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Diagnostic radionuclide / Decay data / should be rather high. In general, the diagnostic radioiso-
Internal radiation dose/ Nuclear reaction cross section / topes are classified into two groups, namglgmitters (e.g.
Production yield / Radionuclidic purity / |somer ratio / 67Ga, Mn, 2T, etc.) andB* emitters (e.g**0, ®F, etc.).
Nuclear model calculation / If the radioisotope emits a single-ray, the detection tech-
Emission tomography (PET and SPECT) nique called Single Photon Emission Computed Tomogra-

phy (SPECT) can be used; in the casegofemitters, the

use of Positron Emission Tomography (PET) is very advan-
Summary. The types of nuclear data and their quality tageous. The two techniques (SPECT and PET) are often
required in the production and application of diagnostic ra-collectively termed asmission tomography. By virtue of
dionuclides are outlined. The radioactive decay data determings quantitative nature, rapidity and higher resolution, PET
the suitability of a radioisotope fan vivo tracer studies, both is superior to SPECT. However, the latter finds much wider
from the imaging and internal radiation dose ConSiderationSUSe due to considerably lower c’osts of radionuclides, instru-

The nuclear reaction cross section data allow optimisation tati d fi A detailed d it f the t
of production routes. Both reactors and cyclotrons are use eéntation and operation. etailed aescription of the two

for production purposes. The nuclear data needed in the twéli@gnostic techniques is given elsewhere in this issue (cf.
cases and their present status are discussed. Special attentig@ntribution by Herzog).

is paid to radionuclides suitable for emission tomography The biochemical properties have little relevance to nu-
(PET and SPECT). The controversy abaeactor vs cy- clear data. They depend upon the functional group of the
clotron production of the widely use®Mo/**"Tc generator molecule to which the radioisotope has been attached.
system is discussed. Some special considerations in cyclotropyidently, for fast biochemical phenomena, like glucose
production of radionuclides are outlined. The need of accu-; oxygen uptake, short-lived radioisotopes are suitable,

rate data near reaction thresholds, the constraint of availablgvhereas for slower processes, like protein synthesis, some-
particles and their energies at a small cyclotron, the influenc " . ' !
of increasing incident particle energy, and the formation of%Vhat longer-lived radioisotopes are needed.

isomeric impurities are discussed in detail. The role of nuclear
model calculations in predicting unknown data is considered.

2. Radioactive decay data: internal radiation

dose calculation

1. Introduction _ . : .
As mentioned above, the physical properties determine the

A medically related radioisotope is classified aiagnostic  choice of a radioisotope for medical application. In internal

or atherapeutic radionuclide, depending on its decay prop- radiation dose calculation, i.e. calculation of the dose to an
erties. In this article the diagnostic radioisotopes in generalprgan delivered by the administered radionuclide, however,
and their production data in particular, are treated. The majopoth decay data and biological behaviour of the compound
criteria for diagnostic use are: labelled with the radioisotope need to be considered. The ef-

_ suitable physical properties, i.e. a high detection efficiency/€Ctive half-life of the radiopharmaceutical in the organ is
for the radionuclide, compatible with the lowest possible thuS & combination of the physical half-life and the biolog-

radiation dose to the patient i

ical half-life.
— suitable biochemical properties, especially organ selectiv- | "€ available information on decay data is extensive, at
ity and comptability with the bio-kinetics.

least for the most commonly used PET and SPECT radioiso-
topes. The types of data needed in internal radiation dose
As far as physical properties are concerned, the half-lifecalculations have been outlined (cf. Introductory chapter by
should be short (between a few minutes and a few hours) an@aim). The methods of internal dose calculation have re-
the decay should occur preferably via IT, EGioremission.  ceived extensive attention and well-known computer codes,
Furthermore, the specific radioactivity of the final product known as MIRD codes, are now available. A discussion of
the dose calculation in diagnostic studies using PET and

*E-mail: s.m.qaim@fz-juelich.de SPECT is given elsewhere is this issue (cf. contribution by
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Herzog on this topic). Here it needs to be pointed out thatextent via Szilard-Chalmer’s process or via generator prep-
the criterion of minimum dose in diagnostic studies putsaration, i.e. by using the decay product of@ny) reaction

a heavy demand on the radionuclidic purity of the radio-product.

pharmaceutical. If some impurity is present, especially hav-

ing a long half-life and emitting corpuscular radiation, it Inelastic scattering

will lead to additional radiation dose. Thus the production fow i . h b . d
method should be chosen such that the product radionucligl! €Cent years a few isomeric states have been actvate
via the 6, n'y) process, especially those having high nu-

contains the lowest possible impurity. In general, the iso- . ; )
topic impurities are controlled by a selection of the relevantCI€ar Spins. Some of those radionuclides, for exarfiptn,
Sn and'*"Pt are produced in higher specific radioactiv-

production data, and the non-isotopic impurities by a clean, h . h . . ‘o
chemical separation. The MIRD calculations are generall)/ty viathe , 'y) process than via the, y) reaction [cf. 2].

