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Abstract 
Cancer treatment represents a major economic and medical issue because of the extensive incidence of the disease worldwide, with a 
particularly large rate of increase to be found in developing countries – under such unfortunate circumstances, up to half of all cancer 
patients receive some form of radiation therapy in the course of their treatment. Various facets of the preparation and both evasive and non-
evasive delivery and irradiation of patients require sound knowledge and characterisation in order to ensure efficacious treatments. One 
important requirement is the adoption and implementation of accurate and well-defined nuclear decay data. Nuclear data needs will be 
described with respect to their importance in ensuring the further evolution of improvements in nuclear medicine throughout the early 21st 
century. Experimental measurement techniques are reviewed, with the emphasis placed on recent developments that have the potential to 
achieve substantial leaps in our understanding of the nucleus, particular by means of γ-ray spectroscopy. A select number of internationally-
accepted decay-data evaluations and compilations are also discussed in terms of their contents. Various important decay-data issues are 
assessed, and note taken of any significant requirements for better quantified data. Both the recommendations formulated during the course 
of recent technical debate and the results of completed and on-going work are described.  
 
 
 
 
 
 
 
 
Lectures:   Overview of decay data – Part I 11:15, 30 September 2013 
   Overview of decay data – Part II 11:00, 1 October 2013 
Demonstration: Data retrieval exercises  16:00, 3 October 2013 
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1. Introduction 
The suitability of specific radioisotopes for medical applications is well established in 
relation to cancer diagnosis and therapy [1−3]. Both nuclear reactors and particle 
accelerators, coupled with powerful chemical separation techniques, provide the means of 
producing suitable high-purity radioisotopes for diagnostic studies and therapeutic treatment 
[4, 5]. More specifically, medical applications of radiation are of considerable interest, and 
therefore over the previous twenty-five years the International Atomic Energy Agency 
(IAEA) has supported a series of investigations into the identification and quantification of 
production routes and decay characteristics of those radioisotopes judged to be of existing 
and emerging importance in nuclear medicine [6, 7]. Recommendations have been 
formulated during the course of a series of extensive technical discussions, resulting in 
various completed, on-going and proposed coordinated research projects [8−11]. 

Prior to consideration of the status and identified deficiencies in the nuclear data adopted to 
characterise exposure to diagnostic and therapeutic radionuclides in nuclear medicine, 
consideration is given to the basic needs for accurate and comprehensive decay data judged 
as important in defining the desired optimum exposure of patients. Well-defined 
measurements of α, β−, β+, γ, X-ray, and Auger- and conversion-electron emissions are 
required to avoid both under- and over-exposure to such disparate radiations during the 
course of diagnostic and radiotherapeutic treatments. 

2. Nuclear Decay Data 
Accurate measurements and in-depth assessments and evaluations of decay schemes along 
with the resulting authoritative recommendation of radioactive decay data have been 
important requirements in nuclear physics over many years. Recommended decay data are 
normally derived from all relevant publications that include quantification of decay-scheme 
data primarily by means of direct measurement but also by calculation. The measurement and 
derivation of such recommended data sets are welcomed by nuclear physicists (a) to define 
the status and our current knowledge of particular decay parameters, and determine whether 
there is a need for further study, and (b) hopefully to provide highly reliable input data for 
modelling codes in order to ensure adoption of their outputs with reasonable confidence. 

Atomic and nuclear decay-data parameters encompass the following [12−14]: 
 half-life, 
 total decay energies (Q-values), 
 branching fractions (if more than one known decay mode), 
 α-particle energies and emission probabilities, 
 β−-particle energies, emission probabilities and transition types, 
 electron-capture and β+-particle energies, transition/emission probabilities and 
transition type (also EC/β+ ratios when appropriate), 
 γ-ray energies, emission probabilities and internal conversion coefficients (also 
internal-pair formation coefficients for β+β− when appropriate), 
 Auger- and conversion-electron energies and emission probabilities, 
 X-ray energies and emission probabilities, 
 spontaneous fission properties (branching fraction and recoil energies), 
 delayed-neutron energies and emission probabilities, 
 delayed-proton energies and emission probabilities, and 
comprehensive quantification of the uncertainties associated with all of the above 
atomic and nuclear parameters. 
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Additional ancillary data requirements can be met from the above, including various total 
mean energies: 

 mean heavy-particle energy (includes mean α, neutron, proton, fission fragment, and 
associated recoil energies), 
 mean light-particle energy (includes mean β−, β+, Auger-electron and conversion-
electron energies),  
and mean electromagnetic energy (includes mean γ, X-ray, β+β− annihilation radiation 
and internal bremsstrahlung). 

While more exotic modes of decay have been detected (e.g. double-beta (ββ) and 
cluster/heavy-ion decay), these low-probability phenomena are not considered further in this 
document. 

3. Measurements of Decay Data: Experimental Techniques 
Radioactive nuclides of interest are normally prepared by means of either reactor irradiation 
or charged-particle acceleration and controlled bombardment of carefully prepared targetry. 
Isotopic enrichment of the target material and purification of the resulting product represent 
important requirements when striving to measure accurate decay data. Various radiochemical 
procedures have been successfully adopted to achieve elemental separation of the irradiated 
target, including anion-exchange chromatography, application of many forms of liquid-liquid 
extraction, and dry distillation [15-17]. For example, the adoption of various radiochemical 
techniques to achieve high levels of radionuclidic purity was very important in forming the 
basis for accurate measurements of the positron emission probabilities of 64Cu, 76Br and 124I 
for medical applications [17]. 

Long-established experimental techniques can be used to quantify in detail specific features 
of a decay scheme, ranging from α, γ and electron spectroscopy operated in singles and 
various coincidence modes, time-dependent measurements of these emissions to determine 
important parameters such as half-lives, and angular correlation studies for improved 
understanding of the structure of the nucleus. The more substantive techniques are briefly 
discussed below with respect to nuclear medicine, along with some thoughts on future 
developments. 

3.1  α spectroscopy 
Obviously, measurements of α spectra play an important role in quantifying and defining the 
decay schemes of α-particle emitting nuclides, and impact most significantly on studies of 
many heavy elements and actinides. One loss over recent years has been the decline in 
maintenance of dedicated magnetic spectrometers that offer extremely good energy 
resolution. Precise, well-defined studies of α spectra were feasible with homogeneous-field 
magnetic spectrographs [18, 19]. Silicon-based ionization detectors such as the silicon barrier 
detector (SBD) and passivated implanted planar silicon (PIPS) detector are now much more 
commonly used to measure the energies and emission probabilities of α particles [20]. As 
examples, good resolution α spectra obtained by means of a 450-mm2 PIPS detector are 
shown in Fig. 1 for mass-separated sources of 237Np and 243Am [21]. 
Significant developments have recently occurred with respect to improvements in energy 
resolution by means of cryogenic microcalorimetry:  

a) detector system consisting of a superconducting transition-edge sensor (TES) with 
Mo:Cu bilayer and an absorber of superconducting tin has been shown to give an 
energy resolution of (1.06 ± 0.04) keV FWHM for 5.3-MeV α particles [22]; 



A.L.	
  Nichols	
   α, β+, γ and Auger-Electron Decay Data in Nuclear Medicine – Experimental Determination, Status and Deficiencies 
 

5 
	
  

b) sensor of gold doped with a small concentration of erbium (Au:Er) for which the 
magnetization changes as a function of modification in temperature by α-particle 
absorption − energy resolution of (2.83 ± 0.05) keV FWHM was determined for 
5.5-MeV α particles [23]. 

Such ultra-high resolutions are a significant improvement beyond the theoretical limit of 
conventional silicon detectors. Alpha-particle measurements with this type of detector system 
would greatly reduce uncertainties in decay schemes and specific aspects of their decay data, 
with an inevitably beneficial knock-on effect involving the accuracy and efficacy of their 
application. 

3.2 X- and γ-ray spectroscopy 
The extremely successful development and adoption of silicon and germanium crystals as 
detectors in X- and γ-ray spectroscopy has contributed immensely to our understanding of the 
atomic nucleus across the known Chart of the Nuclides. Since the late 1960s, Si- and Ge-
based detectors have offered the best compromise between energy resolution and efficiency 
to ensure sound, accurate and reliable X- and γ-ray spectral studies. Example spectra of both 
γ and electron emissions from a 67Cu source are shown in Fig. 2, as obtained by means of 
HPGe and thin Si detectors, respectively (Kondev, private communication, ANL, USA, 
2013). 
More specifically, major advances into the 1980s were associated with increased volume and 
improved purity of Ge crystals, while the more recent introduction of segmented Ge systems 
has further improved their detection capabilities and performance characteristics. Thus, a 
significant amount of nuclear structure data measured and evaluated for inclusion in 
recommended decay databases originates from γ-ray spectroscopy undertaken with single-
crystal Ge(Li) and HPGe detectors which operate satisfactorily below 110K (and therefore 
are normally maintained by means of liquid nitrogen at 77K). Directly measured data include 
X- and γ-ray energies and emission probabilities, with the added potential to derive the spins, 
parities and lifetimes of excited states, determine γ transition types and mixing ratios, and 
calculate directly other features of the decay scheme under investigation. Low-energy photon 
spectrometers (LEPS) based on a planar small-area HPGe crystal have also been specifically 
developed to measure γ-ray spectra over the low to intermediate energy range from 3 to 
approximately 300 keV at high resolution, and an example γ spectrum of a chemically-
purified 233Pa source is shown in Fig. 3 [21]. 

The division of a Ge crystal into sections offers additional information identified with the γ 
interactions, referred to as γ-ray tracking expressed in terms of energy, time and location – 
the net result has been the twin achievements of unprecedented efficiency and energy 
resolution. The development and operational characteristics of single-crystal Ge detectors and 
more advanced Ge detector arrays can be found in the substantial review articles of Lee et al. 
[24], and Eberth and Simpson [25]. Only a brief semi-historic summary is given below. 
Rapid progress in the discovery and understanding of nuclear structure and decay data in the 
1970s was almost entirely related to the advent of Ge(Li) detectors in γ-ray spectroscopy. 
Such beginnings led on to technological advances in the growth of large high-purity Ge 
crystals to increase the peak-to-Compton ratio, reduce background effects, and improve the 
coincidence rate and spectral statistics. Escape-suppression shields were introduced in order 
to reject partly absorbed events from the γ spectra, and the number of escape-suppressed Ge 
detectors was increased into arrays during the course of the 1980s to compensate for the 
commensurate loss in coincidence efficiency [25]. Such HPGe arrays with double gating and 
ancillary detectors opened up the possibility of measuring γ-γ-γ coincidences to quantify 
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weak and complex γ cascades. Second-generation systems consisting of 4π solid-angle arrays 
of germanium detectors and BGO (bismuth germanate (Bi4Ge3O12)) shields have proved to be 
very costly, and therefore resulted in the evolution of only two recognised primary projects 
(Fig. 4):  

Gammasphere – multi-laboratory programme based in the USA; and 
Euroball collaboration in Europe.  

Gammasphere and Euroball are seen as achieving the highest feasible goals for 4π solid-angle 
arrays with escape-suppressed Ge detectors. Their impressive achievements in the continued 
evolution and resolution of nuclear structure and decay scheme data can be found on the Web 
[26, 27]. 

Scientific interest has tended to focus in recent years on extraordinary N/Z ratios close to the 
proton and neutron drip lines as a consequence of the growing need to support the study of 
nuclear reactions generated by emerging radioactive ion beam facilities (RIB). Theoretical 
analyses and experimental studies on Ge-based detector design has led to the concept of γ-ray 
tracking in terms of the position, energy and time of all γ-ray interaction points within Ge 
detector systems (Fig. 5): 

− GRETA (Gamma Ray Energy Tracking Array, USA [24]; geodesic configuration of 
120 to 130 segmented HPGe detectors); 

− AGATA (Advanced GAmma Tracking Array, Europe [25, 28]; geodesic 
configuration of 180 hexagonal and 12 pentagonal segmented HPGe detectors). 

