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Radiochemistry Applications:  Outline 
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 Radionuclides are a Part of Nature 

 Radioelements 

 Radioanalysis 

• Analysis based on inherent activity 

• Activation analysis 

• Radiotracer applications: 

– Chemical equilibria and bonding 

– Reaction mechanisms 

– Diffusion and transport processes 

 Emanation Techniques 
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 Isotope Dilution Analysis (IDA) 

Direct IDA 

Variants of IDA 

Radiometric methods 

 Idea of the PROTRAC Facility at PSI  

 Transuranium (TU) and 

(Superheavy) elements 

Introduction 

Production of TU elements 

Production of superheavy elements 

 Summary 



Radioisotope and Radiation Applications Radiochemistry Applications, P. Frajtag 3 

Introduction 

Nuclear and Radiochemistry are the branches of chemistry dealing with the 

properties of radioactive matter: 

• Nuclear Chemistry: focus on chemical aspects of atomic nuclei and of nuclear reactions. 

• Radiochemistry: focus on chemical properties, preparation and handling of radioactive 

substances. 

Radiation Chemistry deals with the chemical effects of radiation. 

Research in nuclear and radiochemistry comprises: 

• Study of radioactive matter in nature. 

• Investigation of radioactive transmutation and of nuclear reactions by chemical methods.  

• Chemical effects of nuclear reactions (hot atom chemistry, E=kT, 1MeV↔1.16·1010K). 

• Influence of chemical bonding on nuclear properties. 

• Production of radionuclides and labelled compounds. 

• Chemistry of radioelements (more than a quarter of all chemical elements). 
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Radionuclides are a Part of Nature ! 

 Radioisotopes can be divided into two 

groups: 

• naturally occurring radioisotopes 

• man-made radioisotopes 

 The naturally occurring radioactive 

substances are widely distributed on 

Earth, the major part can be found in the 

lithosphere. 

 The natural radioisotopes can be 

classified according to their origin: 

• Cosmogenic radionuclides. 

• Primordial radioisotopes: 

– members of the natural decay series 

– terrestrial radionuclides 
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Radioelements: Elements that only exist as radionuclides 
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Advantage of Radionuclide Applications in Radioanalysis: High Sensitivity 

 In principle, a single radioactive atom can 
be detected (if measured at the moment of 
its decay). 

Mass m and activity A of a radionuclide  
are correlated by the half-life T½ (M=atomic 
mass, NAv=Avogadro’s number): 

• m = A M T½ / (ln2 NAv)      (1) 

Within 10 minutes and with an overall 
counting efficiency of 20%  10 Bq can be 
detected with a statistical error of ~3%. 

 Especially short-lived radionuclides can be 
measured with extremely high sensitivity 
(extremely low detection limits).  

However, often microamounts of 
radioactive material must be handled 
swiftly. 

 Especially NAA is a blank-free, non-
destructive and multi-elemental method.   
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Overview:  Fields in Radiochemistry 

Radioanalysis (analytical chemistry based on nuclear phenomena): 

• Analysis on the basis of the inherent natural radioactivity of the elements to be determined. 

• Activation analysis. 

• Analysis after addition of radionuclides as tracers (isotopic dilution and radiometric methods). 

Study of chemical and physical properties of the transuranium and (super)heavy 

elements including their radioactive decay. 

Study of macroscopic phenomena (where nuclear processes are involved) 

overlapping with other (applied) sciences: 

• Geo- and Cosmochemistry 

• Environmental and Biochemistry (surface chemical processes in the atmosphere) 

• Nuclear reactors, nuclear fuel and fuel cycles  

Synthesis and preparation of labelled compounds. 

Study of nuclear properties such as structure, reactions, radioactive decay. 
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Analysis Based on Inherent Radioactivity  (1) 

 The activity of radioactive substances is a measure of their mass (Eq.(1)), 

provided that the following conditions hold:  

• The isotopic composition of the element to be determined is constant. 

• There are no interfering radioactive impurities.  

 If the daughter nuclei are also radioactive, either: 

• radioactive equilibrium must be established, 

• or the daughter nuclides must be separated off quantitatively.  

 Interference with radioactive impurities can often be eliminated by measuring 

the α- or γ-spectrum of the radioisotopes. 