based on the assumption that the radionuclide under consid- )
eration is of the highest possible purity. Sequential neutron capture

In recent years, accurate dosimetric considerations hav@ccasionally a radioisotope may be produced via a sequen-
demanded a more detailed information on the low energyial capture of two neutrons (cf. Table 1). The process is,
but high intensity corpuscular radiation (such as conversiorhowever, of limited use since it occurs only in a high flux re-
and Auger electrons) associated with some diagnostic raactor. It appears to be of special advantage in the region of

dionuclides (e.g. those decaying by EC or IT). This low rare earths where the neutron capture cross sections are very
energy radiation is not detectable with the instrumentationpigh.

used in nuclear medicine but causes additional dose. Some
new efforts are therefore under way to examine conversioqn fission) process

coefficients of nuclear transitions related to SPECT radioiso- ) o
topes. Like the (n,y) reaction, it is also a commonly used

process. In general, products lying on one of the two
mass-yield peaks of the fission process can be advanta-

3. Nuclear reaction crosssectionsand production ~ geously produced. Two very important medical radionu-

. : . 131 ; o
yields clides, namely®Mo and Y, are produced via the fission

_ _ _ ~ of 2% (cf. Table 1). The method is of great advantage and

The nuclear reaction cross sections are of considerable imaads to no-carrier-added products, i.e. products of very high
portance in optimising the production process of a radioisospecific radioactivity. The main disadvantage, however, is

tope (cf. Introductory chapter by Qaim). In principle, the the extensive chemical processing involved.
well-known activation equation is applicable to all activation

processes, whether induced by neutrons or charged particle&]
In practice, however, there are distinct differences since
the neutrons generally show a spectral distribution whereaghe emission of charged particles in neutron induced reac-
the charged particles rapidly lose energy while traversingions is also utilized to produce some special radioisotopes.
a medium. In the following, the nuclear data relevant to theln general, these reactions occur only in the light mass re-
production of radioisotopes in a reactor and at a cyclotrorgion where the reaction thresholds are low and the compe-
are discussed separately. tition between charged particle and neutron emission is in
favour of the former. Some examples are given in Table 1.
The method is of considerable advantage since the prod-
3.1 Production of radioisotopesin anuclear reactor ucts are of high specific radioactivity. The cross sections are,
however, generally low, except for the formation of tritium
andC. The latter two radionuclides are almost exclusively
The production of radionuclides in a nuclear reactor hasproduced via ther(, z) process.
been under constant review for the last four decades [cf. 1].
In this article mainly the nuclear data aspects are consideregsecondary reactions
The relevant nuclear processes are described below.

2) process

3.1.1 Nuclear reactions

In certain cases the charged particle emitted in a nuclear
reaction may induce a secondary reaction on a neighbour-
ing nucleus. Two such cases are mentioned in Table 1. The
This is the most commonly occurring reaction in a nu- production of'®F via the reaction sequenéki (n, «)*H —
clear reactor. Since no reaction threshold is involved, this®O(t, p)*®F had been in use for quite some time. The major
process can be induced by thermal, epithermal as welproblems were the relatively low yields 8F and presence
as fast neutrons, although in general the cross section isf tritium impurity. In recent years the cyclotron production
most relevant for thermal neutrons. A few examples of ra-of ®F has completely superseded its production in a reactor.
dioisotopes produced via this method are given in Table 1Similarly, Mg production is now also done more com-
Among them aré®Mo, ?°Xe and®®™m9Te, the parents of monly at a medium-energy cyclotron.

the commonly used radionuclidé®"Tc, **| and **!, re- It is understood that the use of a secondary reaction in
spectively. The major advantage of the procedure lies irmedical radionuclide production demands a careful consid-
the simple methodology, and the main disadvantage in theration of the cross section of the primary reaction, the en-
low specific radioactivity. The latter is improved to some ergy spectrum of the emitted charged patrticle, as well as the

(n, y) reaction
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Table1l. Commonly used nuclear reactions for the production of some radioisotopes in a nuclear reactor.

Radio- Ty Mode of decay Mairy-ray energy Production reaction Cross section
nuclide (%) in keV (%) in barn

