MeV [Haddad et al., 2008℄. The staks were irradiated with an external deuteron

beam. A 75 µm thik kapton foil is used as beam exit windows, separating the

beam line vauum from atmospheri pressure in the vault. The staks were loated

68 mm downstream in air.

During the irradiation, an instrumented beam stop was used to ontrol the beam

urrent stability. However, it was not used as a Faraday up with preise intensity

measurements, sine it is not under vauum and is not equipped with a magnet to
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Figure 6.1: Exitation funtions for

nat

Ti(p,x)

48

V nulear reations.

avoid esaping of sattered or baksattered eletrons.

In this ase, it was mandatory to use titanium and aluminium foils also as mon-

itors to determine the experimental beam intensity value and energy from the

nat

Ti(d,x)

48

V and

27

Al(d,x)

24

Na IAEA tabulated monitor reations [Tárkányi et al.,

2001℄ (Figures 6.1 and 6.2).

Four staks were irradiated with a di�erent inident energy in order to minimize

energy straggling and to over the energy range from 34 MeV down to 14 MeV,

with an overlap of more than 2 MeV with the JRC-Ispra irradiations. Irradiations

were arried out with a mean beam intensity of about 170 nA for 1 h.

Mean deuteron beam energy and energy degradation in eah foil were omputed

by the Monte Carlo based omputer ode SRIM 2013 [Ziegler et al., 2010℄. The

unertainty of the mean energy in eah foil (�0.2�0.4 MeV) inludes the energy un-

ertainty of the extrated deuteron beam, as well as the unertainties in the mean

mass thiknesses and the beam-energy straggling through the target foils (�0.1�0.3

MeV).

The ativity of eah radionulides deteted in eah foil was measured at the
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Al(d,x)
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Na nulear reations.

LASA laboratory (INFN and Physis Dept. of University of Milan, Segrate MI),

without any hemial proessing, by alibrated high purity germanium (HPGe)

detetors (EG&G Orte, 15% relative e�ieny, FWHM = 2.2 keV at 1.33 MeV).

The detetors were alibrated with erti�ed

152

Eu and

133

Ba soures (CeraLEA,

Frane and Amersham, UK). All foils were measured in the same geometrial posi-

tion as that used for the alibrated soures in the energy and e�ieny alibration

of the detetors in order to avoid orretions for di�erent geometries. The distane

from the detetor ap was su�iently high to redue dead time and pile up errors

to negligible values (� 0.1%). The �rst measurements of the samples were generally

started within a few hours (for the Ispra irradiations) or within 48 hours (for AR-

RONAX irradiations) after the end of bombardment (EOB). The measurements

ontinued for about six months in order to follow the deay of the main radionu-

lides and to let ompletely deay eventual �parent� radionulides. (e.g. Figure 6.3).

The overall unertainty of the determined ross-setions is aused by several

error soures in the measurement and evaluation proess. Regarding the measure-

ment proess, a typial omponent is related to the statistial error in the peak

ounts: partiular attention is given to redue this value as low as possible (� 1%�
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Figure 6.3: Examples of γ-ray spetra for di�erent targets and time.

18%, depending on the radionulides and on the energies). Other signi�ant error

soures were: the target thikness and uniformity (� 2%), the integrated harge

(B 2%), the alibration soures unertainty (1.5% and 2.0%) and the �tting of the
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detetor e�ieny urves (� 1%), with an overall relative error of 4�20%.

The published data about the abundane of the gamma emissions and the half-

lives were onsidered as being exat. Deay harateristis for the radionulides

investigated, as summarized in Table 6.1, were taken from Firestone et al. [1999℄

and Wang et al. [2012℄.

6.3 Results

The measured exitation funtions are ompared in Figures 6.4�6.13 with the lit-

erature data. The numerial data are olleted in Table 6.2 and Table 6.3.

The ross-setions for Pd isotopes were also theoretially alulated with EMPIRE-

3.2.2 [Herman et al., 2007℄ in order to evaluate the best energy of irradiation to

obtain

103

Pd with the highest A

S

(Setion 6.3.7).

In spite of the di�erenes in the irradiation onditions (see Setion 6.2) there is

a very good overlap between the experimental data obtained from the JRC-Ispra

and the ARRONAX failities.

6.3.1

103

Rh(d,2n)

103

Pd

103

Pd has a half-life of t1~2 = 16.991 d and an be produed through the (d,2n) re-

ation. The ativity was determined from the 357.47 keV emission (Iγ = 0.0221%).