Identification of the interaction points and quantification of the energy deposited at these 
locations can be achieved with highly-segmented Ge detectors and pulse-shape analyses. 
However, the sequence of a γ-ray scattering process is too fast for measurement compared 
with the time resolution of a Ge detector, and therefore tracking algorithms based on the 
underlying interaction processes have to be used. While GRETA and AGATA will permit 
access to the farthest reaches of the Chart of the Nuclides, other areas of nuclear application 
will also benefit from the operational advances in Ge detector technology. Thus, the 
development of position-sensitive γ-ray detectors for nuclear structure studies will have 
important repercussions in medical imaging, astrophysics and nuclear safeguards. 
GRETINA represents a significant stepping-stone towards GRETA, and consists of coaxial 
Ge crystals of tapered hexagonal shape that make up seven modules, each containing four 36-
fold segmented crystals (Fig. 6). This set of 28 Ge crystals covers a quarter of the 4π solid 
angle envisaged for GRETA, and will be extensively tested in a series of nuclear structure, 
reaction and symmetry studies [29]. Similarly, an AGATA sub-array consisting of five triple 
clusters of highly-segmented Ge detectors has been assembled at Laboratori Nazionali di 
Legnaro, Padova (total of 15 Ge crystals compares with the full AGATA 4π geometry of 60 
triple clusters (180 Ge detectors)). Complementary analysis systems are available to operate 
in conjunction with the AGATA sub-array, and so extend the measurement capabilities to a 
broader range of nuclear physics topics [30]. 
Assembled stacks of planar double-sided Ge strip detectors (DSSD) possess sufficient 
pixelation to achieve γ-ray positional resolution [24]. Possible drawbacks are envisaged, such 
as the existence of dead layers at the edge of each planar crystal and the need for mechanical 
structure to ensure the provision of sufficient cooling to the HPGe detectors. Nevertheless, 
such systems are being studied for their γ-ray tracking potential and possible application in 
high-resolution photon imaging. 
The ability to discriminate between γ rays of slightly different energies by means of a 
scintillator is of importance in medical imaging, γ-ray spectroscopy and X-ray astronomy. 
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Both NaI(Tl) and CsI(Tl) have been the scintillators of choice for over 50 years because of 
their reasonable energy resolution, while other scintillators such as Bi4Ge3O12 in positron 
emission tomography (PET) and PbWO4 in high-energy nuclear physics have found 
appropriate application. However, lanthanum halides doped with Ce3+ have also been shown 
to exhibit significant promise based on good energy resolution in combination with fast 
luminescence decay [31-33]. The superior energy resolution of LaBr3(Ce) scintillator has 
successfully been used with Gammasphere to quantify with good precision the lifetimes of 
nuclear levels between 50 ps and 1 ns, as populated in the IT and β− decay of 177mLu [34]. 
Potentially new and improved scintillators are constantly being assessed for adoption in high-
resolution γ-ray spectroscopy, and studies of their performance provide essential guidance as 
to their suitability and application [35]. 
Another noteworthy technique for accurate X- and low-energy γ-ray detection is the X-ray 
microcalorimeter [36, 37]. Effectively, the detector system consists of 36 microcalorimeters 
in 6 x 6 array, although only 32 are electronically active: 28 pixels use 8-µm thick HgTe 
absorbers, and the remaining four pixels use 30-µm thick Bi absorbers. Maximum sensitivity 
is achieved when this device operates at 60 mK to give an energy resolution of 6 eV 
(FWHM) from 0 to 10 keV, while an operating temperature of 90 mK gives FWHM of ~ 26 
eV up to about 60 keV. This device senses and quantifies the heat deposited by incident 
photons on the HgTe absorbers, and has been used with impressive accuracy to determine an 
energy split of only (7.6 ± 0.5) eV between the ground and first excited states of 229Th, based 
on precisely measured differences in the more substantial γ rays populating both members of 
the doublet [38]. 

3.3  Electron spectroscopy 
Appropriate studies of β, Auger-electron and internal conversion-electron emissions have 
yielded important data in the resolution of difficulties associated with the population and 
depopulation of daughter nuclear levels and the derivation of a normalisation factor to 
convert relative γ-ray emission probabilities to absolute values. Various types of detector 
system have been used, e.g. permanent-magnet 180° spectrograph, permanent-magnet pre-
accelerating spectrograph, six-gap spectrometer and iron-free π√2 double-focusing 
spectrometer [39-41]. While sound quantification of electron emissions has proved important 
input to the evolution of fully consistent decay schemes and well-defined decay data, this 
type of complex spectrometric study has been seriously neglected in recent years. A major 
problem is the bulky nature of the magnet systems, coupled with the delicate nature of the 
multi-element detector assemblies – their maintenance and operation have historically proved 
to be costly.  
An alternative approach involves the adoption of electrostatic devices which are more 
suitable for low-energy electron studies up to 2 keV [42]. Major advantages when compared 
to magnetic systems include moderate dimensions based on localized electrostatic fields, low-
power voltages, robust shielding against external magnetic fields, and insensitivity towards 
temperature fluctuations. Examples of Auger spectral studies of the KLL, KMM, KMN and 
KNN transitions of 111Cd from the EC decay of 111In are shown in Figs. 7 and 8 [43-45]. 
Resolution of the spectral complexity is impressive, with the various components identified 
in both figures as continuous lines. 
β− intensity distributions are normally determined from any calculated imbalances in the γ 
population and depopulation of nuclear levels of the decay schemes assembled and quantified 
by means of γ-ray spectroscopy. However, such experimental studies can be fraught with 
difficulties resulting from the failure to detect all of the weak γ transitions. Faced with this 
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basic problem of omission in the study of complex decay schemes, Total Absorption Gamma-
ray Spectroscopy (TAGS) has been used to determine unambiguous β− feeding data [46, 47]. 

4. Recommended Decay Data 
Compilations and evaluations of nuclear data have been produced since the early 1930s to 
inform and assist nuclear physicists, α and γ spectroscopists, and basic nuclear science 
researchers. More specifically, extended libraries of reaction cross sections, fission yields, 
nuclear structure and decay data have evolved in well-defined formats for application by 
nuclear engineers and plant operators in power generation, fuel reprocessing and waste 
management. As outlined below, such libraries have historically been updated over agreed 
time intervals either by means of international consensus, or more localised efforts based on 
immediate national needs. Regular improvements to and subsequent controlled studies of the 
contents of a decay-data library also provide a rapid means of assessing their applicability 
and suitability − such activities assist greatly in defining further requirements to improve 
existing decay data. 

Katharine Way began collecting and compiling nuclear data in the early/mid 1940s, and a 
compilation of her work first appeared in 1950 [48] – no specific values were recommended, 
nor uncertainties given. Nevertheless, this work evolved into Nuclear Data Sheets (as 
published by Academic Press, and subsequently by Elsevier Inc.) and the Evaluated Nuclear 
Structure Data File (ENSDF) [49]. Evaluations of nuclear structure and decay-data 
measurements are carried out at regular intervals of time, and formatting codes have been 
developed to display the recommended nuclear data in a clear, concise and well-defined 
manner.  These studies continue as a multinational work programme, with biennial meetings 
held to discuss both managerial and technical issues under the auspices of the Nuclear Data 
Section of the International Atomic Energy Agency [50]. 

4.1 Decay-data files 
Consideration has been given to the most comprehensive databases that are judged to be most 
relevant to defining the status of and existing requirements for improved decay data: 

1) ENSDF (Evaluated Nuclear Structure Data File) – consists of nuclear structure and decay 
data for all known nuclides (www.nndc.bnl.gov/ensdf/). Complete mass chains are evaluated 
at regular intervals (nominally every seven to ten years) by members of the International 
Network of Nuclear Structure and Decay Data Evaluators, and published in Nuclear Data 
Sheets [49]. The strength of ENSDF is to be found within the completeness of this 
comprehensive database (representative contents of ENSDF files are shown in Figs. 9 and 10 
for the EC decay data of 62Cu and IT decay data of 99Tcm, respectively). NuDat represents an 
electronic Chart of the Nuclides based primarily on the contents of ENSDF and constitutes a 
user-friendly means of accessing decay data (www.nndc.bnl.gov/nudat2/), while MIRD 
(Medical Internal Radiation Dose) generates the result of processing ENSDF decay data 
through the RADLST code to give the energies and intensities of all emitted radiation, along 
with their dose rates (www-nds.iaea.org/mird/). The Nuclear Wallet Cards constitute a 
pocket-sized booklet containing comprehensive sets of selected nuclear properties extracted 
from ENSDF – Ref. [51] was assembled and issued in 2011. NSR (Nuclear Science 
References) is an ancillary bibliographic database through which mass-chain evaluators and 
other users can accesses all publications of interest (www-nds.iaea.org/nsr/index.jsp). 
2) DDEP (Decay Data Evaluation Project) – resulting data files contain comprehensive 
atomic and nuclear decay data evaluations of selected radionuclides, with emphasis placed on 
the completeness of each decay scheme and the derivation of X-ray and electron decay data 
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[52-59].  Multinational evaluations are submitted via a coordinator to the custodian of both 
the database and associated comments files at the Laboratoire National Henri Becquerel, 
CEA Saclay, France. DDEP evaluations are based on the implementation of a series of agreed 
evaluation procedures, with the aim of assembling high-quality files of recommended decay 
data of immediate value as standards in radionuclide metrology; these particular data sets 
have also been assessed, adopted and are now supported by the Bureau International des 
Poids et Mesures (BIPM) as suitably recommended decay data for worldwide adoption. 
Comprehensive decay data for 201 radionuclides are contained within the DDEP files 
(www.nucleide.org/DDEP_WG/DDEPdata.htm), as observed on 10 September 2013.  
3) Relevant IAEA databases – a number of nuclear data initiatives organised as Coordinated 
Research Projects (CRPs) under the auspices of the International Atomic Energy Agency 
(IAEA) have resulted in the generation of high-quality decay data. 

a) Update of X ray and gamma ray decay data standards for detector calibration and 
other applications, 1998-2005 [60-62] 

   www-nds.iaea.org/xgamma_standards/   
   www-nds.iaea.org/publications/tecdocs/sti-pub-1287_Vol1.pdf  

www-nds.iaea.org/publications/tecdocs/sti-pub-1287_Vol2.pdf  
Radionuclides within this particular database of high relevance to nuclear 
medicine include 60Co, 64Cu, 66Ga, 67Ga, 99mTc, 111In, 123I, 125I, 131I, 137Cs, 153Sm, 
166Ho, 169Yb, 192Ir and 201Tl [61, 62]. 

b) Updated actinide decay data library, 2005-2011 [63-66] – data also forwarded for 
inclusion in the DDEP database, and listed on the web site 

   www.nucleide.org/DDEP_WG/DDEPdata.htm  
Radionuclides within this particular decay database address requirements in (i) 
nuclear power generation with the inclusion of all important Th, Pa, U, Np, Pu, 
Am and Cm radionuclides and their natural decay products, and (ii) nuclear 
medicine applications identified with 212Bi (228Th decay chain), 213Bi (229Th/225Ac 
decay chain), 211At/211Po, 223Ra (within 227Ac decay chain), 241Am and 252Cf [66]. 

Other nuclear data libraries have been assembled and subsequently updated in various ways, 
based primarily on the guidance and requirements of the nuclear power industry. These 
decay-data sub-libraries have been prepared via a combination of evaluation and direct 
adoption of recommendations from respected data sources (e.g. data extraction from ENSDF, 
DDEP and other evaluated atomic and nuclear data files). These recognised nuclear 
applications databases and their sub-libraries of recommended decay data are maintained in 
an internationally-accepted format (ENDF-6) and are normally dedicated to the modelling of 
power-reactor operations and fission-based fuel cycles, although they can be used further 
afield for fusion research studies and various non-energy applications, if desired. 
Communication links with many electronic decay-data files are rapid and comparatively easy 
to implement in the age of the PC, Internet, CD and DVD. As mentioned above, NuDat 
provides a user-friendly means of extracting decay data from ENSDF 
(www.nndc.bnl.gov/nudat2/); LiveChart also accesses ENSDF, and offers the user a wide 
range of procedures to interrogate this database and display the nuclear parameters of interest 
in various ways (www-nds.iaea.org/relnsd/vchart/index.html). JANIS constitutes an 
equivalent software platform for the rapid inspection and display of numerical data within the 
JEFF nuclear data library (www.oecd-nea.org/janis/). 
Dedicated catalogues of γ-ray spectra have been assembled to assist greatly in the 
characterisation and quantification of the radioactive content of materials [67, 68]. Systematic 
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studies of the γ-ray emissions of individual radionuclides have been carried out by means of 
NaI(Tl) scintillation, Si(Li), Ge(Li) and HPGe detectors, and these “fingerprint” spectra are 
of immense value in spectroscopic analyses. With the advent of the Internet, these γ-ray 
spectrum catalogues and enhancements have conveniently been made available in electronic 
form through the Web site: www.inl.gov/gammaray/catalogs/catalogs.shtml 
 NaI(Tl) scintillator −  www.inl.gov/gammaray/catalogs/pdf/naicat.pdf 
 and Ge and Si(Li) detectors −  www.inl.gov/gammaray/catalogs/pdf/gecat.pdf 

4.2 Status of decay data 
Important work continues or is being planned to explore further structural facets of the 
nucleus, particularly through the use of radioactive ion beams to study specific areas of the 
Chart of the Nuclides in a highly focussed manner. Furthermore, significant efforts are 
constantly being made to respond fully to the demands of decay-data users in support of their 
nuclear applications. Accurate measurements and sound evaluations of decay data have been 
proposed and are underway to provide information to assist in basic nuclear physics research 
and ensure the efficacy and validity of nuclear data as applied to nuclear medicine, analytical 
science, and fission and fusion reactor physics. 

Specific inadequacies and uncertainties remain to be addressed with respect to the decay-
scheme data for a number of radionuclides of possible application in nuclear medicine, as 
discussed below in Section 5. Further work is required to build on previous initiatives such as 
the relevant IAEA CRPs through consideration of possible needs to improve specific decay-
data parameters over the next 5 to 15 years.  Greater accuracies in some of the existing data 
would prove beneficial, along with new additions to ensure that some pre-emptive measures 
are in place to address our future requirements for diagnosis and radiotherapy. 