(n, ) reaction

%Na 150h B~ (100) 1369100 BNa(n, y) 0.53
2754(99.9)
2p 143d B~ (100) 3P, y) 0.18
*S 875d B~ (100) #Sn, y) 0.29
2K 12.4h B~ (100) 152518.8) K (n, y) 1.46
siCr 27.7d EC (100) 3209.8) 0Cr(n, y) 15.90
s4Cu 127h B* (18); EC (45); #Cu(n, y) 4.50
B~ (37)
5Se 1198d EC (100) 13659.0) Sef, ) 46.00
265(59.2)
401(116)
®\o 66.0h B~ (100) 140(90.7) %®Mo(n, y) 0.13
740(12.1)
125X e 169h B*+(0.7); EC (99.3) 18854.9) 124%e(n, y) 16500
243(28.8)
mgTet 300h IT (22); B+ (78) 774(38.1) 20Te(n, y) 0.23
25.0min B~ (100) 150(68.9)
1%8Sm 463 h B~ (100) 10328.3) 2Sm(, y) 206.00
185Re 892h B~ (92.2); EC (7.8) 1378.5) BRe(, y) 114.00
Sequential neutron capture
2gj 1720a B~ (100) 0Si(n, ) *Si(n, y) 0.11;03
(2.6h)
166Dy t 815h B~ (100) 82(13.0) 184Dy (n, y)%*Dy(n, y) 2700; 3500
(2.4h)
Lesyyt 69.0d B~ (100) 291(0.4) 8O\ (n, )BT W (n, y) 36; 70
(237h)
(n, fission) process
sogyt 286a B~ (100) 25(n, f) Yeum: 5.89%
“Mo't see above Z5Y(n, f) Yeum: 6.14%
13 8.0d B~ (100) 364(812) Z5U(n, f) Yeum: 2.84%
637(7.3)
(n, 2) reaction
H 123a B~ (100) 5Li(N, a) 940
uc 5730a B~ (100) UN(n, p) 1.8
s2p see above 23N, p) 0.07
%3 see above CI(n, p) 0.08
STAr 35.0d EC (100) “Caf, o) 0.03
Secondary reactions
18F 1096 min B+ (97); EC (3) bLi (n, @)*H — °0(t, p)*eF
2Mg 209h B~ (100) 401(36) 5Li (n, a)®H — Mg (t, p)®Mg
1342(54)

* Capture cross sections as well asthén, «) and**N(n, p) cross sections are for thermal neutrons. Other) cross sections are fission neutron
spectrum averaged values. The fission yields are cumulative y¥|d3. (For the secondary reactions only production yields have been reported
in the literature.

T Decay products are of intere€Sr — °Y; *Mo — %" Tc; ¥m9Te — 131; 166Dy — 166Hg; 188 — 185Re,

absorption profile of the particle in the surrounding medium.irradiation, an extensive chemical processing is mandatory,
A chemical compound or an alloy form is very suitable for especially if the fission process is utilized for production
production purposes, for example,,CiO; to produce®F purposes. The demands on the purity are very stringent, par-
and Li/Mg alloy to produceé®Mg. ticulary with regard to the content efemitting impurities.

An example is the separation Mo from ZSUAl;-alloy.

The chemically separaté@Mo is used to prepare gener-

ator system. This consists of loading tA#o activity on
Though only indirectly related to the problem of nuclear an Al,O; column and milking off the decay produtTc
data, a brief mention should be made of the techniques anperiodically by elution with saline.

methods used to obtain the desired radionuclide in a suitable It is worth mentioning that the®Mo/*"Tc gener-
form after activation in a nuclear reactor. In general, after theator is the most commonly used system in diagnostic

3.1.2 Chemical processing and applications
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nuclear medicine. Due to the ideal imaging properties3.2 Production of radioisotopes at a cyclotron
of ¥"Tc with SPECT, about 80% of all nuclear med-
ical procedures are performed worldwide with it. The
generator form makes the availability &f"Tc easy; its
specific radioactivity is very high. The product is used
directly for labelling biomolecules. In fact several kits
have been developed which require a simple addition o
the eluted saline containingf™Tc to obtain a particular
radiopharmaceutical.
As far as nuclear data are concerned, constructing a gers.2 1 Cyclotrons for applications
erator system demands a good knowledge of the deca%/)
properties of the two radioisotopes concerned. In particuOVver the last two decades, several types of cyclotrons and
lar, the half-lives are important, but the shielding require-accelerators have been developed to meet the specific de-
ments also demand a knowledge of the corpuscular anfands of radionuclide production; a summary is given in
electromagnetic radiation emitted in the decay of the two ge-Table 2. The presentation is an updated form of an ear-
netically related radioisotopes as well as the impurities, iflier classification [11]. The smallest accelerator is a single
any. particle machine withEy < 4 MeV, i.e. below the breakup
Many of the reactor-produced corpuscular radiation emit-threshold of the deuteron (to avoid neutron background). It
ting radionuclides are used in therapy (cf. contribution byiS used exclusively in a hospital environment to prodtiCe
Qaim on this topic, this issue). Some radioisotopes find apJ Ne next stage accelerator is also a single particle negative
plication in tracer studies related to industrial processesion machine withE, < 11 MeV or 12 MeV and can be used
radioagronomy and enviromental phenomena. The soft radit© produce the four majop* emitters, viz.*'C, N, O
ation emitting radionuclidedH, *C and'?l are extensively ~and*°F, although the absence of the deuteron beam is some-
used in investigations involvin vitro methods. what disadvantageous regarding the productiot?©f and
the rather low proton energy gives low yield N. The
) . next higher group of machines is generally a two particle
3.1.3 Status of production cross sections machine withE, < 20 MeV andE, < 10 MeV. It is ideally