The measured experimental ross-setions are shown in Figure 6.4 together with

the data of the earlier studies and urves of theoretial alulations with EMPIRE-

II Menapae et al. [2008℄, EMPIRE-3.2.2 and TENDL-2015 [Koning and Rohman,

2012℄ odes. My ross-setions are in good agreement with the results of Hermanne

et al. [2002℄ (γ data), while they are in the maximum about 15% higher than those

of Ditrói et al. [2011℄. The predition of EMPIRE-3.2.2 and EMPIRE-II are lose

to the experimental data, while TENDL-2015 underestimates the reation ross-

setions at energies above 10 MeV.

In order to enable quantitative onsiderations for the prodution of

103

Pd, it is

useful to alulate the Thik-Target Yield (TTY); this was done using the poly-

nomial �t result of the experimental thin-target yields presented in Figure 6.5 and

integrating it up to a given deuteron energy. Figure 6.6 shows the resulting Thik-

Target Yield and, also, experimental Thik-Target Yields presented in literature

(Dmitriev et al. [1983, 1982℄ and Mukhammedov et al. [1984℄) and the IAEA re-

ommended one [INTERNATIONAL ATOMIC ENERGY AGENCY, 2012℄.

It is possible to see that there is a very good agreement between the experimen-

tal data sets and the urve related to the present work, while there are disrepanies
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Table 6.1: Deay data [Firestone et al., 1999℄ of Pd, Rh and Ru radionulides and

ontributing reations. The Eth evaluation is based on the mass defets of Wang et al.

[2012℄.

Nulide t1~2 Contributing reations Eth (MeV) Eγ (keV) Iγ (%)

104

Pd stable

103

Rh(d,n)

104

Pd 0

103

Pd 16.991 d

103

Rh(d,2n)

103

Pd 3.62 357.47 0.0221

102

Pd stable

103

Rh(d,3n)

102

Pd 11.39

101

Pd 8.47 h

103

Rh(d,4n)

101

Pd 22.17 296.29 19.2

102m

Rh 3.742 a Tuli [2011℄

* 103

Rh(d,p2n)

102m

Rh 11.91 697.49 43.9

103

Rh(d,dn)

102m

Rh 7.91

103

Rh(d,t)

102m

Rh 1.53

102g

Rh 207 d

103

Rh(d,p2n)

102g

Rh 11.77 468.59 2.813

103

Rh(d,dn)

102g

Rh 7.77

103

Rh(d,t)

102g

Rh 1.39

101m

Rh 4.34 d

103

Rh(d,p3n)

101m

Rh 19.52 306.85 87

103

Rh(d,d2n)

101m

Rh 17.25

103

Rh(d,tn)

101m

Rh 10.87

101g

Rh 3.3 a

103

Rh(d,p3n)

101g

Rh 19.36 197.6 70.88

103

Rh(d,d2n)

101g

Rh 17.09

103

Rh(d,tn)

101g

Rh 10.71

100g

Rh 20.8 h

103

Rh(d,p4n)

100g

Rh 29.44 539.51 80.6

103

Rh(d,d3n)

100g

Rh 27.18

103

Rh(d,t2n)

100g

Rh 20.80

103

Ru 39.26 d

103

Rh(d,2p)

103

Ru 2.25 497.08 90.9

*

The value reported in Firestone et al. [1999℄ is � 2.9 a: in this ase we prefer to use a more

preise value from another database
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Table 6.2: Experimental ross-setions (1SD) of the

103

Rh(d,xn)

103,101

Pd,

103

Rh(d,2p)

103

Ru and

103

Rh(d,p5n)

100g

Rh reations

Energy

101

Pd

103

Pd

103

Ru

100g

Rh

(MeV) (mb) (mb) (mb) (mb)