5. Nuclear Medicine 
Both nuclear diagnostic and therapeutic procedures extend across a wide range of medical 
activities to address and benefit human health in a safe and efficacious manner [1]. Specific 
radionuclides have been identified as potentially suitable for various life-saving applications. 
While their production routes and decay properties need to be defined with confidence, some 
deficiencies remain, especially with regard to the optimum generation of specific 
radionuclides, minimization or elimination of impurities, and the accurate quantification of 
various decay parameters [69-71]. Decay-data requirements include a sound knowledge of 
the half-life and α, β−, Auger-electron, conversion-electron, β+, γ and X-ray energies and 
emission probabilities as appropriate for patient-dose calculations. 

Various radionuclides of the desired purity and decay characteristics have been adopted for 
the diagnostic imaging of physiological and biochemical processes within the human body. 
Nuclear techniques such as Single-Photon Emission Computer Tomography (SPECT) and 
Positron Emission Tomography (PET) complement other imaging methods (e.g. magnetic 
resonance and ultrasound) to furnish an extremely powerful means of detecting functional 
abnormalities and disease. A number of γ-emitting radionuclides possess decay 
characteristics that are highly suitable for diagnostic studies by means of gamma cameras 
(Table 1) − their chemical form is particularly important in ensuring efficient and precise 
delivery to the body function(s) of interest. 
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Table 1: Commonly used radionuclides in nuclear medicine for gamma imaging of body 
functions: relevant decay properties [49, 52-58]. 

Radionuclide Half-life Noteworthy gamma emissions: Eγ (keV), Pγ (%) 
67Ga 3.2617 (5) d 93.307 (12), 38.1 (7)%; 184.577 (17), 20.96 (44)%;  

300.232 (21), 16.60 (37)%; 393.528 (20), 4.59 (10)% 
81Rb/81Krm generator 81Krm: 13.10 (3) s 

81Rb: 4.572 (4) h 
190.46 (16), 67.66 (32)% 

82Sr/82Rb generator 82Rb: 1.2575 (2) min 
82Sr: 25.34 (2) d 

511 annihilation, 190.9 (4)%; 776.52 (1), 15.08 (16)% 

99Mo/99Tcm generator 99Tcm: 6.0067 (5) h 
99Mo: 2.7479 (6) d 

140.511 (1), 88.5 (2)% 

111In 2.8047 (4) d 171.28 (3), 90.61 (20)%; 245.35 (4), 94.12 (6)% 
123I 13.2234 (37) h 158.97 (5), 83.25 (21)% 
131I 8.0233 (19) d 80.1850 (19), 2.607 (27)%; 284.305 (5), 6.06 (6)%;  

364.489 (5), 81.2 (8)%; 636.989 (4), 7.26 (8)% 
133Xe 5.2475 (5) d 80.9979 (11), 37.0 (3)% 
201Tl 3.0421 (17) d 135.312 (34), 2.604 (22)%; 167.45 (3), 10.0 (1)% 

Cyclotrons and linear accelerators have increasingly been used to generate radionuclides for 
both diagnostic and therapeutic purposes by means of a wide range of charged-particle 
reactions [2, 4, 5], along with nuclear reactors employed to produce various activation and 
fission products for similar applications. Latter examples include sealed sources of 60Co and 
137Cs to provide external γ beams that penetrate the body and constitute the means of 
controlled therapeutic treatment to internal tumours. Studies of heavy-ion beam therapy have 
furnished striking evidence for the accurate delivery of a well-defined, localised dose to a 
particular site, and carbon-ion beams exhibit particular promise in this respect. Brachytherapy 
involves the use of sealed sources placed in or close to the tumour, while attempting to ensure 
minimal damage to healthy tissue – 103Pd, 125I (as X-ray emitters), and 137Cs and 192Ir (as γ 
emitters) with effective ranges of a few centimetres are commonly used, while β− emitters 
include 32P, 90Y and 188Re with effective ranges of a few millimetres. Radio-immunotherapy 
involves the covalent bonding and labelling of monoclonal antibodies and peptides with 
radionuclides such as 90Y, 131I, 153Sm and 213Bi for injection into the bloodstream, followed 
by transport and attachment to tumours. PET has become an extremely noteworthy and 
successful technique for the diagnosis of cancer − the most popular radionuclide for such 
studies has been 18F (half-life of 1.83 h), which requires the radionuclide production and 
patient treatment facilities to be close to each other geographically. 
The proposed introduction of less familiar radionuclides in nuclear medicine necessitates a 
sound knowledge of their production cross sections, half-lives and decay schemes, and much 
effort is expended to derive such data through measurement and evaluation. As noted briefly 
in Section 1, medical applications of radiation are of considerable interest to member states of 
the International Atomic Energy Agency (IAEA), and therefore from about 1980 onwards the 
IAEA has supported a series of well-focused discussions and in-depth investigations into the 
identification and quantification of the production routes and decay characteristics of those 
radioisotopes judged to be of existing and emerging importance in nuclear medicine. These 
IAEA initiatives have included a Coordinated Research Project (CRP) on “Charged particle 
cross-section database for medical radioisotope production: diagnostic radioisotopes and 
monitor reactions” to consider the nuclear data requirements for diagnostic radionuclides [6], 
followed by an equivalent study for therapeutic radionuclides defined as “Nuclear data for the 
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production of therapeutic radionuclides” [7]. While both projects were primarily dedicated to 
measurements and evaluations of relevant cross sections for product nuclides and impurities, 
limited amounts of recommended decay data were also tabulated from ENSDF [49]. 
Re-assessments and further supportive recommendations were formulated during the course 
of a series of extensive technical debates that began in 2008: 

a) consideration of the existing IAEA database of charged-particle cross sections for 
diagnostic radioisotopes and monitor reactions (i.e. principal product of the 
coordinated research project undertaken from 1995 to 2001 [6]), resulting in the 
establishment of a new coordinated research project in December 2012 to improve 
and extend the excitation functions of the existing charged-particle monitor reactions 
and decay data for medical radionuclides [8, 11]; 

b) high-precision beta-intensity measurements and evaluations for specific PET 
radioisotopes for which the decay data of approximately 50 positron-emitting 
radionuclides were assessed, and recommendations made for a series of measurements 
and evaluations to improve the known decay characteristics of existing and potential 
PET radionuclides [9]; and 

c) cross-section and decay-data requirements for medical applications over an 
intermediate-term timescale of approximately 5 to 15 years, based on extensive 
discussions in 2011 [10]. 

Existing recommendations identified with items (a) and (c) focus on cross sections for a 
reasonably wide range of targets and projectiles, along with highly-specific requirements for 
further decay data measurements. Item (b) is more clearly related to inadequacies in the 
measured positron and X-ray emission probabilities of a relatively modest number of existing 
and potential PET radionuclides. 

Continued developments in medical imaging and therapy will involve the utilization of 
improved diagnostic and therapeutic techniques, along with the production of potentially 
more effective and suitable radionuclides. Such an envisaged set of circumstances merits the 
consideration of future needs to expand and improve the content of nuclear databases for 
medical applications. A summary of the recommendations for improved decay data is given 
below, based on the envisaged requirements for (a) diagnostic γ-ray emitters, (b) positron 
emitters, (c) therapeutic β−, X-ray and γ-ray emitters, (d) therapeutic Auger-electron emitters, 
and (e) therapeutic α emitters, and covering an estimated timescale of approximately fifteen 
years up to ~ 2025. The reader is also referred to the original IAEA reports for the 
recommended measurements and evaluations of excitation functions in order to optimize the 
production of these radionuclides [10, 11]. 
5.1 Charged-particle cross sections for beam-monitoring reactions and diagnostic 

radionuclides (1995-2001, and 2012 onwards) 
A major step change in the medical application of neutron-deficient radionuclides began to 
occur in the 1960s with the emerging development of judicious combinations of target and 
accelerated beams of charged particles capable of generating the required products to the 
desired level of purity. Although these methods of production were well established by the 
early 1990s, no evaluated and recommended sets of nuclear data were available to assist and 
guide the medical physicists in their efficacious treatment of life-threatening carcinomas. 
Under these circumstances, the IAEA organised and supported meetings and studies in the 
early 1980s that led to the establishment in 1995 of a Coordinated Research Project (CRP) 
dedicated to the development of a Charged Particle Cross-Section Database for Medical 
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Radioisotope Production, focusing on diagnostic radionuclides and related beam-monitor 
reactions and aiming to address the following needs: 

• compilation and evaluation of the most important reactions in the monitoring of 
proton, deuteron, 3He and alpha particle beams, 

• compilation and evaluation of production cross-section data for radionuclides most 
commonly used in nuclear medicine for diagnosis, 

• development of calculational tools for the prediction of unknown cross sections. 
The CRP involved eleven experts from nine research institutes and national radionuclide 
production centres – participants held three research co-ordination meetings from 1995 to 
1998 to agree and undertake individual work programmes, and their findings and 
recommendations were assembled as an appropriate database [6]. Much of the experimental 
work has been published, along with their consideration in various reviews, e.g. [69, 70]. 
Cross-section publications for twenty-two monitor reactions were considered, consisting of 
eight specific and generalized reactions for proton beams, five for deuterons, three for 3He 
and six for alpha particles, for which the data were evaluated over the ranges of particle-beam 
energy specified in Table 2. 

Table 2: Charged-particle beam monitor reactions. 
Reaction t½ of product nucleus Particle energy range (MeV) 

proton   
27Al(p,x)22Na 2.60 y 30 − 100 
27Al(p,x)24Na	
   15.0 h 30 − 100	
  
natTi(p,x)48V	
   15.97 d 5 − 30	
  

natNi(p,x)57Ni	
   1.48 d 15 − 50	
  
natCu(p,x)56Co	
   77.24 d 50 − 100	
  
natCu(p,x)62Zn	
   9.19 h 14 − 60	
  
natCu(p,x)63Zn	
   38.47 min 4.5 − 50	
  
natCu(p,x)65Zn	
   243.93 d 2.5 − 100	
  

deuteron   
27Al(d,x)22Na 2.60 y 29.5 − 80 
27Al(d,x)24Na	
   15.0 h 15 − 80	
  
natTi(d,x)48V	
   15.97 d 9 − 50	
  

natFe(d,x)56Co	
   77.24 d 8 − 50	
  
natNi(d,x)61Cu 3.33 h 2.5 − 50 

3He   
27Al(3He,x)22Na 2.60 y 10 − 100	
  
27Al(3He,x)24Na	
   15.0 h 25 − 100	
  
natTi(3He,x)48V	
   15.97 d 16 − 100	
  

α   
27Al(α,x)22Na 2.60 y 29 − 100 
27Al(α,x)24Na	
   15.0 h 50 − 100 
natTi(α,x)51Cr	
   27.70 d 5 − 40 

natCu(α,x)65Zn	
   243.93 d 15 − 50 
natCu(α,x)66Ga	
   9.49 h 8 − 30 
natCu(α,x)67Ga	
   3.26 d 15 − 50 

Similar systematic studies of the production cross sections for popular γ and β+ radionuclides 
were undertaken as defined in Tables 3 and 4, respectively. All of the experimental data 
considered are given in Ref. [6], although only those studies judged to be reliable and in 
acceptably good agreement were used in the subsequent evaluations. The final sets of 
recommended excitation functions are presented as discrete incremental data in tabulated 
form, and are also depicted as graphical comparisons with the various original sets of 
experimental data [6].  
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Table 3: Production cross sections for γ-emitting diagnostic radionuclides. 

Table 4: Production cross sections for β+-emitting diagnostic radionuclides. 