The status of neutron induced reaction cross sections is ge§ited for the production of commonly used PET radio-
erally good, mainly due to the energy-related programmesisotopes. The higher energy machines have capabilities of
Data on the three types of processes commonly used jRroducing many more radioisotopes, in particular when be-
medical radioisotope production, vi, y), (nfission) and ~ Sidesp andd, also®He anda-particle beams are available.
(n, 2), are well compiled [cf. 3-6], well evaluated using nu- On the other hand, when energies at?ove .100 MeV are under
clear model calculations [cf. 7-9], and well documentedconsideration, only the proton beam is of interest.
(see e.g. contribution by Schwerer and Oblozinsky, this
issue). For many reactions, data vz_illdatlon has also be_egz2 Cyclotron products and data needs
performed by comparing integral yield measurements in
a fission spectrum with those integrated from the measin diagnostic studies, the cyclotron products exhibit con-
ured f, x)-excitation functions (for a fission spectrum siderable advantages over the reactor products. The specific
distribution). radioactivity is high and the radiation dose is low. Further-
For the less commonly used,('y) and double neutron more, they are often more suitable for emission tomogra-
capture processes, it is occasionally necessary to perforphy. Since in many cases they may be easily attached to
new measurements or to evaluate the existing data, espe-biomolecule, they are very useful for investigating regional
cially if they show large discrepancies. physiological functions.

The production of radioisotopes at cyclotrons has been ex-
tensively discussed in many review articles, monographs and
books. A critical analysis of the nuclear data problems was
first done at Julich [10]. The emphasis in this section of the
Present article is on new aspects of nuclear data research rel-
evant to cyclotron production of radionuclides.

Table2. Types of accelerators routinely

used for radioisotope production. Classification Characteristics Energy  Major radionuclides produced
[MeV]
Level | single particle <4 0
(d)
Level Il single particle <11 %C,™N, *0, ¥F
()
Level llI single or two particle <20 1C,®BN, 0, ¥F
(p’ d) (123|, 67Ga7lllln)
Level IV single or multiple particle <40 K, 3Se,”™""Br, ¥, 8Rb (Kr),
(p. d,*He *He) 5Ga,™n, 2'Tl, 2Na, "Co
Level V single or multiple particle <100  ?®Mg, "*Se (?As),
(p, d,*He *He) 823r (2Rb) 1*™Sn, 123
Level VI single particle >200 Al ¥Sj, “Ti, °Cu, ®®Ge (Ga),
(p) 823r 2Rb), 1°°Cd, ¥"Tc, etc.

* A small linear two particle acceleratop,(d) has also been suggested.
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Table3. Routine methods

of production of some  Radionuclide Ty Mode of Main Production data
commonly used positron decay y-ray -
emitters [cf. 12, 13]. energy Nuclear Energy Thick target
(%) in keV (%) reactioh range (MeV) yield
MBq(mCi)/pA - h
ne 204min  B* (99.8) 511(1996) “N (p, @) 13- 3 3820(103
EC (0.2)
BN 100min B+ (100)  511(200) %0 (p, «) 16— 7 1665(45)
50 20min BT (99.9)  511(1998) N (d,n) 80 2368(64)
EC (0.1) 5N (p, n) 100 2220(60)
18 1096 min B+ (97) 511(194 80 (p, n) 16— 3 2960(80)
EC (3) 2Ne (d, o) 140 1110(30)
%Ge 271d EC (100) RbBm, spall) 800, 500 15(0.0009
| (generator) ®Ga (p, 2n)
%8Ga 68 min B* (90) 511(180
EC (10) 10773
825y 25d EC (100) Mo, spall) 800 37(0.1)
| (generator) 8Rb (p, 4n) 60— 40 148(0.4)
82Rp 13min B+ (96) 511(192)
EC (4) 776(13.4)

* Evaluated excitation functions of all the reactions listed here (except the spallation process) are now available
in [14]. The yields given here are generally in agreement with those reported in [14].

Due to a variety in the available charged particles and theommonly known as FDG. Its synthesis was developed
broad spectrum of energies involved, the nuclear data needs Julich [15]. Curie amounts of this radiopharmaceutical
in cyclotron production of radioisotopes are much more in-are now available using automated synthesizers. The clini-
tense than those in reactor production. Some salient groupsal applications of several PET tracers are discussed else-
of radionuclides are treated in detail below. where in this issue (cf. contribution by Herzog on functional
imaging).

The generator produceg@™ emitters find application
mostly in PET studies at centres without a cyclotron. The
Most of the PET studies to date are carried out with theparent isotopes of the two most commonly used systems (see
four short-lived organic positron emitters, viZC(T,, =  Table 3), namely®Ge and®Sr, are rather difficult to pro-

20 min), N (T, = 10 min), O(Ty,, = 2 min) and*®F(T,, = duce. Although cross section data on the relevanki) re-

110 min. The former three radionuclides are generally usedactions have been measured and also recently evaluated [14],
on site of production®®F, on the other hand, is suitable for due to targetry problems, in both cases the method of choice
transport to nearby PET centres without a cyclotron. Theras the spallation process [cf. 16, 17]. The production yields
is also considerable interest fiGa(T,, =68 min and  are known.