 Analytical determination based on natural radioactivity is often used for 

the radionuclides 40K, 238U, 226Ra and 232Th. 
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Analysis Based on Inherent Radioactivity (2): Example  

 Potassium contains 0.0117 % of the 

radionuclide 40K (T½=1.28·109 a), and this 

atomic fraction is practically constant. 

 The relatively high energetic β–-radiation 

(89.3 %, Eβ=1.31 MeV) or γ-radiation 

(Eγ=1.46 MeV) after β+-decay can be 

easily measured. 

 The natural activity of 1kg of potassium is 

3.13·104 Bq, which (assuming that 0.1 Bq 

can be measured) results in an detection 

limit of 3 mg. 

 The figure shows a device applied to 

measure the K concentration in salts. 
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Activation Analysis in Radiochemistry (Supplement) 

 Activation analysis induced by neutrons, charged 

particles or photons is widely used in 

radiochemistry. Often INAA (with HPGe-detectors 

and a multichannel analyzer) and RNAA (i.e., NAA 

with subsequent chemical purification) are applied. 

 The activity of the radionuclide produced in the 

nuclear reaction T + x → P + y after an irradiation 

time ti is given by:  A = λNP = σΦNT· (1–exp(–λti)) 

 In NAA cases in which the neutrons induce a 

relatively high activity in the main material (m), the 

irradiation time ti and decay time after irradiation td 

may be chosen to maximize the ratio: 

• Ax/Am = σxNT(x)· (1–exp(–λxti))· exp(–λxtd)                            

          / σmNT(m)· (1–exp(–λmti))· exp(–λmtd) 

 For short-lived radionuclides a fast transport 

system is needed, cf. PROTRAC at PSI.  
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Activation Analysis in Radiochemistry: Detectors/Example 

 To count g-radiation, 

scintillation and 

semiconductor detectors 

are mainly employed often in 

combination with a 

multichannel analyzer 

operated by a computer and  

a program for peak search, 

energy calibration and 

radionuclide identification. 

 The figure shows g-ray 

spectra from a sample of 

neutron irradiated sea water 

obtained with a NaI(Tl) and  

a Ge(Li) detector. 
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Radiotracers in Chemistry: Introduction  (Supplement) 

General prerequisite of tracer applications: 

•Tracers show the same behavior as the atoms or compounds to be investigated (same chemistry for isotopes 

usually given, isotope effects can be taken into account (H/T)). 

•Labelling of elements or chemical compounds must be possible. 

Radiotracer methods in chemistry allow investigation of the fate of the labelled elements 

and compounds in the course of a chemical reaction or a transport process. Thus 

radiotracer techniques offer unique possibilities for the study of reaction mechanisms in 

homogeneous and heterogeneous systems. 

 Further Advantages:  
•Radionuclides can be measured accurately with high sensitivity at high dilution. 

•Often radiotracer techniques offer information that cannot be obtained by other means. 

•Radiotracer techniques have proved to be indispensable with respect to revealing the examination of individual 

steps of an analytical procedure, in particular with the aim of revealing the sources of systematic errors. 

•A wide variety of radionuclides and labelled compounds are available.  

•Radiation safety: The radiotracer method, if all necessary precautions are taken, is safe. 

 In the following some radiotracer applications in chemistry will be described: 
• to measure chemical equilibria and elucidate chemical bonding 

• to study reactions mechanisms in homogeneous and heterogeneous systems 

• to investigate diffusion and transport processes  
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Chemical Equilibria (Example) and Chemical Bonding 

 The extraordinarily high sensitivity of radiochemical 
methods makes it possible to measure solubility of 
sparingly soluble compounds or distribution 
equilibria in the range of very low concentrations.   

 Example: In the figure the concentration of Ag in the 
silver halides AgCl, AgBr, AgI is shown as a function 
of the concentration of the corresponding halides 
NaCl, NaBr and NaI. The fall is due to the solubility 
product, the subsequent rise due to complex 
formation. The minima cannot be found by 
electrochemical methods. 

 Radiotracer applications were also used to 
elucidate chemical bonding. It could be shown, e.g., 
that the Pb atoms in Pb2O3 are not equivalent, but 
exist in different oxidation states (II and IV). 
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Reaction Mechanisms in Homogeneous Systems 

 The Claisen allyl rearrangement (on the top) could be 
elucidated by labelling with 14C. By investigation of the 
decomposition products is was proved that the terminal C atom 
of the allyl group forms a bond with the benzene ring. 