5.23 � 0.25 22.5 � 2.8

6.53 � 0.26 131.2 � 6.5 0.011 � 0.002

7.37 � 0.19 324.6 � 15.2 0.020 � 0.001

7.75 � 0.27 316.6 � 18.4 0.027 � 0.004

8.41 � 0.21 516.2 � 24.8 0.037 � 0.003

8.93 � 0.28 604.2 � 29.1 0.051 � 0.005

9.46 � 0.23 681.0 � 34.2 0.057 � 0.005

10.00 � 0.30 800.0 � 37.3 0.064 � 0.005

10.50 � 0.24 845.2 � 40.8 0.078 � 0.006

11.13 � 0.33 0.087 � 0.005

11.51 � 0.26 0.090 � 0.011

12.23 � 0.34 0.102 � 0.006

12.53 � 0.28 1166.9 � 53.8 0.106 � 0.006

13.22 � 0.36 1127.5 � 52.4 0.108 � 0.006

13.56 � 0.30 1141.4 � 52.8 0.109 � 0.007

13.91 � 0.34 1253.4 � 60.1 0.120 � 0.006

14.32 � 0.34 1142.7 � 103.5 0.125 � 0.014

14.53 � 0.30 1207.2 � 98.4 0.146 � 0.012

14.95 � 0.38 1261.1 � 58.3 0.149 � 0.008

15.53 � 0.38 1107.8 � 51.4 0.140 � 0.007

15.65 � 0.28 1090.3 � 88.9 0.157 � 0.013

16.10 � 0.35 1127.1 � 52.8 0.196 � 0.010

16.50 � 0.29 1043.7 � 103.5 0.180 � 0.015

16.63 � 0.36 1040.3 � 49.3 0.175 � 0.009

18.70 � 0.26 743.4 � 62.6 0.326 � 0.028

21.29 � 0.25 392.8 � 64.9 0.628 � 0.052

21.65 � 0.39 374.4 � 34.9 0.625 � 0.052

23.79 � 0.35 239.9 � 27.5 1.00 � 0.08

25.81 � 0.32 12.31 � 1.12 208.0 � 24.5 1.37 � 0.11

27.71 � 0.29 56.58 � 4.71 188.8 � 23.4 1.68 � 0.14

27.95 � 0.41 46.92 � 3.93 168.9 � 23.3 1.59 � 0.13

29.75 � 0.39 121.6 � 10.01 142.98 � 23.8 1.92 � 0.16 0.23 � 0.03

31.48 � 0.37 194.85 � 15.96 140.5 � 30.9 2.17 � 0.18 0.68 � 0.07

33.14 � 0.35 266.15 � 21.73 96.3 � 20.0 2.39 � 0.19 1.36 � 0.12
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Table 6.3: Experimental ross-setions (1SD) of the

103

Rh(d,pxn)

Y

Rh

Energy

102m

Rh

102g

Rh

101m

Rh

101g

Rh

(MeV) (mb) (mb) (mb) (mb)

7.37 � 0.19 1.40 � 0.32

8.93 � 0.28 1.91 � 0.18

9.46 � 0.23 2.04 � 0.18

10.00 � 0.30 0.23 � 0.08 3.35 � 0.55

10.50 � 0.24 0.16 � 0.06 3.77 � 0.22

11.13 � 0.33 0.66 � 0.08 7.83 � 0.47

12.23 � 0.34 0.81 � 0.20 9.69 � 0.60

12.53 � 0.28 0.41 � 0.06 10.37 � 0.72

13.22 � 0.36 0.51 � 0.06 11.09 � 0.53

13.56 � 0.30 0.74 � 0.18 11.01 � 1.18

13.91 � 0.34 0.67 � 0.08 13.51 � 0.69

14.32 � 0.34 1.56 � 0.27 14.12 � 1.39

14.95 � 0.38 1.46 � 0.20 15.40 � 0.88

15.53 � 0.38 1.39 � 0.11 15.21 � 0.74

16.10 � 0.35 2.35 � 0.29 16.82 � 1.02

16.50 � 0.29 2.21 � 0.26 17.61 � 1.53

16.63 � 0.36 2.19 � 0.16 16.89 � 0.88

18.70 � 0.26 8.22 � 0.83 23.65 � 2.08

21.29 � 0.25 33.56 � 2.75 32.69 � 4.78

21.65 � 0.39 35.74 � 2.96 39.06 � 3.33 1.07 � 0.09 0.50 � 0.13

23.79 � 0.35 72.97 � 5.96 63.44 � 5.34 0.95 � 0.08 1.08 � 0.23

25.81 � 0.32 113.35 � 9.21 85.14 � 7.11 17.72 � 1.59 1.58 � 0.16

27.71 � 0.29 147.77 � 12.02 104.99 � 8.61 76.90 � 6.63 1.86 � 0.17

27.95 � 0.41 138.43 � 11.25 97.40 � 7.97 64.68 � 5.59 1.97 � 0.18

29.75 � 0.39 167.15 � 13.58 112.82 � 9.22 114.10 � 10.10 3.85 � 0.34

31.48 � 0.37 185.60 � 15.10 119.84 � 9.83 267.63 � 23.06 7.35 � 0.66

33.14 � 0.35 190.89 � 15.51 121.76 � 9.93 371.41 � 31.97 14.30 � 1.27
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with the IAEA urve.

6.3.2

103

Rh(d,4n)

101

Pd

101

Pd has a half-life of t1~2 = 8.47 h and an be produed through the (d,4n)

reation. The ativity was assessed through the 296.29 keV gamma line (Iγ =

19.2%).