Nuclear reaction models can be used to predict cross sections when measurements are either 
not available or exhibit large discrepancies. CRP participants decided to use a number of 
available models as guides in their studies of almost fifty reactions, rather than adopt the 
resulting data as a full evaluation (although in some cases the modelled cross sections did 
indeed become the recommended excitation functions). The calculated cross sections 
exhibited good agreement with the experimental data for A > 30, and also produced better fits 
for proton-induced reactions compared with deuteron, 3He and alpha reactions. Poor 
modelling fits to the lower mass targets may be attributed to the reaction mechanism used in 
the codes. Nuclear structure plays a critical role in the lighter masses, and the R-matrix theory 
is more appropriate in the modelling of cross sections for such targets. Therefore, the CRP 
did not to pursue modelling for light targets, and used only experimental data for their 
evaluations. All of the recommended data that evolved from this CRP can be found on a 
dedicated and fully-maintained IAEA Web site:  www-nds.iaea.org/medportal/ 
As noted earlier in the text, limited amounts of recommended decay data were also adopted 
and tabulated from ENSDF [49], and were subsequently manipulated by means of the 
RADLST program to generate atomic and nuclear radiations associated with the radioactive 
decay processes [72]. The resulting files contain the energies, intensities and dose rates for 
the various individual radiations identified with α, β−, β+, electron-capture, γ rays, 
conversion-electron decay, and electron-positron internal-pair formation. Energies, intensities 
and dose rates of X rays and Auger electrons are also calculated as contributions to the 
electron-capture and conversion-electron decay processes. Data are generated in Medical 

Reaction t½ of product nucleus Particle energy range (MeV) 
67Zn(p,n)67Ga 3.26 d 2 – 25 

68Zn(p,2n)67Ga  13 – 30 
natKr(p,x)81Rb	
   4.57 h 14.5 – 80	
  

82Kr(p,2n)81Rb	
    14.5 – 30	
  
111Cd(p,n)111In	
   2.80 d 4 – 30	
  

112Cd(p,2n)111In	
    11.5 – 35	
  
123Te(p,n)123I	
   13.2 h 4 – 20	
  

124Te(p,2n)123I	
    12 – 30	
  
124Te(p,n)124I 4.18 d contaminant in 123I 6 – 30 

127I(p,5n)123Xe(β+/EC)123I 2.08 h/13.2 h 37 – 100 
124Xe(p,pn)123Xe(β+/EC)123I	
    16.5 – 40	
  

124Xe(p,2n)123Cs(β+/EC)123Xe(β+/EC)123I	
   5.88 min/2.08 h/13.2 h 15.5 – 40	
  
127I(p,3n)125Xe(β+/EC)125I 16.9 h/59.41 d 20 – 100 

203Tl(p,3n)201Pb(β+/EC)201Tl	
   9.33 h/3.042 d 18 – 36	
  
203Tl(p,2n)202Pbm(β+/EC)202Tl 3.54 h/12.31 d 9 – 27 
203Tl(p,4n)200Pb(β+/EC)200Tl	
   21.5 h/26.1 h 27.5 – 36	
  

Reaction t½ of product nucleus Particle energy range (MeV) 
14N(p,α)11C 20.33 min 4 – 25 
16O(p,α)13N 9.965 min 6 – 20 
14N(d,n)15O	
   2.04 min 1 – 15	
  
15N(p,n)15O	
    4 – 20	
  
18O(p,n)18F	
   109.8 min 2.5 – 20	
  

natNe(d,x)18F	
    1.5 – 21	
  
69Ga(p,2n)68Ge	
   270.95 d 13 – 40	
  
natGa(p,xn)68Ge	
    11.5 – 60	
  
85Rb(p,4n)82Sr 25.34 d 36.5 – 70 
natRb(p,xn)82Sr	
    33 – 100	
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Internal Radiation Dose (MIRD) format. Examples of the dose rates derived from the 
evaluated decay data are given in Tables 5, 6 and 7 for 18F, 22Na and 123I, respectively. 
Table 5: MIRD dose rate data for 18F as determined from ENSDF decay data [49, 72]. 

Half-life of 109.77 min 	
   November 1996	
  
β+/EC decay mode 18O daughter is stable	
  
Radiation Pi (Bq-s)-1	
   Energy (MeV) Pi×Ei	
  
β+

1 9.67×10-01 2.498×10-01 * 2.42×10-01 
γ± 1.93 5.110×10-01 9.89×10-01 
K X-ray 1.80×10-04 5.249×10-04 * 9.42×10-08 
K X-ray 4.74×10-12 5.000×10-04 * 2.37×10-15 
Auger-K 3.07×10-02 5.200×10-04 * 1.60×10-05 

 
Listed X, γ and γ± radiations 	
   9.89×10-01 
Listed β, ce and Auger radiations 	
   2.42×10-01 
Listed radiations 	
   1.23 
* Average energy (MeV).	
  

Table 6: MIRD dose rate data for 22Na as determined from ENSDF decay data [49, 72]. 
Half-life of 2.6027 y 	
   December 2005	
  
β+/EC decay mode 22Ne daughter is stable	
  
Radiation Pi (Bq-s)-1	
   Energy (MeV) Pi×Ei	
  
β+

1 9.03×10-01 2.155×10-01 * 1.95×10-01 
β+

2 5.60×10-04 8.350×10-01 * 4.68×10-04 
γ± 1.81 5.110×10-01 9.24×10-01 
γ1 9.99×10-01 1.275 1.27 
K X-ray 8.98×10-04 8.486×10-04 * 7.62×10-07 
K X-ray 4.51×10-04 8.486×10-04 * 3.83×10-07 
Auger-K 8.74×10-02 8.200×10-04 * 7.17×10-05 

 
Listed X, γ and γ± radiations 	
   2.20 
Listed β, ce and Auger radiations 	
   1.95×10-01 
Listed radiations 	
   2.39 
* Average energy (MeV).	
  

Table 7: MIRD dose rate data for 123I as determined from ENSDF decay data [49, 72]. 
Half-life of 13.2234 h 	
   October 2004	
  
EC decay mode 123Te daughter is radioactive	
  
 123Tem daughter is radioactive − yield of 4.25×10-05	
  
Radiation Pi (Bq-s)-1	
   Energy (MeV) Pi×Ei	
  
γ1 8.33×10-01 1.590×10-01 1.32×10-01 
ce-K, γ1 1.36×10-01 1.272×10-01 1.73×10-02 
ce-L, γ1 1.77×10-02 1.540×10-01 a 2.73×10-03 
ce-M, γ1 3.52×10-03 1.580×10-01 a 5.57×10-04 
ce-N+, γ1 8.41×10-04 1.588×10-01 a 1.34×10-04 
γ9 7.08×10-04 2.480×10-01 1.76×10-04 
γ12 7.91×10-04 2.810×10-01 2.22×10-04 
γ18 1.26×10-03 3.464×10-01 4.36×10-04 
γ21 4.28×10-03 4.400×10-01 1.88×10-03 
γ23 3.16×10-03 5.053×10-01 1.60×10-03 
γ24 1.39×10-02 5.290×10-01 7.36×10-03 
γ25 3.82×10-03 5.385×10-01 2.05×10-03 
γ31 8.33×10-04 6.246×10-01 5.20×10-04 
γ33 2.67×10-04 6.880×10-01 1.84×10-04 
γ34 6.16×10-04 7.358×10-01 4.54×10-04 
γ35 5.91×10-04 7.836×10-01 4.63×10-04 
Kα1 X-ray 4.59×10-01 2.747×10-02 1.26×10-02 
Kα2 X-ray 2.47×10-01 2.720×10-02 6.71×10-03 
Kβ X-ray 1.60×10-01 3.100×10-02 * 4.96×10-03 
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L X-ray 8.98×10-02 3.770×10-03 * 3.38×10-04 
Auger-K 1.23×10-01 2.270×10-02 * 2.80×10-03 
Auger-L 9.52×10-01 3.190×10-03 * 3.04×10-03 

 
Listed X, γ and γ± radiations 	
   1.72×10-01 
Omitted X, γ and γ± radiations** 	
   3.24×10-04 
Listed β, ce and Auger radiations 	
   2.66×10-02 
Omitted β, ce and Auger radiations** 	
   6.22×10-05 
Listed radiations 	
   1.99×10-01 
Omitted radiations** 	
   3.86×10-04 
* Average energy (MeV).	
  
a Maximum energy (MeV) for subshell.	
  
** Each omitted transition contributes < 0.100% to Σ(Pi×Ei).	
  

Since the completion of the CRP described above, significant developments have occurred in 
medical imaging techniques and the utilization of additional diagnostic and therapeutic 
radionuclides. Under these circumstances, further consideration has been given to the 
increasing study and adoption of somewhat less well-defined β+ and α emitters. Under these 
evolving circumstances, a new CRP initiative was launched in December 2012 to instigate a 
work programme to develop and improve the existing database for charged-particle monitor 
reactions and medical radioisotope production [11]. Details of this recently established 
coordinated research project are given in Table 8. As identified in 2011, cross-section 
requirements are primarily linked to a significant number of emerging γ and β+ emitters for 
specialised use in single photon emission computed tomography (SPECT) and positron 
emission tomography (PET), respectively. These specified needs also include quantification 
of alternative routes for the production of 99Mo/99Tcm as a consequence of concern with 
respect to an increasing inability to guarantee long-term supply via thermal-neutron fission. 
Other requests include improved decay data for specialised forms of radiotherapy that include 
the adoption of α emitters (230U decay chain) and Auger electrons (e.g. 103Pd and 111In). 
Specific radionuclides would also benefit from comprehensive decay-scheme evaluations to 
define dose rates accurately and ensure their efficacy (e.g. 62,63Zn, 76Br and 120I). Well-
defined cross sections and decay data remain an important facet of the work, and agreement 
was reached to derive uncertainties and covariances for the resulting recommended data sets. 
Recommended decay-data studies are listed as bold type in Table 8. 
Table 8: Agreed production cross sections and decay data studies for IAEA coordinated research 

project, December 2012 [11]; decay-data studies highlighted in bold type. 
Cross sections Decay data Comments 
monitor reactions   

27Al(p,x)22,24Na − include isotope activity ratios up to beam energy of 800 MeV 
27Al(d,x)22,24Na	
    include isotope activity ratios 

27Al(3He,x)22,24Na	
    higher energies up to 100 MeV 
27Al(α,x)22,24Na	
     

natTi(d,x)46Sc − high energy deuterons 
natTi(3He,x)48V − measurements and re-assessment up to 46 MeV 

natNi(d,x)56,58Co −  
natCu(p,x)58Co  energies > 50 MeV 

natCu(p,x)62,63,65Zn 62,63Zn inconsistencies – resolve with respect to isotope activity ratios; evaluation of 
62,63Zn decay schemes 

natCu(d,x)62,63,65Zn   
natCu(α,x)66,67Ga, 65Zn   

natMo(p,x)96Tcg+m −  
− 61Cu evaluation of 61Cu decay scheme 

diagnostic γ emitters   
90Zr(n,p)90Yg+m − consider new measurements for data validation and production 

100Mo(n,2n)99Mo − consider new measurements for data validation and production 
100Mo(p,2n)99Tcg+m  evaluation 

100Mo(p,pn)99Mo  evaluation 
100Mo(d,3n)99Tcg+m  evaluation 
100Mo(d,p2n)99Mo  evaluation  

100Mo(γ,n)99Mo	
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238U(γ,f)99Mo	
     
− 99Tcm evaluation of Auger-electron decay data 

51V(p,n)51Cr	
   −  
natFe(p,x)51Cr	
     
64Zn(n,p)64Cu −  
67Zn(n,p)67Cu	
   67Cu evaluation of 67Cu decay scheme 
68Zn(n,x)67Cu	
     
68Zn(γ,p)67Cu	
     

112Cd(p,2n)111In 111In new measurements and evaluation; evaluation of Auger-electron decay data 
124Xe(p,2n)123Cs − 123I production - re-evaluation 
124Xe(p,pn)123Xe  123I production - re-evaluation 

124Xe(p,x)121I  123I production – evaluation of side reaction (contaminant) 
natW(α,x)186,188Re	
   −  

203Tl(p,2n)202Pbm	
   −  

203Tl(p,3n)201Pb	
     

203Tl(p,4n)200Pb	
     

β+ emitters   
55Mn(p,4n)52Fe 52Fe assess if new measurements required, and evaluation of 52Fe decay scheme 

natNi(p,x)52Fe   
52Cr(3He,3n)52Fe   

58Ni(p,α)55Co −  
54Fe(d,n)55Co   

56Fe(p,2n)55Co   
natFe(p,x)55Co   
61Ni(p,n)61Cu −  
64Zn(p,α)61Cu   

− 64Cu discrepancy in measurements of intensity of weak gamma line 
66Zn(p,n)66Ga 66Ga measurement of positron intensities, and evaluation of 66Ga decay scheme 
63Cu(α,n)66Ga   
68Zn(p,n)68Ga −  
65Cu(α,n)68Ga   

natGe(p,xn)72As 72As measurement of positron intensities, and evaluation of 72As decay scheme	
  
75As(p,3n)73Se 73Se measurement of main positron intensity, and evaluation of 73Se decay scheme	
  
72Ge(α,3n)73Se  	
  

76Se(p,n)76Br 76Br measurement of positron intensities, and evaluation of 76Br decay scheme	
  
77Se(p,2n)76Br  	
  
75As(α,3n)76Br  	
  

86Sr(p,n)86Y 86Y PET analogue of therapeutic 90Y 
88Sr(p,3n)86Y  measurement of positron intensities, and evaluation of 86Y decay scheme 

85Rb(α,3n)86Y   
89Y(p,n)89Zr 89Zr evaluation of 89Zr decay scheme 

89Y(d,2n)89Zr   
natY(α,x)89Zr	
     
89Y(α,x)90Nb	
     

93Nb(p,x)90Nb	
     
94Mo(p,n)94Tcm 94Tcm PET analogue of therapeutic 99Tcm 
92Mo(α,x)94Tcm  evaluation of 94Tcm decay scheme 
110Cd(p,n)110Inm −  

120Te(p,n)120I 120I evaluation of 120I decay scheme 
122Te(p,3n)120I   
β+ generators   