#Rb(T,,» = 1.3 min), which are obtained via longer-lived The number of potentially interesting longer-lived re-
generator parents. The routine production methods of theearch relate@™ emitters is relatively large, but their rela-
commonly useg* emitters are summarized in Table 3 [cf. tive importance keeps on changing. The production of those
12, 13]. radionuclides often demands larger cyclotrons. In many

The organicB™ emitters are generally produced using
low energy nuclear reactions likg,(n), (p, @), (d, n), (d, «),
etc. and a small-sized cyclotron is adequate for productior C 16 13
purposes. The excitation functions have been measured = 180 O(p,at) "N
several laboratories. The cross sections show strong fluc 160 t
tuations, probably due to the population of known discrete= 4, &
levels of the product nucleus. The nuclear model calcula-g ;
tions cannofa priori describe such excitation functions. In g
a recent attempt to evaluate the existing data under the au’
pices of an IAEA-CRP [14], therefore, only statistical fitting » so a
procedures were employed. The recommended curve for thg
150 (p, @)*N reaction, taken from [14], is shown in Fig. 1 as
an example. The integated yields of the products calculater 40
from the excitation functions, however, show smooth curves 20 F
i.e. in the production process the nuclear structure effectsar b 7, . ™~ ., 73
washed out [12]. 0 8 10 12 14 16 18 20

Severalg* emitting radiopharmaceuticals are now rou- Proton energy [MeV]

Fine_ly used .in diagnostic nuclear medicine [cf. 13]. Of ma- Fig. 1. Excitation function of the®O(p, )N reaction. Data adopted
jor interest is the product 29F]fluoro-2-deoxy-D-glucose, from [14].

Positron emitters

200

120 |
100 -

sect1o)

60 F
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Table4. Routine methods

of production of some Radionuclide T, Mode of Main Production data
commonly used photon decay y-ray :
emitters [10, 13]. energy Nuclear Energy Thick target
(%) in keV (%) reactioh range (MeV) yield
MBq(mCi)/pA - h
Ga 326d EC (100) 9337) Zn (p, 2n) 26— 18 185(5)
185(20) (1996) ¢Zn (p, n)
“Mo 275d B~ (100) 181(6) 25U (n, f) a
| (generator) 74012 %Mo (n, y) b
smTe 6.0h EC (100) 14187
Mn 2.8d EC (100) 17391 12Cd (p, 2n) 25— 18 166(4.5)
247(94) HCd (p, n)
123) 13.2h EC (100) 15983 123Te (p, n) 145— 10 137(3.7)
124Te (p, 2n) 26— 23 392(10.6)
127 (p, 5n)**#Xe® 65— 45 777(21)°
124%e (p, x)'*Xe® 29— 23 414(11.2)¢
2017 3.06d EC (100) 69-82 2017 (p, 3n)**Phe 28— 20 18(0.5)"
(X-rays)
166(10.2)

* Evaluated excitation functions of all the reactions listed here (except the neutron induced reactions) are now
available in [21]. The yields given here are generally in agreement with those reported in [21].

a: TBq (hundreds of Ci) amounts of this radioisotope are produced at centres with well-developed technology.

b: Method used in less-developed laboratories.

c: 2°Xe decays by EC (87%) angl" emission (13%) td%I.

d: This is*? yield expected from the decay &fXe over an optimum time of about 7 h.

e: 2'Ph decays by EC (100%) t8'TI.

f: This is 2Tl yield expected from the decay &'Pb over an optimum time of 32 h.

cases machines accelerating four particles,wid, *He and 6°°E ' l T BERAAAAAALS *
a-particles, have proven to be very versatile. Evidently, the f o Scholten eral[23] 100 99m
. . . 500f —— Smoothed cubic spline fit MO(p,2n) Tc 3
A Lagunas-Solar et al. {22!
development of a production process involves considerabl (221

O Levkovskii {1991}

amount of nuclear data work.

.
=

Y
i

Photon emitters
300F

A large number ofy-ray emitting radionuclides have found
application in diagnostic nuclear medicine using either
cameras or, in recent years, SPECT. The most commonl
used SPECT radionuclid€"Tc (T,,, = 6.0 h) is produced 100F
using a nuclear reactor (see above). Several other SPECT r
dionuclides, produced at a cyclotron, are listed in Table 4 o ” p” PP e

All of them need a medium-sized cyclotron, although in Proton energy [MeV}

some cases (e.g’Ga, "In and *#I) low-energy ma-  Fig 2 Excitation function of thé®Mo(p, 2n)*"Tc reaction. Diagram
chines capable of inducingp(n) reactions have also been taken from [23]. The strong peak at about 42 MeV reported in [22] was
used [18—20]. The nuclear reaction cross section data forot observed by authors of [23], who used highly enricédo as
most of the processes are known and have been recentfjrget material.

evaluated, using both nuclear model calculations and fit-

ting methods [21]. Surprisingly the data for the commonly
employed *?*Xe(p, x)-process for the production of,

a widely used SPECT radionuclide, are still discrepant.