 Isotope exchange reactions can be studied with 
radiotracers:  AX(1) + *AY(2) ↔ *AX(1) + AY(2) 
• the rate of exchange is: d*c1/dt = R (*c2/c2 –*c1/c1) (2) 

• with reaction rate: 

– R = k1(T) c1  (1st order reactions)  

– R = k2(T) c1c2  (2nd order reactions)  

• integration of Eq.(2) gives: ln(1–λ)= –R t (c1+c2)/(c1·c2) with 
 λ= (*c1–*c1(0)) / (*c1(∞)–*c1(0))  (degree of exchange) 

• plotting ln(1–λ) versus time (see figure on the left) allows the 
determination of the reaction rate coefficients: 

– k1(T)=(ln2/T½)·(c2/(c1+c2))  (1st order reactions)  

– k2(T)=(ln2/T½)/(c1+c2)   (2nd order reactions)  
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Reaction Mechanisms in Heterogeneous Systems 

 Also in heterogeneous systems radiotracer 

techniques are used to clarify reactions 

mechanisms and to determine kinetic data.  

 In reactions between a solid and a gas or a 

solution, three steps are distinguished: 

• transport of the reactant (in the gas phase or the 

solution) to the surface of the solid,    

• reaction at the surface of the solid 

• transport of the reaction products into the solid, the 

gas phase or the solution. 

 Reactions at the solid/gas or solid/liquid interface 

comprise the following steps (which all can be 

described by reaction rates similar to 

R=k(T)c1c2): 

• adsorption of the reactant 

• reaction 

• desorption of the products  

 The figure shows a typical result obtained in 

tracer experiments. By evaluation of such curves 

the kinetics of the exchange reactions or the 

active surface area can be determined. 
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Diffusion and Transport Processes 

 The high sensitivity of radiotracer methods makes them very attractive for the determination 

of diffusion coefficients (the latter                                                                                       

relation holds if D is a constant): 

 Self diffusion, i.e. the diffusion of the intrinsic components of a substance, can only be 

measured by indicator methods.  

 The following investigation methods may be distinguished:  

• Radiation-absorption method: the tracer is applied in form of an “infinitely thin” or “infinitely thick” 

layer and, at the end of the experiment, the sample is sliced into thin slices or dissolved stepwise. 

The mean penetration depth and D are calculated from the decrease in counting rate. 

• Autoradiography: Photographic emulsions provide qualitative information about diffusion (do the 

particle spread uniformly or along grain boundaries?).  

• Recoil method: A plane surface of lead is labelled with 212Pb, the decay chain of which includes 

an α-decay of 212Bi. The daughter 208Tl receives a                                                                     

recoil, and depending on the penetration depth of                                                                      
212Pb, a greater or smaller fraction of recoiling 208Tl                                                                   

atoms are sampled on a Cu-electrode (at potential                                                                            

-200V), and the β– activity of 208Tl is measured.  
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Emanation Techniques 
 Emanation techniques are based on the production 

of radioactive noble gases by decay of mother 
nuclides or by nuclear reactions. 

 The emanating power is defined as the fraction 
of radioactive noble gas escaping from a solid 
relative to the amount produced in the solid. It 
is measured either by the activity of the noble gas 
itself or that of its daughter nuclides.  

 The processes contributing to emanation are recoil 
and diffusion. 

 The emanating power depends on various factors: 
•composition of the solid and reactions in it 
• lattice structure of the solid 
•specific surface area of the solid 
• temperature  
•T½ of the noble gas radionuclide and its recoil energy  

 The figure lists various possibilities of producing 
radioactive noble gases for application as 
emanating sources. 

 Emanation measurements can be used to: 
• investigate the transformation, decomposition or other 

reactions in solids 
•study aging processes in precipitates 
•obtain information about surface areas 
•determine the density of porous substances 
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Isotope Dilution Analysis (1):  Direct  IDA 

 In complex mixtures of components (e.g., biochemical systems) it may be quite difficult to 

ascertain the exact amount of a specific component. 

 The basic idea of isotope dilution analysis (IDA) is to measure the changes in specific 

activity when a substance has been incorporated into a system containing an unknown 

amount of atoms or molecules of the same kind. Several types of IDA exist. 

 In direct IDA an unknown amount x of some inactive material M in a system is determined 

by the following procedure: 
• We add y grams of active material M* of known activity A0 to the system, thus the specific 

activity is: S0=A0/y  (3). 