44Ti/44Sc generator 44Ti evaluation of 44Ti half-life 
52Fe/52Mnm generator: −  

55Mn(p,4n)52Fe	
     
natNi(p,x)52Fe   

52Cr(3He,3n)52Fe   
62Zn/62Cu generator: − PET analogue of therapeutic 67Cu 

63Cu(p,2n)62Zn   
68Ge/68Ga generator: − PET analogue of therapeutic 67Ga 

natGa(p,xn)68Ge	
    new measurements, and evaluation 
69Ga(p,2n)68Ge	
    new measurements, and evaluation 
71Ga(p,4n)68Ge	
    new measurements, and evaluation 

72Se/72As generator: −  
75As(p,4n)72Se	
     
natBr(p,x)72Se	
     

82Sr/82Rb generator: −  
85Rb(p,4n)82Sr	
     
natRb(p,xn)82Sr   

110Sn/110Inm generator	
   − PET analogue of therapeutic 111In and 114Inm 
118Te/118Sb generator	
   − PET analogue of proposed/new therapeutic 117Sb and 119Sb 

122Xe/122I generator	
   − PET analogue of therapeutic 123I, 125I and 131I 
128Ba/128Cs generator	
   − PET analogue of proposed/new therapeutic 131Cs 
140Nd/140Pr generator	
   −  
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α emitters   
229Th(α)225Ra(β−)225Ac(α) decay 

chain to 213Bi: 
−  

232Th(p,x)225Ra  new measurements up to 200 MeV, and evaluation 
232Th(p,x)225Ac  new measurements up to 200 MeV, and evaluation 

226Ra(p,2n)225Ac  additional measurements, and evaluation 
232Th(p,x)227Ac  long-lived 227Ac impurity (21.8 y), and contaminant in 225Ac 

230U(α)226Th(α) decay chain   
231Pa(d,3n)230U 230U decay 

chain 
new measurements, and evaluation; evaluation of all decay schemes within 230U 
decay chain 

231Pa(p,2n)230U  new measurements, and evaluation 
232Th(p,3n)230Pa(β−)230U  230Pa β− branch of 7.8% − new measurements, and evaluation 

227Th(α)223Ra(α) decay chain −  
232Th(p,x)227Th  new measurements, and evaluation 

electron and X-ray emitters   
130Ba(n,γ)131Ba(EC)131Cs	
   −  

131Xe(p,n)131Cs	
     
133Cs(p,3n)131Ba(EC)131Cs   
176Hf(α,2n)178W(EC)178Ta 178Ta evaluation of Auger-electron decay data 

natHf(p,x)178Ta   
− 103Pd evaluation of 103Pd decay scheme, including Auger-electron data 

5.2 Charged-particle cross sections for therapeutic radionuclides (2003-2011) 
Following the successful completion in 2001 of the cross-section studies outlined above, 
consideration was given to equivalent nuclear data needs in therapeutic treatments. 
Agreement was reached in 2003 to extend this type of work to neutron and charged-particle 
induced reactions to produce appropriate radionuclides after consideration of both current and 
potentially future requirements. Thus, a second coordinated research project was launched, 
with virtually identical technical aims to the earlier CRP, involving the active participation of 
nineteen experts from eleven research institutes. Three research co-ordination meetings were 
held between 2003 and 2006 to agree and undertake individual work programmes, and the 
findings and recommendations were assembled in the form of an IAEA technical report and 
accessible database [7]. 
All relevant data were assembled and evaluated for almost 30 thermal-neutron capture 
reactions to produce 18 radionuclides and one contaminant formed in a thermal reactor core. 
Similar extensive exercises were also conducted for over 30 charged-particle induced 
reactions to generate 15 radionuclides and three possible contaminants. These established and 
emerging radionuclides and the evaluated nuclear reactions are listed in Tables 9 and 10, 
respectively. 
Table 9: Production cross sections and fission yields for established therapeutic 

radionuclides [7]. 
Reaction t½ of product nucleus Production route 
31P(n,γ)32P 14.26 d thermal reactor 
32S(n,p)32P  thermal reactor and accelerator 

89Y(n,p)89Sr 50.53 d thermal reactor and accelerator 
89Y(n,γ)90Y 64.05 h thermal reactor	
  
90Zr(n,p)90Y  thermal reactor and accelerator 

235U(n,f)90Sr(β−)90Y 28.90 y/64.05 h thermal reactor	
  
102Pd(n,γ)103Pd	
   17.0 d thermal reactor	
  
103Rh(p,n)103Pd	
    accelerator	
  

103Rh(d,2n)103Pd	
    accelerator	
  
103Rh(p,x)102Rhg+m 207.3 d and 3.74 y accelerator	
  
103Rh(d,x)102Rhg+m contaminants in 103Pd accelerator 

124Xe(n,γ)125Xe(β+/EC)125I 16.9 h/59.41 d thermal reactor 
125I(n,γ)126I 12.9 d contaminant in 125I thermal reactor 

130Te(n,γ)131Te(β−)131I 25.0 min/8.0 d thermal reactor	
  
235U(n,f)131I 8.0 d thermal reactor 

235U(n,f)137Cs 30.1 y thermal reactor 
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152Sm(n,γ)153Sm 46.28 h thermal reactor 
153Eu(n,p)153Sm  thermal reactor 
185Re(n,γ)186Re 3.72 d thermal reactor 
186W(p,n)186Re  accelerator 

186W(d,2n)186Re  accelerator 
187Re(n,γ)188Re 17.00 h thermal reactor 

186W(n,γ)187W(n,γ)188W(β−)188Re 69.8 d/17.00 h thermal reactor 
191Ir(n,γ)192Ir	
   73.8 d thermal reactor	
  

192Os(p,n)192Irg+m1  accelerator 
192Os(d,2n)192Irg+m1	
    accelerator	
  

Table 10: Production cross sections for emerging therapeutic radionuclides [7]. 
Reaction t½ of product nucleus Production route 

63Cu(n,γ)64Cu 12.70 h thermal reactor 
64Ni(p,n)64Cu  accelerator 

64Ni(d,2n)64Cu  accelerator 
64Zn(n,p)64Cu  thermal reactor 
natZn(d,x)64Cu  accelerator 

 68Zn(p,2p3n)64Cu   accelerator 
68Zn(p,x)64Cu  accelerator 
67Zn(n,p)67Cu 61.8 h thermal reactor 

68Zn(p,2p)67Cu  accelerator 
 70Zn(p,α)67Cu   accelerator 

67Zn(p,n)67Ga 3.26 d accelerator 
68Zn(p,2n)67Ga  accelerator 

86Sr(p,n)86Y 14.74 h accelerator 
104Ru(n,γ)105Ru(β−)105Rh 4.44 h/35.36 h thermal reactor 

111Cd(p,n)111In 2.80 d accelerator	
  
112Cd(p,2n)111In  accelerator 
113In(n,γ)114Inm 49.5 d thermal reactor 

114Cd(p,n)114Inm  accelerator	
  
114Cd(d,2n)114Inm	
    accelerator 
116Cd(p,3n)114Inm	
    accelerator 

124Te(p,n)124I 4.18 d accelerator	
  
124Te(d,2n)124I  accelerator	
  
125Te(p,2n)124I  accelerator	
  
125Te(p,n)125I 59.41 d contaminant in 124I accelerator 
124Te(d,n)125I 59.41 d contaminant in 124I accelerator 

125Te(p,xn)124,125I 4.18 d/59.41 d accelerator 
148Nd(n,γ)149Nd(β−)149Pm 53.1 h thermal reactor	
  

164Dy(n,γ)165Dy(n,γ)166Dy(β−)166Ho 81.6 h/26.8 h thermal reactor 
168Yb(n,γ)169Yb 32.0 d thermal reactor	
  
169Tm(p,n)169Yb  accelerator 

169Tm(d,2n)169Yb  accelerator 
176Lu(n,γ)177Lu 6.65 d thermal reactor 
176Yb(d,n)177Lu  accelerator 
176Yb(d,x)177Lu  accelerator 

176Yb(n,γ)177Yb(β−)177Lu 1.91 h/6.65 d thermal reactor 
176Yb(d,p)177Yb(β−)177Lu  accelerator 

233U/225Ac decay chain → 213Bi 45.6 min thermal reactor and natural decay 
209Bi(α,2n)211At 7.21 h accelerator 
209Bi(α,3n)210At 8.1 h contaminant in 211At accelerator	
  
226Ra(p,2n)225Ac 10.0 d accelerator 

233U → 229Th → 225Ra → 225Ac	
   14.9 d/10.0 d thermal reactor and natural decay	
  

Inadequate cross-section data were found for some of the nuclear processes, and specific 
radionuclides required investigative measurements, sometimes via alternative reaction routes. 
Thus, significant amounts of new experimental data were generated during the course of the 
CRP. Recommended excitation functions are tabulated in discrete digital form, and are also 
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compared in graphical presentations with the original sets of experimental data included in 
the evaluation process [7]. Other specific reactions that generate adjacent impurities were 
also handled in a similar manner. The recommended cross sections and yields are accurate 
enough to meet the demands of most of the envisaged applications, and can be found on the 
dedicated IAEA Web site:  www-nds.iaea.org/medportal/ 
As noted earlier in the text, limited amounts of recommended decay data were also adopted 
and tabulated from ENSDF [49], and were subsequently manipulated by means of the 
RADLST program to generate dose rates for the atomic and nuclear radiations associated 
with the radioactive decay processes [72]. The resulting files contain the energies, intensities 
and dose rates for the various individual radiations identified with α, β−, β+, electron-capture, 
γ rays, conversion-electron decay, and electron-positron internal-pair formation. Energies, 
intensities and dose rates of X rays and Auger electrons are also calculated as contributions to 
the electron-capture and conversion-electron decay processes. Data are generated in Medical 
Internal Radiation Dose (MIRD) format. Examples of the dose rates derived from the 
evaluated decay data are given in Tables 11 and 12 for 103Pd and 213Bi, respectively. 
Table 11: MIRD dose rate data for 103Pd as determined from ENSDF decay data [49, 

72]. 
Half-life of 16.991 d 	
   October 2009	
  
EC decay mode 103Rh daughter is stable	
  
Radiation Pi (Bq-s)-1	
   Energy (MeV) Pi×Ei	
  
γ1 6.83×10-04 3.975×10-02 2.71×10-05 
ce-K, γ1 9.52×10-02 1.653×10-02 1.57×10-03 
ce-L, γ1 7.12×10-01 3.634×10-02 a 2.59×10-02 
ce-M, γ1 1.44×10-01 3.912×10-02 a 5.62×10-03 
γ2 2.73×10-07 5.329×10-02 1.46×10-08 
γ3 1.04×10-05 6.241×10-02 6.48×10-07 
ce-K, γ3 1.19×10-05 3.919×10-02 4.68×10-07 
ce-L, γ3 1.56×10-06 5.900×10-02 a 9.19×10-08 
ce-M, γ3 2.73×10-07 6.178×10-02 a 1.69×10-08 
ce-N+, γ3 5.33×10-08 6.233×10-02 a 2.71×10-05 
γ4 4.78×10-09 2.419×10-01 1.16×10-09 
γ5 2.80×10-05 2.950×10-01 8.26×10-06 
γ6 1.50×10-07 3.177×10-01 4.77×10-08 
γ7 2.21×10-04 3.575×10-01 7.89×10-05 
ce-K, γ7 2.21×10-06 3.342×10-01 7.37×10-07 
ce-L, γ7 3.97×10-07 3.540×10-01 a 1.41×10-07 
ce-M, γ7 7.50×10-08 3.568×10-01 a 2.68×10-08 
γ8 1.50×10-07 4.438×10-01 6.67×10-08 
γ9 3.96×10-05 4.971×10-01 1.97×10-05 
Kα1 X-ray 4.19×10-01 2.022×10-02 8.46×10-03 
Kα2 X-ray 2.21×10-01 2.007×10-02 4.44×10-03 
Kβ X-ray 1.33×10-01 2.270×10-02 * 3.01×10-03 
L X-ray 8.73×10-02 2.700×10-03 * 2.36×10-04 
Auger-K 1.82×10-01 1.700×10-02 * 3.09×10-03 
Auger-L 1.68 2.390×10-03 * 4.02×10-03 

 
Listed X, γ and γ± radiations 	
   1.63×10-02 
Listed β, ce and Auger radiations 	
   4.02×10-02 
Listed radiations 	
   5.65×10-02 
* Average energy (MeV).	
  
a Maximum energy (MeV) for subshell. 
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Table 12: MIRD dose rate data for 213Bi as determined from ENSDF decay data [49, 
72]. 