Cross section [mb)

[¥]

=3

<
T

reactors, as far as the production BMo/*"Tc is con-
cerned. This claim was based on the exceptionally high
%BMo(p, y)*Tc and®Mo(p, 2n)*Tc reaction cross sec-
— . tions found by them. Under an IAEA-sponsored study,
iﬁiﬁ;#@e possibility of accelerator production of done mostly at Jilich, Scholtest al. [23] performed some
key measurements using several cyclotrons. The cross sec-
There has been some apprehension regarding the cotion of the ®Mo(p, y)®"Tc reaction was found to be
tinued availability of the most commonly used SPECT negligibly small « 0.2mb) over the whole investigated
radionuclide **"Tc. With the closure of ageing nuclear energy range of 6 to 45MeV, and the results of meas-
reactors, the supply oMo, the parent of**"Tc, may urements on highly enriche¢®Mo are given in Fig. 2.
be jeopardised. Some thoughts were therefore devoted fbhe peak in the cross section at about 17 MeV is due
a possible production of®Mo and **"Tc at a cyclotron. to the *®®Mo(p, 2n)*"Tc reaction. This was attributed by
In a report Lagunas-Solagt al. even claimed [22] that Lagunas-Solar et al wrongly to tH&Mo(p, y)*"Tc pro-
medium-sized cyclotrons could partly or wholly replace cess. The second strong peak at about 42 MeV reported by
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Lagunas-Solart al. could not be observed in the work demands on the quality of the medically important radionu-
of Scholtenet al. [23]. Presumbly it was due to some clides. The natural abundance'étXe is only about QL%;
impurity. The study of Scholten et al led to the conclu- consequently the highly enrichééfXe is very expensive.
sion that®Tc can be produced at a cyclotron in small What has become a common production technique today,
amounts for local use only. The amount®lo produced was not imaginable about 20 years ago.

is small and its specific radioactivity rather low. There is

thus no substitute for reactor produc@io /°*"Tc genera-  Need of accurate data near reaction thresholds

tors. Some recent measurements done with deuterons unq%

. o ith the increasing use of low-energy cyclotrons in med-
a DebrecepBrussels cooperation lead to a somewhat similar. - ) )
conclusion ical radioisotope production programmes, the importance

some new facilities for production of fissiétMo have been ) ) . S X
) function measurements in which the incident particle en-
established. Nonetheless, the results quoted above and the was rather hiah. Due to enerav dearadation in the
discussion based on them demonstrate the importance g ay 9n. gy deg X
! acks over large spans, the experimental cross section
accurate cross section measurements. Inaccurate and unrel- ; X
. ) ata near the reaction thresholds may be inaccurate. The
able data can lead to erroneous interpretations and unneces- : . .
i theory may provide here some guidance since the thresh-
sary controversies.

. . . . old is calculated rather accurately in comparison to the
Despite the above mentioned negative remarks regardin . : . :
g som . . aximum cross section. A good example is furnished

the possibility of**"Tc production at a small- or medium-

sized cyclotron, it should be pointed out that the accelera—by a recent measurement on the excitation function  of

124 124 1 -
tor production of®Mo/**"Tc is not completely uninterest- the ***Te(p, n)™4 reaction [24]. Due to rather poor ex
. . : isting data atE, <12 MeV, this reaction was considered
ing. If a high-energy proton accelerator would be available

that could be utilized to produce spallation type neutrons’t0 be unsuitable for production df*l. The new meas-
the fission of%U could be used to produc&Mo in large urements [24] showed that the threshold of the reaction

quantities is a_bout 25 MeV lower. Hence_ this process can b_e con-
' veniently used for the production é# at a small-sized

cyclotron.

3.2.4 Some special considerationsin nuclear data studies

In research and development work relevant to production O*nfluence of increasing incident particle energy

radioisotopes at a cyclotron, following aspects need to bet is known that with increasing incident particle energy
taken into account. the number of competing reaction channels increases; the
need of nuclear data, therefore, increases correspondingly.
Of more significance are the reactions leading to the forma-
tion of isotopic impurities, since the non-isotopic impurities
The development of an alternative production route may bean be removed by a chemical separation. As an example,
necessary due to one or more of the following reasons: the data for the®As(p, xn)">"3"2Se reactions [25, 26] are
shown in Fig. 3. For the production of thé* emitting
#Se (I, = 7.1h) the energy regiorE, = 40— 30 MeV
appears to be most useful. Over this energy range the
yield of *Se amounts to 1400 MBgAh and the level

of "27°Se impurity to < 0.2%. Evidently, the higher the

A few examples are given in Table 5. In those and manyprojectile energy is, the more are the data needs. At high
other cases an alternative production route demands thenergies E, > 200 MeV) the spallation process occurs.
use of a highly enriched target isotope whose naturalt leads to a large number of products. The data needs
abundance may be very low. The development of theare high, and the chemical processing effort involved is
124X e(p, x)1#Xe — 23 process demonstrates the changing extensive.