My ross-setions are in good agreement with the results of Ditrói et al. [2011℄

(Figure 6.7). The predition of EMPIRE-3.2.2 is in quite good agreement with the

experimental data.

6.3.3

103

Rh(d,x)

102m,g

Rh

102

Rh an be produed through the (d,p2n), (d,dn) and (d,t) reations.

102m

Rh has a half-life of t1~2 = 3.742 a and the ativity was assessed through

the 697.49 keV gamma line (Iγ = 43.90%).

My ross-setions are, in general, in good agreement with the results of Ditrói et al.

[2011℄ and Hermanne et al. [2002℄ (Figure 6.8).
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Figure 6.7: Exitation funtions for

103

Rh(d,4n)

101

Pd nulear reation.

102g

Rh has a half-life of t1~2 = 207 d and its ativity was determined from the

468.59 keV gamma line (Iγ = 2.813%). Under my experimental onditions

102g

Rh

is mainly formed diretly beause the ontribution of the deay of the metastable

level is negligible (only 0.233% IT and low ratio between the half-lives).

My ross-setions are in good agreement with the results of Hermanne et al. [2002℄

(Figure 6.9). The disrepany with Ditrói et al. [2011℄ an be explained taking

into aount that Ditroi et al. used the 628.05 keV gamma line to determine the

ativity but also

102m

Rh ontributes to this emission (Iγ = 8.5%) whih may re-

sult in an overestimation of the

102g

Rh ativity. It is possible to appreiate this

ontribution at energies greater than 18 MeV: it is shown in Figure 6.8 that the

103

Rh(d,x)

102m

Rh ross-setion starts to inrease rapidly from this energy value.

6.3.4

103

Rh(d,x)

101m,g

Rh

101

Rh an be produed through the (d,p3n), (d,d2n) and (d,tn) reations.

101m

Rh has a half-life of t1~2 = 4.34 d and the ativity was determined from the

306.85 keV emission (Iγ = 87%);

101m

Rh is also formed by the deay of the muh
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Figure 6.8: Exitation funtions for

103
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Figure 6.10: Exitation funtions for

103

Rh(d,x)

101m,um

Rh nulear reations.

shorter lived

101

Pd (8.47 h, 99.731%). Therefore, the measurements for this ra-

dionulide were done one that

101

Pd was ompletely deayed in order to subtrat

this ontribution. My ross-setions are quite smaller than the results of Ditrói

et al. [2011℄ (Figure 6.10): this is beause Ditroi et al. measured the umulative

prodution of

101m

Rh.

101g

Rh has a half-life of t1~2 = 3.3 a and the ativity was determined quantifying

the 197.6 keV emission (Iγ = 70.88%).

101g

Rh is also formed by the de-exitation

of the shorter lived metastable level

101m

Rh and, also in this ase, the measure-

ments for this radionulide were done one that its metastable level was ompletely

de-exited. My ross-setions are in quite good agreement with the few data points

of Ditrói et al. [2011℄ (Figure 6.11).

6.3.5

103

Rh(d,x)

100g,um

Rh

100

Rh an be produed through the (d,p4n), (d,d3n) and (d,t2n) reations.

100g

Rh has a half-life of t1~2 = 20.8 h and the ativity was determined analysing

the 539.51 keV gamma emission (Iγ = 80.6%)
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Figure 6.11: Exitation funtions for

103

Rh(d,x)

101g

Rh nulear reations.

The determined ross-setion inludes a ontribution from the not measured short

lived and totally deayed

100m

Rh isomer (t1~2 = 4.7 m).

The derived ross-setion data are in good agreement with the results of Ditrói

et al. [2011℄ (Figure 6.12).

6.3.6

103

Rh(d,2p)

103

Ru

103

Ru has a half-life of t1~2 = 39.26 d and an be produed through the (d,2p)

reation. The ativity was determined from the 497.08 keV gamma emission (Iγ =

90.9%).

My ross-setions are in good agreement with the results of Ditrói et al. [2011℄

(Figure 6.13).

6.3.7 Spei� Ativity for

103

Pd prodution

The good agreement between the experimental data of the produed Pd radioiso-

topes and the EMPIRE-3.2.2 alulations was shown in Figures 6.4 and 6.7.

Using EMPIRE-3.2.2, it is possible to alulate also the ross-setions for the
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formation of the stable isotopes of palladium (Figure 6.14).