Half-life of 45.59 min 209Tl daughter is radioactive α November 1991 
α and β− decay modes 213Po daughter is radioactive β− April 2007 
Radiation Pi (Bq-s)-1 Energy (MeV) Pi×Ei 
α1 1.55×10-03 5.549 8.58×10-03 
α recoil 1.55×10-03 1.053×10-01 1.63×10-04 
α2 1.94×10-02 5.869 1.14×10-01 
α recoil 1.94×10-02 1.114×10-01 2.16×10-03 
γ1 1.27×10-04 8.680×10-01 1.11×10-04 
β−3 5.86×10-03 9.080×10-02 * 5.32×10-04 
β−8 3.07×10-01 3.204×10-01 * 9.85×10-02 
β−9 2.29×10-03 3.768×10-01 * 8.62×10-04 
β−10 6.58×10-01 4.922×10-01 * 3.24×10-01 
γ1 4.29×10-03 2.928×10-01 1.26×10-03 
γ2 1.65×10-03 3.238×10-01 5.33×10-04 
γ4 1.65×10-04 5.449×10-01 9.00×10-05 
γ5 2.50×10-05 5.749×10-01 1.44×10-05 
γ6 4.20×10-05 6.009×10-01 2.52×10-05 
γ7 2.30×10-05 6.049×10-01 1.39×10-05 
γ8 3.61×10-04 6.598×10-01 2.38×10-04 
γ9 1.11×10-04 7.108×10-01 7.89×10-05 
γ10 2.92×10-03 8.074×10-01 2.36×10-03 
γ11 7.10×10-05 8.265×10-01 5.87×10-05 
γ12 1.11×10-04 8.680×10-01 9.63×10-05 
γ14 5.30×10-04 1.004 5.32×10-04 
γ15 1.80×10-04 1.046 1.88×10-04 
γ16 2.59×10-03 1.100 2.85×10-03 
γ17 5.20×10-04 1.119 5.82×10-04 
Kα1 X-ray 1.83×10-02 7.929×10-02 1.45×10-03 
Kα2 X-ray 1.10×10-02 7.686×10-02 8.45×10-04 
Kβ X-ray 8.27×10-03 8.980×10-02 * 7.43×10-04 
L X-ray 1.55×10-02 1.110×10-02 * 1.72×10-04 

 
Listed X, γ and γ± radiations 	
   1.22×10-02 
Omitted X, γ, and γ± radiations** 	
   1.48×10-05 
Listed β, ce and Auger radiations 	
   4.24×10-01 
Omitted β, ce, and Auger radiations** 	
   7.74×10-04 
Listed α radiations 	
   1.22×10-01 
Listed radiations 	
   5.58×10-01 
Omitted radiations** 	
   7.89×10-04 
* Average energy (MeV).	
  
** Each omitted transition contributes < 0.100% to Σ(Pi×Ei).	
  

5.3 High-precision beta-intensity measurements and evaluations for positron emission 
tomography: IAEA report INDC(NDS)-0535, December 2008 [9] 

Along with the commonly used short-lived positron emitters (11C, 13N, 15O and 18F), many 
useful and potentially useful longer-lived positron emitters have been identified as suitable 
for application in positron emission tomography (PET), especially diagnoses within 
neurology, cardiology and oncology. As identified and assessed, the decay data of all of these 
radionuclides are reasonably well-defined, but there are some remaining deficiencies, 
especially with regard to quantification of their positron emission probabilities. Both positron 
energies and emission probabilities have a direct impact on the resolution and quantification 
of any PET study. Under these circumstances, known decay data for longer-lived positron 
emitters were critically reviewed by consultants brought together at an IAEA meeting held in 
Vienna from 3 to 5 September 2008 [9] – thus, requirements for new measurements and 
evaluations were identified and recommended, as outlined below. 
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5.3.1 Standard positron emitters 
11C, 13N, 15O and 18F are the four commonly used positron-emitting radionuclides 
produced by means of cyclotrons, possessing well-defined decay characteristics that do 
not appear to merit further study for PET applications. While both 68Ga and 82Rb 
obtained from 68Ge/68Ga and 82Sr/82Rb generators, respectively, have increased in 
importance as positron emitters, these systems possess well-characterised decay 
schemes that do not merit immediate concern. 
5.3.2 Non-standard positron emitters 
A wide range of potentially suitable radionuclides have been either adopted or proposed 
that fall within the definition of non-standard positron emitters. These emerging 
radionuclides were identified during the course of the specialists’ discussions, and the 
following pronouncements were made with respect to the status of their nuclear data 
and envisaged requirements to improve matters, if necessary: 

• 57Ni – recommend measurements of half-life, X-ray and β+ emission 
probabilities, and subsequent evaluation of decay scheme; 

• 66Ga, 72As, 73Se, 86Y and 94Tcm – recommend measurements of their X-ray and 
β+ emission probabilities, and subsequent evaluations of their decay schemes; 

• 81Rb, 82Rbm and 83Sr possess inaccurately defined decay data (Tables 13 and 
14 list β+ decay data for 82Rbm and 83Sr, respectively [49]) – require further 
measurements and subsequent evaluations of their decay schemes; 

• 75Br and 77Kr – both of these relatively short-lived radionuclides require 
additional experimental studies of their β+ emission probabilities; 

• 64Cu – require measurements of the emission probability of the 1345.8-keV γ 
ray, followed by a full decay-scheme evaluation; 

• 76Br and 120I – recommend evaluations of their decay schemes; 
• 22Na, 30P, 34Clm, 38K, 45Ti, 48V, 49Cr, 51Mn, 52Mn, 52Mnm, 52Fe, 55Co, 61Cu, 

90Nb, 110Inm, 124I and 152Tb are judged to possess reasonably well-defined 
decay data and adequately evaluated decay schemes (representative β+ decay 
data are shown in Table 15 for 152Tb [49]); 

• 44Ti/44Sc, 62Zn/62Cu, 140Nd/140Pr generator systems have well-defined and 
adequately evaluated decay schemes. 

Table 13: Positron decay data of 82Rbm [49]. 
Radionuclide Half-life End-point energy (keV) Positron emission probability (%) 

82Rbm 6.472 (6) h 409 (7) 0.0020 (20) 
  436 (7) 0.17 (4) 
  527 (7) 0.029 (6) 
  597 (7) 0.042 (7) 
  619 (7) 0.61 (8) 
  649 (7) 0.027 (5) 
  798 (7) 19.7 (16) 
  891 (7) 0.021 (21) 
  899 (7) 0.18 (3) 
  1020 (7) 0.03 (3) 
  1353 (7) 0.18 (18) 
  1626 (7) 0.20 (20) 
   ∑ 21.2 (16) 
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Table 14: Positron decay data of 83Sr [49]. 
Radionuclide Half-life End-point energy (keV) Positron emission probability (%) 

83Sr 32.41 (3) h 200 (6) 0.00024 (12) 
  210 (6) 0.00005 (5) 
  217 (6) 0.0004 (4) 
  449 (6) 0.9 (4) 
  494 (6) 0.012 (6) 
  517 (6) 0.0021 (11) 
  689 (6) 0.023 (12) 
  830 (6) 3.1 (16) 
  865 (6) 0.014 (9) 
  1155 (6) 0.010 (10) 
  1212 (6) 9 (6) 
  1254 (6) 13 (19)* 
   ∑ 26 (20) 

* Although quantified to be ≈ 0% in Ref. [49], can be defined as 13% with a large uncertainty from total β+ intensity. 

Table 15: Positron decay data of 152Tb [49]. 
Radionuclide Half-life End-point energy (keV) Positron emission probability (%) 

152Tb 17.5 (1) h 528 (15) 0.0039 (6) 
  563 (15) 0.0020 (3) 
  581 (15) 0.019 (3) 
  626 (15) 0.0018 (3) 
  816 (15) 0.0160 (20) 
  852 (15) 0.0058 (11) 
  887 (15) 0.110 (10) 
  913 (15) 0.0092 (17) 
  966 (15) 0.068 (6) 
  988 (15) 0.0110 (20) 
  1020 (15) 0.0049 (9) 
  1056 (15) 0.0150 (20) 
  1136 (15) 0.046 (5) 
  1185 (15) 0.140 (20) 
  1222 (15) 0.190 (16) 
  1278 (15) 0.0074 (10) 
  1394 (15) 0.082 (11) 
  1510 (15) 0.40 (5) 
  1513 (15) 0.16 (3) 
  1546 (15) 0.013 (3) 
  1705 (15) 0.43 (9) 
  1719 (15) 0.61 (8) 
  1780 (15) 0.08 (3) 
  1897 (15) 1.90 (20) 
  2073 (15) 0.12 (4) 
  2213 (15) 0.87 (12) 
  2484 (15) 5.5 (6) 
  2828 (15) 6.2 (18) 
   ∑ 17 (2) 

5.3.3 Very short-lived positron emitters formed in hadron therapy 
10C, 14O, 17F and 18,19Ne are very short-lived positron emitters formed in hadron 
therapy, along with 11C, 13N, 15O and 18F. Decay data for these additional radionuclides 
are entirely adequate for medical purposes. 
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64Cu, 86Y and 124I are currently considered to be the three most important non-standard 
radionuclides for PET applications. More specifically, 86Y has gained importance with 
respect to the clinical dosimetry of 90Y internal radiotherapy; 64Cu is successfully evolving 
from the point of view of beneficial compound chelation, with a short half-life, single 
positron energy and insignificant γ-ray emissions; and 124I possesses suitable chemical 
properties for incorporation within organic molecules that are known to possess highly 
specific and selective transport properties within the human body. Under such circumstances, 
every effort should be made to ensure that their nuclear data in particular are accurately 
defined. 
72As, 73Se, 76Br and 120I are of increasing importance for PET studies, while 94Tcm has proved 
to be of value in the clinical quantification of 99Tcm radiopharmaceuticals. Finally, 34Clm, 
57Ni, 62Cu, 66Ga, 81Rb, 82Rbm and 83Sr were concluded to be of potential significance in future 
PET diagnoses. Positron emission probability data for all of these radionuclides need to be 
known with confidence to be of optimum benefit to patients. 

5.4 Intermediate-term cross-section and decay data requirements: IAEA report 
INDC(NDS)-0596, September 2011 [10] 

Additional nuclear data consultations under the auspices of the IAEA concerning medical 
applications focused in 2011 on intermediate- and longer-term requirements for excitation 
functions and decay data [10]. As in earlier such exercises, a wide range of radionuclides 
were considered on the basis of their decay characteristics and possible application in nuclear 
medicine: 

(a) diagnostic γ-ray emitters, 
(b) β+ emitters, 
(c) therapeutic β−, X-ray and γ-ray emitters, 
(d) therapeutic Auger-electron emitters, and 
(c) therapeutic α emitters. 

Definitive summaries of the nuclear data needs for each of the above categories of 
radionuclide are given in Tables 16 to 20. 

5.4.1 Diagnostic γ-ray emitters 
Reactor-produced 99Tcm is the most commonly used γ-ray emitting radionuclide for 
diagnostic purposes, and both the fission-yield production and decay data are well 
known. However, new data requirements have arisen as a consequence of recent efforts 
to produce this radionuclide by means of charged-particle accelerators. Neutron-, 
proton-, deuteron-, photofission- and photoneutron-induced reactions need to be 
experimentally studied, and cross-section studies are required, especially with respect 
to possible radioactive contaminants. Auger-electron and other low-energy electron 
decay data are also required to assess and possibly develop therapeutic microdosimetry. 
Cross-section measurements and evaluations are required for the production of 97Ru 
and 147Gd by means of 3He and 4He beams. Furthermore, the accurate quantification of 
Auger-electron emissions may become an issue for 123I, if such therapeutic applications 
arise in the future. 
5.4.2 β+ emitters 
Nuclear data needs for established and emerging β+ emitters are wide ranging. 
Extensive cross-section and decay-data measurements and evaluations are required for 
57Ni, 66Ga, 72As, 73Se, 75Br, 76Br, 77Kr, 81Rb, 82Rbm, 83Sr, 89Zr, 94Tcm and 121I, and 
44Ti/44Sc, 52Fe/52Mnm, 62Zn/62Cu, 72Se/72As and 140Nd/140Pr generators. Cross-section 
evaluations and decay-data measurements and evaluations are required for 86Y and 120I. 
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Both cross-section measurements and evaluations are required for the production of 
95Ru by means of 3He and 4He beams, while cross-section measurements and 
evaluations for 11C, 13N, 14O, 15O, 30P and 38K need to be extended to proton-beam 
energies up to 250 MeV (see also Section 5.4.6, below). Furthermore, cross-section 
measurements and evaluations are required for the production of 34Clm, 43Sc, 45Ti, 48V, 
49Cr, 51Mn, 52Mn, 68Ga, 90Nb and 152Tb, and 68Ge/68Ga and 82Sr/82Rb generators, 
whereas only cross-section evaluations are merited for 52Fe, 55Co, 61Cu and 110Inm. 
5.4.3 Therapeutic β−, X-ray and γ-ray emitters 
Focus was placed on β− emitters with known discrepant nuclear data. Thus, both cross-
section and decay-data measurements and evaluations are recommended for 169Er and 
175Yb, while only cross-section measurements and evaluations are merited for 47Sc, 
131Cs, 131Ba and 166Ho, and decay-data measurements and evaluations for 67Cu, 103Pd 
and 161Tb. The 191Os/191Irm and 191Pt/191Irm generators would benefit from cross-section 
measurements and evaluations, along with decay-data measurements and evaluation of 
191Pt parent for the latter system. 
5.4.4 Therapeutic Auger-electron emitters 
125I is the most commonly used Auger-electron emitter for internal radiotherapy, and 
both reactor-production and decay data are well characterized. While all of the 
following radionuclides were identified as potentially suitable for application with 
respect to microdosimetry at the molecular and cellular levels, they require much 
improved Auger-electron decay data: 71Ge, 178Ta, 193Ptm, 195Ptm and 197Hg (all along 
with cross-section measurements), and 67Ga, 77Br, 99Tcm, 103Pd, 111In, 123I and 140Nd. 