Search for alternative production routes

(i) availability of a single accelerated particle at the cy-
clotron and constraint of its energy

(i) demand on higher yield and purity of the product

(iii) demand on higher specific radioactivity.

Table5. Development of alterna-

tive production routes. Radio- Common Alternative Natural Enrichment Reason for
nuclide  production production abundance used alternative
route route of target (%) (%) route

%0 N (d, n) BN (p, n) 0.37 99
Small-sized

18F 2Ne d, o) 80 (p, n) 0.20 98 cyclotron with
only p beam

8K 3Cl (a, n) 3BAr (p, n) 0.06 96

123) 124Te (p, 2n) 124%e (p, X)'=Xe — 0.10 99.9 Demand on

127 (p, 5n)'*=Xe — purity

185Re BRe (, y) 188W (p, n) 28.60 99.8 Demand on

high specific

activity
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e — In the former case the metastable stét&c(T,,, = 53 min)

is interesting and the ground stat®Tc(T,, =4.9h) is

Brctonse the disturbing radionuclide. In the latter case, the ground
state'?®|(T,, = 1.4 h) is important and the metastable state

103':' . o 4 . . . . .
] g )g‘t‘jm - /g/// 120m(T,,, = 53 min) disturbs. The two radionuclides of in-
- s(p.3n)"Se
Y

//
7
/ A terest can be produced via various routes. In each case it is
102E // / s\%{

/ { \\MN\ N:‘\i\\\ L . A . . .
[ i Ny important to know the isomeric cross section ratio.
H\\, .
s A0k
/ * ' ) s :‘_ P
V proton energy range within the target, even over the opti-

S&F 3 The measured excitation functions of the
f
|
|
!
4 i oe s Mushtaq et al.[26]
! e mum energy range oE,=13— 7 MeV the *8Tc/*"Tc
!
|
i
!
i
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shown in Fig. 4. Whereas the isotopic impuriti&&-9Tc
| PAstpanlise £ can be eliminated frorff™9Tc by a careful selection of the

F be eliminated. A change in the ratio was effected only by the

Ep = 40 - 30 MeV . use of another nuclear reaction, €dbEHe, )*™Tc or

T

IRE

1 M}W E ®Mo(p, n)*™9Tc and®*Mo(p, 2n)*"9Tc reactions [27] are
Nozaki et al. {25] ‘lll yy r
——— Nozaki et al. ] 7]
! Wz ratio is constant at 0.07, i.e. the 7%Tc impurity cannot
l/
10k I/ . -
T Y . 92Mo (e, pn)*™9Tc. In the case of the isomeric pai™9l,
30 40 50 three reactions, namel¥?Te(p, 3n)12Mm9|, 12°Tg(p, n)i2m9|

0 10 20
Proton energy [MeV] and *Te(d, 2n)*?™9], were investigated. The level of

Fig. 3. Excitation functions of*As(p, xn)">*"*Se nuclear reactions, the 2®| impurity in ?®1 was found to be the lowest in
depicting the influence of the increasing projectile energy. The opti-the 12°Te(p, n)-process [28]. Evidently, the development
i T i — .. . . . . .
mum energy range for the production 86e isE, = 40— 30MeV. ¢ new radioisotopes, especially if they contain isomeric
Diagram adopted from [26]. . .
states, involves considerable amount of fundamental nuclear

chemistry work.

Isomeric impurities

The commonly used cyclotron radionuclides (positron emit-3-2-5 Status of cross section data and integral tests

ters, SPECT radioisotopes lik€1, **'Tl, etc.) are isotopes |n comparison to the data for radionuclide production via
without any other measurable isomeric state. Many of théyeutron induced reactions in a nuclear reactor, the data for
potentially interesting research related radionuclides, on th@nharged particle induced reactions at cyclotrons and acceler-
other hand, consist of two isomeric states. If one of the stategtors have not been evaluated in much detail. Although the
is short-_llved_and decays ogt by the time of appllcatlor_1 of thebody of available data is not small [cf. 29, 30], not much
longer-lived isomer, there is no problem. However, if only effort has been devoted to the evaluation methodology of
the shorter-lived isomer is of interest, there may be someharged particle data. Only recently the most common reac-
dnfﬂculty in resolvmg the decay curves {and kee.plng the radi-tions for the production of widely usegt and y-emitters
ation dose to the minimum level. Two interesting exampleshayve been considered in the framework of an IAEA Coor-

which have emerged in recent years #®Tc and*™?l.  ginated Research Programme (CRP). Theory was found to
be of limited use, so the major emphasis was on fitting pro-

cedures. The thus evaluated data are now available for the
reactions considered [14, 21]. Data testing via integral yield
measurements under well-defined conditions should be the

- Ep= 137 MeV
10° - next step. This has, however, so far not been done.
= Besides the well-established diagnostic radionuclides,
N several non-conventional, research type radionuclides are
10° gaining enhanced worldwide attention [cf. 31]. The develop-

ment of production methods of those radionuclides demands
detailed nuclear data work, covering both experimental in-
vestigations and nuclear model calculations.