• After complete mixing to obtain a homogenous distribution, a sample (of any size) is taken and 

(after purification, if needed) its specific activity S1 is measured. Due to conservation of material 

we have S1=A0/(x+y). 

• By substituting y=A0/S0 (from Eq. (3)) we get S1=A0/(x+(A0/S0)) and after rearrangement: 

 x = A0/S1 – A0/S0 = (A0/S0)· (S0/S1–1) = y·(S0/S1–1) (4). 

 The same kind of equations hold if stable isotopes are applied for labelling of the 

elements or compounds to be determined by isotope dilution analysis. In this case isotope 

ratios replace the specific activities and are measured by mass spectrometry. 

 Main advantage of the method: a quantitative separation of the element or compound 

to be determined is not necessary. It is substituted by measuring any fraction. 
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Isotope Dilution Analysis (2): Variants of IDA 

 In reverse or indirect IDA an unknown amount q of radioactive material M*, whose specific 

activity Sq = A/q is known, is determined by the following procedure: 
• We add r grams of inactive material M to the system. 

• After complete mixing to obtain a homogenous distribution, a sample (of any size) is taken and 

(after purification, if needed) its specific activity Sr is measured. Due to conservation of material we 

have Sr=A/(q+r)=qSq/(q+r)  (5). 

• By rearranging the terms we get Sr(q+r) = qSq (6) and r/q = Sq/Sr–1 and finally q = r/(Sq/Sr–1) (7). 

 In substoichiometric IDA the IDA method is combined with substoichiometric analysis: 
• Two identical aliquots of the radiotracer solution are taken with mass y0 and activity A0. 

• One aliquot is added to the solution, and the other one is left as such. 

• Both aliquots (or the same amount m of them) react with a small amount of reagent, and the 

activities of the reaction products Ax and Ay is measured.  

• Since the mass m is the same, the specific activities in Eqs.(4),(7) can be replaced by the ratio of 

Ax,Ay. 

• Advantage of this method: the sometimes tricky task of measuring the specific activities is avoided.     

Double dilution analysis is used in reverse IDA, where the specific activity Sq cannot be 

measured. Adding r grams of inactive material to one aliquot and p grams to a second aliquot 

gives (Eq.(6)): Sq= Sr+(r/q)Sr and Sq= Sp+(p/q)Sp, eliminating Sq leads to:     

• q=(rSr–pSp)/(Sp–Sr).  
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Other Analytical Applications of Radiotracers & Radiation 

Radiometric methods: The principle in all radiometric techniques of analysis is to have a 

radioactive reagent R* of known activity to combine quantitatively with some unknown amount 

of material U to form a radioactive addition product R*U. By measuring the activity of the 

product R*U, the original amount of unknown material U is deduced.  

•The advantages of these methods are: 

– high sensitivity due to the use of radioactivity 

– the product R*U does not need to be chemically pure 

•The prerequisites for these methods are: 

– the product R*U must not contain any spurious radioactivity 

– the reaction between R*+U must be quantitative, no other species besides U is allowed to react with R*   

 Techniques based on absorption and scattering of radiation (supplement): 

•Backscattering of β-radiation is also used as a basis for surface analysis. 

•Backscattering of γ- and X-rays is also applied (e.g., to determine the composition of ores).   

•Furthermore elastic scattering of γ-radiation. 

•Neutron backscattering is applied to measure hydrogen content. 

•Rutherford backscattering (i.e., elastic backscattering of α-particles) can be used for surface analysis. 

 Finally X-ray Fluorescence Analysis (XFA) has been applied in radiation chemistry to 

analyze samples.    
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Seminar:  PROTRAC facility at PSI  

PROTRAC stands for:  production 

of tracers for atmospheric 

chemistry. 

 The aim of the PROTRAC project is 

to provide the short-lived radioactive 

isotopes 13N,11C and 15O to the PSI 

laboratories for experiments in 

atmospheric chemistry. To study 

interactions between gas molecules 

and surface highly sensitive 

techniques are used which employ 

radioactive-labelled molecules. The 

isotopes are produced by irradiation 

of a gas stream in a target  by a 

proton beam.  
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Transuranium (TU) and Superheavy Elements: Introduction 

The chemical behavior of the TU (Z>92) elements is of considerable interest because: 

• It is very complex and offers insights into the chemistry of the lighter elements. 