Based on the EMPIRE simulation and in ase of a target at total energy absorp-

tion, in order to obtain the highest A

S

of

103

Pd (90%), the best inident energy is

13.3 MeV (Figure 6.15). The urve presented in Figure 6.15 is exat for an Instan-

taneous Bombardment but, for an inident deuteron energy smaller than 22 MeV

(the energy threshold for the prodution of

101

Pd), it is a very good desription at

the End of Bombardment for tirr P �λ103Pd�
�1

(i.e. tirr P 588h).

6.4 Conlusions

In the present study I experimentally determined the exitation funtions for the

radionulides produed by ylotron irradiation of Rh targets with deuteron beams

in the energy range from 5 to 33 MeV. In partiular, I have measured the ross-

setion for

103

Pd prodution by

103

Rh(d,2n)

103

Pd nulear reations.

In the energy range presented here, the only radio-isotopi impurities is the

101

Pd radionulide that has an energy threshold of 22 MeV and an half-life of 8.47

h.

In order to have high A

S

, it is mandatory to take into aount also the pro-

dution of the stable isotopes of palladium (Figure 6.15); the presented exitation

urves allow the alulation and the optimization of the

103

Pd bath yields: the

best inident energy for the prodution is 13.3 MeV and it is possible to produe

2.6 GBqC

�1
of

103

Pd at the EOIB (Figure 6.6).

So, the use of deuteron as partile beam leads to high TTYs, high radionulidi

purity, high spei� ativity and at the same time requires a less amount of rhodium

to be involved in the radiohemial separation: more

103

Pd is formed and less

103

Rh

is needed for the target, due to larger �dE~dx in the ase of deuteron over proton.

The ritiality of this system is tied to the pratial availability of aelerators

with deuteron beams with possibly high energy and a reasonable intensity. But

due to the half-life of

103

Pd radionulide, nothing prevents to produe it in Centres

with ylotrons with deuteron beam and energies depending on the advisable A

S

and on the eligible

103

Pd ativity.





Summary of the onlusions

The ativities desribed in this work onern the study of aelerator-based routes

aimed to the prodution of nulides relevant to nulear mediine as

99m

T, its pre-

ursor

99

Mo,

103

Pd and

89

Zr.

These radionulides applied at di�erent radiopharmaeutials are or an be used

as imaging and therapeuti agents in nulear mediine and in the relatively new

branh alled nano-mediine.

In fat, the interest in radiolabelled nanopartiles is inreasing:ompared to on-

ventional ontrast agents, nanopartiles promise to improve in vivo detetion and

enable more e�ient targeting due to inreased irulation times, evasion of lear-

ane pathways, and multimeri binding apaity.

My work was �nalized to the optimization of the prodution of the aforemen-

tioned radionulides. In partiular:

�

99m

T (Chapter 4), that is the most used radiotraer in nulear mediine.

An experimental veri�ation of the reation ross setions of the nulear re-

ations

100

Mo(p,x)

99

Mo and

100

Mo(p,2n)

99m

T is presented and the solution

of the exat di�erential equation starting from the EOIB is given.

It is my opinion that the best energy range range for the diret prodution of

99m

T via ylotron route is 12�17 MeV. In fat, the ross setion reahes its

maximum value in this energy range. Furthermore, for energies higher than

about 17 MeV there is a sharp inrease of the side prodution of the long-

lived radioisotopi impurities due to the prodution of

98
T (

100
Mo(p,3n)

98
T,

Eth=16.85 MeV);

�

89

Zr (Chapter 5) is one of the most promising radionulides for labelling
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monolonal antibodies, bio-distribution studies and immuno-positron emis-

sion tomography (PET) imaging. I presented measurement of the exitation

funtions of the deuteron-indued reations on

89

Y up to 18 MeV. So, sig-

ni�ant amounts of

89

Zr an be produed at low energy aelerators using

yttrium as target and the possibility to involve radionulidi impurities is

very low in the energy range onsidered in this study;

�

103

Pd (Chapter 6), beause of its suitable half life and deay harateristis,

has been of great interest in permanent brahytherapy. With the rapid de-

velopment of nanosiene and nanotehnology, it beomes appealing to make

injetable nano-sale brahytherapy seeds: a new strategy under development

to replae millimetre-size implants, onsist in injeting radioative NPs in the

a�eted tissues. In order to have high A

S

, it is mandatory to take into a-

ount also the prodution of the stable isotopes of palladium; the presented

exitation urves allow the alulation and the optimization of the

103

Pd

bath yields: the best inident energy for the prodution is 13.3 MeV and it

is possible to produe 2.6 GBqC

�1
of

103

Pd at the EOIB.
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