T T 1T

T T TTTIH

Cross section [mb]
>

3.3 Roleof nuclear model calculations

Nuclear model calculations are of considerable interest in
medical radioisotope production programmes, in particular

—
<
[=]
—]

T TTTAM

o
10! ! with regard to their predictive power in case of unknown
5 - 5' 1 1:) 1 1'5 1 ~o  Cross sections. In the energy region up to 20 MeV,, the statis-
Proton energy [MeV] tical model using the_ Hauser—Fe_shbach formalism has be(_en
very successful. At higher energies the precompound-hybrid
Fig.4. 'Excitation functions of**Mo(p, xn)-processes !eading to the model has been commonly applied.
formation of **7Tc, *¥Tc, 2Tc and*"9Tc. The optimum energy The reactor production of radionuclides involves neu-

range for the production 6¥"Tc is E, = 13— 7 MeV; the isomeric . - :
impurity “Tc, however, cannot be altogether eliminated. Diagram tron induced reactions up to 20 MeV. Most of the reaction

adopted from [27]. cross sections can be described fairly well by the theory.
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As far as unknown cross sections are concerned, the prediprobably (4) or (47). Best results were obtained by assum-
tive power of the theory, especially in combination with the ing the energy of the metastable state as 550 keV (as against
known cross section systematics, is high. In the case of cy900 keV given in the literature) and its spin as)AWith the
clotron production of radionuclides, a large number of reac-atter two assumptions ths, /o, ratio could be reproduced
tion channels in various mass regions are involved. Nucleaalso in**Te(p, n)*?®9 and'*Te(d, 2n)*™9| processes. In
model calculations are only partly successful in reproduc-medical radioisotope development work involving formation
ing the production cross sections. In the light mass regionpf isomeric states, therefore, besides careful experimental
for example, which is of paramount importance in PET, the-work, also a detailed knowledge of the level structure is
ory cannot help. In the medium and heavy mass regions, orequired to be able to perform reliable nuclear model calcu-
the other hand, especially th@,(xn) and @, xn) reaction lations to verify and validate the measured data.
products can be described very well up to incident particle
energies of about 50 MeV (cf. contribution by Shubin, this .
issue). In particular, the calculated data may be useful irft. Conclusions
adjusting the reaction thresholds since many of the expefriyclear data play a very important role in the choice and
mental curves are rather erroneous near the thresholds (Sg&.gical application of a radioisotope. The nuclear struc-
a3bove). In case of other reactions, such@s, (d, Pxn),  yre and decay data determine the suitability of a radioiso-
(*Hexn), («, xn) etc., considerable deviations may occur yyne for diagnostic application and the reaction cross sec-
between experimental and calculated data [cf. 32, 33]. Atjg qata its possibility of production in a pure form. Both
energies above 50 MeV, even the simpieXn) and €, xn)  reactors and cyclotrons are used for production purposes.
reactions are not reproduced well by the theory. On the othefyq (655 section data for reactor production are generally
hand, it needs to be emphasized that the calculated dafge| known and can be satisfactorily reproduced by nuclear
may have sufficient accuracies in connection with neutronyqe| calculations. The cyclotron production, on the other
and proton therapy (cf. contribution by Chadwick, this iS- hang demands an extensive database, which is rather good
sue). The acguracies required in the isotope prpo[uction work: the case of the commonly usett and single photon
are more stringent and hence more emphasis is placed Qjting radionuclides. The production of non-conventional
experimental data. , _ radionuclides, however, puts some demands on data meas-
In contrast to total cross section of a reaction channel, th%rements as well as technical and radiochemical develop-
calculation of a partial cross section, i.e. the probability of .\ onts In this context, longer-livest emitters are gaining
formation of an isomeric state, is more demanding since fu”increasing importance. Many of the new radionuclides under
information on nuclear structure has to be fed in. The ex-qnsideration consist of two or more isomeric states. De-
citation functions for the formation of isomeric impurities, yjleq measurements on isomeric cross section ratios in all
therefore, cannot be predicted by theory only, and supporty,e nossiple reaction channels are necessary to be able to
ing experimental studies are esoientlal. As an example, thengose a process which gives the lowest isomeric impurity.
results [34] for the isomeric paif®9l are shown in Fig. 5.\ clear model calculations can reproduce the experimental
The op/oq ratio in the'*Te(p, 3n)**™9l-reaction was de- yata on , xn) and @, xn) reactions on medium mass tar-
termined experimentally and also calculated usin.g the cod%et nuclei in the proj;actile energy range from threshold up
STAPRE. The ground statdy(, = 1.4 h) has a spin (2; {5 ahout 50 MeV. All the reactions in the light mass region,
the spin of the metastable sta® { = 53 min), however, is ,,common reactions (likep( «)) in various mass regions,
not known with certainty. The calculated results for various o, jsomeric cross section ratios cannot be properly treated
spin values of the metastable state suggest that its true SPINS the theory. In all those cases experimental studies are

mandatory.
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