5.4.5 Therapeutic α emitters 
Both cross-section measurements and evaluations of the spallation and heavy-ion 
reactions to produce 149Tb are required, as are cross-section measurements at higher 
energies and evaluation of the spallation reaction on 232Th to achieve the optimum 
generation of 225Ac/213Bi. Cross-section measurements and evaluations for 232Th(p,x) 
production of 227Ac/223Ra would also prove beneficial. Improved production and 
characterization of the 230U/226Th decay chain requires additional cross-section and 
decay-data measurements and evaluations.	
   

5.4.6 Proton therapy 
Consideration was also given to the nuclear data needs identified with proton-beam 
therapy up to 250 MeV, which were defined as follows: 

(1) non-elastic cross sections of the light elements (C, N and O) at proton 
energies up to 250 MeV; and 

(2) activation cross sections of residual nuclei, particularly the positron-emitters 
11C, 13N, 15O, 30P and 38K. 

Relevant experimental data are scarce, especially for proton-beam energies above 20 
MeV. Therefore, the best course of action would appear to be the development of more 
precise models and validated parameter sets tested against available experimental data 
at the lower proton energies. Such a derivation of better models and validated 
parameters would be a sound approach, in order to undertake more precise Monte-Carlo 
transport calculations of the effects on dose deposition of variations in morphology and 
structure that arise from bone and implants. 
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Table 16: Diagnostic radionuclides: γ emitters. 

Radionuclide Production data Decay data† CRP* Comments 
99Tcm 100Mo(p,2n): evaluation required. 

100Mo(p,αn) and (p,α): new measurements required before re-
evaluation. 
Impurities: 
98Mo(p,2n)97Tcm: measurements required. 
100Mo(p,3n)98Tc and (p,4n)97Tc: difficult measurements required − 
theoretical calculations may suffice. 

Decay data evaluated in previous IAEA CRP (X-ray 
and Gamma-ray Decay Data Standards). 
Data required for Auger electrons (Ee < 25 keV) and 
other low-energy electrons (Ee < 1 keV) for 
microdosimetry (see Table 19). 

√ Data requirements to focus on accelerator production − 
such studies required, especially with regard to 
impurities. Availability of highly enriched 100Mo (>99%) 
should be investigated. 
 

 100Mo(d,3n)99Tcm and (d,p2n)99Mo – evaluations required.  √ Limited applicability arises from sparse availability of 
suitable accelerators. 

 100Mo(n,2n)99Mo data: new measurements required for neutron 
generation by deuterons on carbon targets. 

 √ (n,2n) reaction product of low specific activity. 

 Photofission- and photoneutron-induced reactions to produce 
99Mo. 

 √ (γ,n) reaction product of low specific activity; (γ,f) 
reaction more suitable, but has low cross section. 

97Ru 3He and 4He beams on Mo: measurements and evaluations 
required. 

  Limited application. 

123I Evaluated in previous IAEA CRP (Charged-particle Cross-section 
Database for Medical Radioisotope Production: Diagnostic 
Radioisotopes and Monitor Reactions, IAEA-TECDOC-1211, 
2001). 

Decay data evaluated in previous IAEA CRP (X-ray 
and Gamma-ray Decay Data Standards). 
Auger-electron emissions may become an issue to be 
addressed in the future (see Table 19). 

√ Several production reactions will be studied in planned 
IAEA CRP (nuclear data for charged-particle monitor 
reactions and medical isotope production; see also 
INDC(NDS)-0591, 2011) − observed discrepancies will 
also be investigated further. 

147Gd 4He beam on Sm, and proton beam on Eu: measurements and 
evaluations required. 

Extremely complex gamma-ray decay scheme.  Special application in MRI + SPECT. 

203Pb Production data are known.   Special application in tracer studies. 
† All decay scheme data should be rigorously assessed to ensure their suitability with respect to decay characteristics, data uncertainties and completeness. 
* Symbol √ denotes relevant studies undertaken as part of either a completed or on-going IAEA CRP. 

  



A.L.	
  Nichols	
   α, β+, γ and Auger-Electron Decay Data in Nuclear Medicine – Experimental Determination, Status and Deficiencies 
 

27 
	
  

Table 17: β+ emitters. 
Radionuclide Production data Decay data† CRP* Comments 
11C, 13N, 14,15O, 30P, 38K Measurements and evaluations required of activation cross sections 

for proton-induced reactions with energies up to 250 MeV. 
  Cross sections are well defined for proton-induced reactions 

with Ep < 20 MeV; however, higher energies up to 250 MeV 
are of interest for proton therapy. 

34Clm Measurements and evaluations required.   Low priority radinuclide. 
43Sc Measurements and evaluations required. Good positron-decay characteristics.  Although difficult to produce, 43Sc would potentially be very 

useful. 
45Ti, 48V, 49Cr, 90Nb Measurements and evaluations required.   Potentially important for radioimmunotherapy. 
51,52Mn Measurements and evaluations required.   Special application in MRI + PET. 
52Fe, 55Co, 61Cu, 110Inm Evaluations required.  √ Several novel applications. 
57Ni, 72As, 73Se, 94Tcm Measurements and evaluations required. Measurements and evaluation of positron and 

X-ray emission probabilities required. 
√ Priority 2 decay-data evaluation in planned IAEA CRP 

(nuclear data for charged-particle monitor reactions and 
medical isotope production; see also INDC(NDS)-0591, 
2011). 

64Cu Evaluated in previous IAEA CRP (Nuclear Data for the Production 
of Therapeutic Radionuclides, IAEA Technical Reports Series No. 
473, 2011). 

 √ Important positron emitter, especially for 
radioimmunotherapy. 

66Ga Measurements and evaluations required. Measurements and evaluation of positron and 
X-ray emission probabilities required. 

√ Priority 1 decay-data evaluation in planned IAEA CRP 
(nuclear data for charged-particle monitor reactions and 
medical isotope production; see also INDC(NDS)-0591, 
2011). 

68Ga Measurements and evaluations required.  √ Direct production of 68Ga is attracting attention, as well as the 
68Ge/68Ga generator route, because of increased application. 

75Br, 77Kr Measurements and evaluations required. Measurements and evaluation of positron and 
X-ray emission probabilities required. 

 Limited application. 

76Br, 89Zr Measurements and evaluations required. Measurements and evaluation of positron and 
X-ray emission probabilities required. 

√ Priority 3 decay-data evaluation in planned IAEA CRP 
(nuclear data for charged-particle monitor reactions and 
medical isotope production; see also INDC(NDS)-0591, 
2011). 

81Rb, 82Rbm, 83Sr Measurements and evaluations required. Measurements and evaluation of positron and 
X-ray emission probabilities required. 

 Limited application. 

86Y Evaluations required. Measurements and evaluation of positron and 
X-ray emission probabilities required. 

√ Important positron emitter for quantification of dosimetry 
calculations. Priority 1 decay-data evaluation in planned CRP 
(nuclear data for charged-particle monitor reactions and 
medical isotope production; see also INDC(NDS)-0591, 
2011). 

95Ru 3He and 4He beams: measurements and evaluations. Many gamma emissions, together with ~14% 
positron emission probability. 

 Limited application. 

120Ig Evaluations required. Measurements and evaluation of positron and 
X-ray emission probabilities required. 

√ Priority 3 decay-data evaluation in planned CRP (nuclear data 
for charged-particle monitor reactions and medical isotope 
production; see also INDC(NDS)-0591, 2011). 
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Table 17: β+ emitters (continued). 
Radionuclide Production data Decay data† CRP* Comments 
121I Measurements and evaluations required. Many gamma emissions, together with ~11% 

positron emission. 
 Easier to produce than 120I. 

Borderline - for longer-term consideration. 
124I Evaluated in previous IAEA CRP (Nuclear Data for the 

Production of Therapeutic Radionuclides, IAEA Technical 
Reports Series No. 473, 2011). 

  Important positron emitter for quantification of dosimetry 
calculations. 

152Tb Measurements and evaluations required.   Potentially useful as lanthanide-based positron emitter. 

β+ generators:     

44Ti/44Sc Measurements and evaluations required. Evaluation required of parent T1/2.  Long-lived parent (T1/2 of 60 y); difficult to produce. 
52Fe/52Mnm Measurements and evaluations required. Measurements and evaluation required.  Special application in MRI + PET. 
62Zn/62Cu Measurements and evaluations required. Measurements and evaluation of positron and X-

ray emission probabilities of daughter required. 
√ Priority 2 decay-data evaluation in planned CRP (nuclear data 

for charged-particle monitor reactions and medical isotope 
production; see also INDC(NDS)-0591, 2011). 

68Ge/68Ga, 82Sr/82Rb Measurements and evaluations required.  √ Well-established systems, but databases inadequate. 
72Se/72As 

 
Measurements and evaluation required. Measurements and evaluation of positron and X-

ray emission probabilities required. 
√ Priority 2 decay-data evaluation in planned IAEA CRP 

(nuclear data for charged-particle monitor reactions and 
medical isotope production; see also INDC(NDS)-0591, 
2011). 

140Nd/140Pr Measurements and evaluation required. Auger-electron and other low-energy electron data 
required for 140Nd microdosimetry. 

 Radiotherapy + PET.  Parent 140Nd(EC) to operate as 
therapeutic radionuclide, while 140Pr is a positron emitter (in-
vivo generator). 

† All decay scheme data should be rigorously assessed to ensure their suitability with respect to decay characteristics, data uncertainties and completeness. 
* Symbol √ denotes relevant studies undertaken as part of either a completed or on-going IAEA CRP. 
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Table 18: Therapeutic β− and X-ray/γ emitters. 
Radionuclide Production data Decay data† CRP* Comments 
47Sc Measurements and evaluations required.   Low-energy β− emitter. 
67Cu Evaluated in previous IAEA CRP (Nuclear Data for the 

Production of Therapeutic Radionuclides, IAEA 
Technical Reports Series No. 473, 2011). 

Measurements and evaluation required, particularly 
with respect to the ground state to ground state 
transition. 

 Important radionuclide – emission of low-energy β− particles, and 
preparation of organometallic complexes. 

103Pd Evaluated in previous IAEA CRP (Nuclear Data for the 
Production of Therapeutic Radionuclides, IAEA 
Technical Reports Series No. 473, 2011). 

Data discrepancies − measurements and evaluation 
required. 

√ Priority 1 decay-data evaluation in planned IAEA CRP (nuclear 
data for charged-particle monitor reactions and medical isotope 
production; see also INDC(NDS)-0591, 2011). 
Also included as Auger-electron emitter in Table 19. 

131Cs Measurements and evaluations required.  √ X-ray emitter. 
131Ba Measurements and evaluations required. Complex decay scheme requires assessment. √ X-ray emitter. 
161Tb 160Gd(n,γ)161Gd(β-)161Tb Measurements and evaluation required.  Low-energy β− emitter. 
166Ho Evaluated in previous IAEA CRP for reactor production 

only (Nuclear Data for the Production of Therapeutic 
Radionuclides, IAEA Technical Reports Series No. 473, 
2011). 

164Dy(2n,γ)166Dy(β−)166Ho: measurements and evaluation 
required. 

166Ho decay data evaluated in previous IAEA CRP (X-
ray and Gamma-ray Decay Data Standards). 

 High-flux reactor required for double-neutron capture. 

169Er Measurements and evaluations required, including 
spallation beam cross sections. 

Measurements and evaluation required.  Low-energy β− emitter. 

175Yb Measurements and evaluations required for charged-
particle reactions. 

Measurements and evaluation required.  Low-energy β− emitter. 

191Os /191Irm 
 

Measurements and evaluations required.   Low-energy β− emitter for radiotherapy + SPECT. Potential in-vivo 
generator. Difficult to produce by means of charged-particle 
reactions. 

191Pt /191Irm Measurements and evaluations required. Measurements and evaluation required of parent decay 
data. 

 X-ray emitter.  Potential in-vivo generator.  Difficult to produce by 
means of charged-particle reactions. 

† All decay scheme data should be rigorously assessed to ensure their suitability with respect to decay characteristics, data uncertainties and completeness.
* Symbol √ denotes relevant studies undertaken as part of either a completed or on-going IAEA CRP.	
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Table 19: Therapeutic Auger-electron emitters. 
Radionuclide Production data Decay data† CRP* Comments 
67Ga, 111In Evaluated in two previous IAEA CRPs (Charged-

particle Cross-section Database for Medical 
Radioisotope Production: Diagnostic Radioisotopes and 
Monitor Reactions, IAEA-TECDOC-1211, 2001 (67Ga 
and 111In), and Nuclear Data for the Production of 
Therapeutic Radionuclides, IAEA Technical Reports 
Series No. 473, 2011 (67Ga)). 

Auger-electron emissions may become an issue to 
be addressed in the future. 

 Previously used in diagnostic studies, both 67Ga and 111In are finding 
increased application in internal radiotherapy. 