• It gives the unique opportunity to test periodic table predictions of chemical behavior before the 

relevant experiments are done. 

• Especially the environmental chemistry of the TU elements has become more important due to 

their large production in the recent decades by the nuclear power industry. 

To describe atomic orbitals of TU elements, relativistic quantum mechanics must be 

applied (instead of the Schrödinger- the Dirac-equation must be solved). 

 In order to detect new (super)heavy elements often single atoms must be counted 

using radiochemical methods. 

 In the recent decades there has been a scientific race to extend the periodic table and 

synthesize new elements. The various methods of production of TU elements are: 

1. Irradiation with neutrons:    AZ(n,γ)A+1Z(β–) A+1(Z+1) 

2. Irradiation with deuterons or α –particles:    AZ(d,n)A+1(Z+1)  or   AZ(α,n)A+3(Z+2)  

3. Irradiation with heavy ions:    AZ +  A’Z’ → A+A’–x(Z+Z’) + xn 
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Production of TU elements by (n,g)-Reactions and β-Decays (1) 
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Production of TU Elements  (2) 

 The TU elements neptunium (Z=93), plutonium (Z=94), 

Americium (Z=95), Curium (Z=96), Berkelium (Z=97), 

Californium (Z=98), were synthesized between 1940-1950 by 

methods 1+2. 

 Einsteinium (Z=99) and fermium (Z=100) were identified in the 

debris of the first thermonuclear explosion (i.e., were made via 

method 1) in 1952/53. 

 Mendelevium (Z=101) was produced in 1955 by the reaction 
253Es(α,n)256Md using the recoil technique for separation. 

 For the production of elements with Z>101 heavy ion reactions 

with Z’>2 are necessary, because for irradiation with α-particles 

actinides with adequate T½ as targets are not available. Two 

concepts for the synthesis of new, heavy nuclides are 

distinguished: 
• hot fusion: irradiation of actinides with ions of low atomic numbers 

(Z=5-16) leading to high excitation energies 

• cold fusion: irradiation of spherical closed-shell nuclei, like 208Pb, 

with ions of medium Z (18-36) leading to low excited states 

 Nobelium (Z=102) was synthesized in 1957 using a double 

recoil technique via the 246Cm(12C,4n)254No(α)250Fm reaction. 
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Production of TU and Superheavy Elements  (3) 

 Lawrencium(Z=103), rutherfordium 

(Z=104), dubnium (Z=105), seaborgium 

(Z=106) were produced via the hot fusion 

technique between 1961 and 1974. 

 The concept of cold fusion was applied for 

the synthesis of the elements 107 to 112 

(bohrium Z=107, hassium Z=108, 

meitnerium Z=109) in the years 1981-

1996. 

 Also using cold fusion the elements with 

Z=114,116,118 were made in 1999. 

 In 2004 the synthesis of the superheavy 

elements with Z=113 and Z=115 was re-

ported using cold fusion (PRC69,021601). 

 Some nuclear structure calculations 

predicted an island of relative nuclear 

stability around Z=114 and N=184. 
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Summary 

 One of the main advantages of radionuclide applications in chemistry is their generally 
high sensitivity. 

 Radiotracer methods in chemistry allow investigation of the fate of the labelled elements and 
compounds in the course of chemical reactions or transport processes. Thus radiotracer 
techniques: 

• offer unique possibilities for the study of reaction mechanisms in systems 
• give often information that cannot be obtained by other means 
• have proved to be indispensable with respect to revealing the examination of individual steps of an 

analytical procedure, in particular with the aim of revealing the sources of systematic errors (“referee 
method”, blank-free technique). 

 Isotope dilution analysis is very powerful tool, because:  
• It allows to determine the exact amount of a specific component, especially in complex mixtures of 

components (e.g., biochemical systems).  
• The main advantage of the method is that a quantitative separation of the element or compound to be 

determined is not necessary. This is substituted by measuring any fraction. 

 The chemical behavior of the TU (Z>92) elements is of considerable interest because: 
• It is very complex and offers insights into the chemistry of the lighter elements. 
• It gives the unique opportunity to test periodic table predictions of chemical behavior before the 

relevant experiments are done. 

 There is a strong radiochemistry group at PSI working in the fields of environmental chemistry 
(analytical and surface Chemistry) and heavy elements. 
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