71Ge Measurements and evaluations required. Auger-electron emissions may become an issue to 
be addressed in the future. 

 Half-life is rather long at 11.4 d. 

77Br Several reactions have been investigated – evaluations 
required. 

Auger-electron emissions may become an issue to 
be addressed in the future. 

  

99Tcm Commonly available – data needs will only arise if 
produced by charged-particle reactions on accelerators. 

Decay data evaluated in previous IAEA CRP (X-
ray and Gamma-ray Decay Data Standards). 
Data required for Auger electrons (Ee < 25 keV) and 
other low-energy electrons (Ee < 1 keV) for 
microdosimetry. 

 While regularly used for diagnosis, there is increased application in 
therapeutics. 

103Pd Evaluated in previous IAEA CRP (Nuclear Data for the 
Production of Therapeutic Radionuclides, IAEA 
Technical Reports Series No. 473, 2011). 

Measurements and evaluations required. √ Priority 1 decay-data evaluation in planned IAEA CRP (nuclear data for 
charged-particle monitor reactions and medical isotope production; see 
also INDC(NDS)-0591, 2011). 

123I Evaluated in previous IAEA CRP (Charged-particle 
Cross-section Database for Medical Radioisotope 
Production: Diagnostic Radioisotopes and Monitor 
Reactions, IAEA-TECDOC-1211, 2001). 

Auger-electron emissions may become an issue to 
be addressed in the future. 

 While regularly used for diagnosis, there is increased application in 
therapeutics. 

140Nd Several reactions have been investigated – evaluations 
required. 

Auger-electron emissions may become an issue to 
be addressed in the future. 

 Auger-electron and EC decay. 
In-vivo generator (140Pr) – see Table 17. 

178Ta 176Hf(α,2n)178W(EC)178Ta Auger-electron emissions may become an issue to 
be addressed in the future. 

 Auger-electron and EC decay. 
In-vivo generator (178W). 

193Pt m, 195Pt m Measurements and evaluations required. Auger-electron emissions may become an issue to 
be addressed in the future. 

 Large number of Auger electrons emitted. 

197Hg Measurements and evaluations required. Auger-electron emissions may become an issue to 
be addressed in the future. 
Measurements and evaluation required. 

  

† All decay scheme data should be rigorously assessed to ensure their suitability with respect to decay characteristics, data uncertainties and completeness. 
* Symbol √ denotes relevant studies undertaken as part of either a completed or on-going IAEA CRP. 
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Table 20: Therapeutic α emitters. 
Radionuclide Production data Decay data† CRP* Comments 
149Tb Measurements and evaluations of spallation and heavy-

ion beam reactions. 
  Emission of low-energy alpha particles (< 4 MeV) renders 149Tb 

potentially useful for special applications. 
211At/211Po Evaluated in previous IAEA CRP (Nuclear Data for the 

Production of Therapeutic Radionuclides, IAEA 
Technical Reports Series No. 473, 2011). 

211At and 211Po decay data evaluated in IAEA CRP 
(Library of Recommended Actinide Decay Data, 
2011). 

 Well-established therapeutic radionuclide. 

225Ac/213Bi Lack of cross-section data at higher energies for 
spallation reaction on 232Th. 
 

Full decay chain evaluated in IAEA CRP (Library 
of Recommended Actinide Decay Data, 2011). 

√ Potentially important therapeutic radionuclide. 

227Ac/223Ra Inadequate cross-section database for 232Th(p,x) 
production of 227Ac. 

Experimental data and evaluation required for 227Ac. 
223Ra evaluated in IAEA CRP (Library of 
Recommended Actinide Decay Data, 2011). 

√ Impurity in 225Ac production. 

230U/226Th Production reactions will be studied within planned 
IAEA CRP (nuclear data for charged-particle monitor 
reactions and medical isotope production). 

230U decay chain requires evaluation. √ Decay-data evaluations for 230U decay chain were not included in 
IAEA CRP dedicated to “Library of Recommended Actinide Decay 
Data, 2011”. 

† All decay scheme data should be rigorously assessed to ensure their suitability with respect to decay characteristics, data uncertainties and completeness. 
* Symbol √ denotes relevant studies undertaken as part of either a completed or on-going IAEA CRP. 
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6. Concluding Remarks 
Extremely significant developments in the field of nuclear medicine are taking place that 
involve both organ imaging and internal radionuclide therapy. The dynamic and quantitative 
nature of positron tomography (PET) is being coupled with X-ray tomography (CT) and 
magnetic resonance imaging (MRI) to provide a highly powerful combination of detector 
systems for organ imaging. New possibilities for improved internal radiotherapy are also 
being assessed and developed in terms of two proposed procedures: 

(a) a combination of PET and therapy involving radioimmuno reactions, and 
(b) Auger-electron and α-particle therapy at the cellular level. 

Future success with these methods of treatment is difficult to gauge, which impacts 
significantly on the ability to identify intermediate- and long-term nuclear data needs defined 
somewhat loosely as within the next 5 to 15 years. Such data needs in nuclear medicine will 
depend upon the relative success of proposed technological developments and the 
commensurate identification of suitable radionuclides for medical treatments. Overall, 
demands are expected to move towards positron emitters and therapeutic radionuclides as 
outlined in Section 5.4, resulting in the increased adoption of metallic-based positron emitters 
as a consequence of developments in organometallic-complex chemistry (especially for 
appropriate Ti, Ga and Cu radionuclides). Furthermore, the adoption of highly-focused 
therapeutic treatment by means of microdosimetry techniques will also require improved 
characterisation and quantification of the atomic and nuclear decay data of the most suitable 
low-energy Auger-electron emitters. 

Radionuclides production in the foreseeable future will require intermediate-energy, high-
power accelerators with extended proton energies up to 200 MeV. Small cyclotrons operating 
to a maximum of 30 MeV will not suffice for a significant number of the radionuclides now 
being considered.  Furthermore, there will be a need for such facilities to generate deuteron, 
3He and 4He particle beams in order to extend the range of production and improve 
radionuclidic purity. Activation products relevant to proton and heavy-ion radiotherapy will 
also need to be better quantified with respect to their production cross sections (particularly 
such positron-emitters as 11C, 13N, 15O, 30P and 38K). A comprehensive calculational route 
needs to be developed to determine the energies and emission probabilities of the low-energy 
X-rays and Auger electrons to a higher degree of detail and consistency than is available at 
present. The aim should be to produce a definitive and consistent set of data of all the 
nuclides of immediate value to the medical profession. All of the resulting recommended 
decay schemes should also be used in cross-section and activity measurements. 
Recommendations over the previous 15 years have focused on the need for cross-section 
studies over a reasonably wide range of targets and projectiles, along with decay data 
measurements for specific radionuclides. However, the need to provide the user community 
with uncertainty values in the recommended data should also be stressed. Comprehensive 
cross-section and decay-data evaluations that include recommended data uncertainties are 
clearly merited to ensure the necessary quality and consistency of any data assembled in an 
appropriate database for nuclear medicine applications. 

Requests for new nuclear data measurements are driven primarily by the results of 
methodical evaluations to identify inconsistencies and unforeseen gaps in the desired data. 
Thus, a healthy synergy exists in which αβγ spectroscopy laboratories undertake decay-data 
measurements driven by data inadequacies which have been highlighted by decay-scheme 
evaluations of direct relevance to nuclear medicine, the industrial and environmental business 
sectors, and basic nuclear physics research. Under these circumstances, the communication 
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and transfer of such data and information has improved considerably, and large quantities of 
nuclear data can be rapidly accessed within seconds, thanks to the work undertaken over 
many years by staff at the various national and international nuclear data centres. Thus, IAEA 
staff have created and maintain a dissemination system dedicated to nuclear data for medical 
applications. All of the recommended data that have evolved from the completed CRPs 
described above can be found on a dedicated IAEA Web site: 

www-nds.iaea.org/medportal/ 
while all relevant interim IAEA INDC(NDS) reports are directly available from: 

www-nds.iaea.org/publications/group_list.php?group=INDC-NDS 
along with the final definitive IAEA technical reports for the two completed CRPs: 

www-nds.iaea.org/publications/tecdocs/iaea-tecdoc-1211.pdf 
www-nds.iaea.org/publications/tecdocs/technical-reports-series-473.pdf 

Data Uncertainties 
Data and their uncertainties are presented throughout the text and tables in the form 1234(x), 
where x is the uncertainty in the last digit or digits quoted in the measured or evaluated 
number. This uncertainty is generally expressed at the 1σ confidence level. Examples:  

1739(8) means 1739 ± 8;  
0.0171(22) means 0.0171 ± 0.0022; and 
1.13(17) x 10+6 means (1.13 ± 0.17) x 10+6. 
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Figure captions 

1. Alpha-particle spectra of thin mass-separated sources of (a) 237Np, and (b) 243Am 
measured by means of a 450-mm2 passivated implanted planar silicon (PIPS) 
detector – main α peaks are labelled in keV energy units [21]. 

2. 67Cu β− decay: Gamma-ray (HPGe detector) and electron spectra (1mm thick Si 
detector). 

3. Gamma-ray spectrum of a chemically-purified 233Pa source measured by means of a 
2-cm2 x 1-cm planar low-energy photon spectrometer (LEPS), at a source-to-
detector distance of 5 cm – main γ peaks are labelled in keV energy units [21]. 

4. Half of the modular layout of HPGe detectors for (a) Gammasphere, and (b) 
Euroball. 

5. Module-detector/configurations: (a) full 4π solid-angle arrangement for GRETA, 
and (b) partial cross-sectional arrangement for AGATA. 

6.  Quarter-based layout of the GRETINA detectors (foreground) compared with the 
full 4π solid-angle system designed for GRETA (background). 

7.  KLL-Auger spectrum of 111Cd from the EC decay of 111In measured at 7-eV 
resolution and 2-eV step size; spectral components are shown as continuous lines 
[43]. 

8.  KMM-, KMN- and KNN-Auger spectrum of 111Cd from the EC decay of 111In 
measured at 21-eV resolution and 2-eV step size; spectral components are shown as 
continuous lines [45]. 

9. Nuclear data sheets for the EC decay of 62Cu (ENSDF [49]). 
10. Nuclear data sheets for the IT decay of 99Tcm (ENSDF [49]). 
 

 





	
  

	
  

	
  

	
  

Fig. 2. 67Cu β− decay: Gamma-ray (HPGe detector) and electron spectra (1mm thick Si 
detector). 
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Fig. 4. Half of the modular layout of HPGe detectors for (a) Gammasphere, and (b) Euroball. 
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Fig. 5. Module-detector/configurations: (a) full 4π solid-angle arrangement for GRETA, and 

(b) partial cross-sectional arrangement for AGATA. 



 
 

 
 
 
 
Fig. 6. Quarter-based layout of the GRETINA detectors (foreground) compared with the full 4π 

solid-angle system proposed for GRETA (background).  
 
 

 



	
  

	
  

	
  

Fig. 7. KLL-Auger spectrum of 111Cd from the EC decay of 111In measured at 7-eV 
resolution and 2-eV step size; spectral components are shown as continuous lines 
[43]. 

	
  

	
  

	
  



	
  
	
  

	
  

Fig. 8.  KMM-, KMN- and KNN-Auger spectrum of 111Cd from the EC decay of 111In 
measured at 21-eV resolution and 2-eV step size; spectral components are shown as 
continuous lines [45]. 
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program ENSDAT
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8Ni34
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2

2
8Ni34

   62Cu εεεε  Decay (9.67 min)    1971JoZN,1975Ca40,1970Va11 (continued)   

   γ (62Ni) (continued)   

Eγ † E(level) Iγ †# Comments

    2 0 9 7 . 6  3      3 2 7 0 . 9          0 . 8 4  1 1

    2 3 0 1 . 9 5  8     2 3 0 1 . 9 5        1 2 . 3  6 α=5.04× 10–4 7 ;  α(K)=3.97× 10–5 6 ;  α(L)=3.85× 10–6 6 ;  α(M)=5.42× 10–7 8 ;  

α(N+.. )=2.50× 10–8 4 .  

α(IPF)=4.59× 10–4 7 .  

    3 1 5 8 . 2  1 0     3 1 5 8 . 1          0 . 1 8  4

    3 2 5 7 . 3  1 0     3 2 5 7 . 7          0 . 0 4 2  1 9

    3 2 7 1 . 4  4      3 2 7 0 . 9          0 . 2 1  3

    3 3 7 0 . 3  3      3 3 7 0 . 2          2 . 4 6  1 4

    3 8 6 1 . 7  1 1     3 8 6 1 . 7          0 . 0 8  2

 †  Weighted averages of  values from 1969Es03, 1970Va11, 1971JoZN and 1975Ca40.  

 ‡  Expected γ  from Adopted Levels,  Gammas dataset;  not reported in studies of  EC decay.   

 §  From Adopted Gammas, unless otherwise stated.   

 # For absolute intensity per 100 decays,  multiply by 0.00342 17 .   

 @ For absolute intensity per 100 decays,  multiply by 0.342 17 .   
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    99Tc IT Decay (6.0067 h) (continued)   
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