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Numbers of accelerators worldwide: type and application 
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TOTAL 
~ 42 400 

TOTAL 
~ 42 400 

Industry 
~ 27 000 

Medicine 
~ 14 200 

Science 
~ 1 200 

Electron 
Accelerators 

27 000 

Protons and ions 
Accelerators 

12 000 

Protons 
Accelerators 

4 000 
  Ion implantation in  
microelectronics ~ 1.5 B$/year 
  Cost of food  
after sterilization ~ 500 B$/year  



Accelerators for radionuclide production 
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Characterization of accelerators for radionuclide production 

The number of charged particles is usually measured as an electric current 
 in microamperes (1 μA = 6 × 1012 protons/s = 3 × 1012 alpha/s) 

General cross-sectional behavior for nuclear reactions as a function of the 
incident particle energy. Since the proton has to overcome the Coulomb 
barrier, there is a threshold that is not present for the neutron. Even very low 
energy neutrons can penetrate into the nucleus to cause a nuclear reaction. 

In the classic sense, a reaction between a charged particle and a nucleus cannot take place if the center of mass energy of the two particles is  
less than the Coulomb barrier.  It implies that the charged particle must have an energy greater than the electrostatic repulsion, which is given by the following 

    B = Zˑzˑe2/R 

where B is the barrier to the reaction; Z and z are the atomic numbers of the two species; R is the separation of the two species (cm). 



The Coulomb barrier B and the mass deficit Q 
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The energy equivalent of the mass deficit Q is given by 
 

Q (MeV) = 931.4 ∆M 

where ∆M = (mp + MT) – (mq – MR) 
mp is the particle mass; 
MT is the target mass; 
MR is the product mass; and 
mq is the emitted particle mass 
If Q < 0 the reaction is called endoergic, and if Q > 0 the reaction is said to be exoergic. 

If the reaction is endoergic, then an energy of an amount greater than this must be supplied in order for the reaction to proceed. The threshold will be the Coulomb barrier plus this difference. 
 Owing to the conservation of momentum, only a fraction of the kinetic energy is available to compensate for the mass deficit.  
If the reaction is exoergic, the threshold energy will just be the Coulomb barrier. In reality, as a result of quantum mechanical tunnelling, nuclear reactions start to occur when  
the tails of the energy distributions overlap, and so they will occur at energies below the Coulomb barrier. 



Nuclear reactions caused by charge particles and photons 
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Nuclear reactions used for production of radionuclides with accelerators and cyclotrons 
 
Charge particles:  
 
 - proton reactions: 64Ni(p, n)64Cu; 68Zn(p,2p3n)64Cu; 68Zn(p,2p)67Cu; 70Zn(p,α)67Cu.  
 
 - deutons: 64Ni(d,2n)64Cu  natZn(d, x)64Cu  (d,2n) 
 
 - α-particles: 209Bi(α,2n)211At and 209Bi(α,3n)210At as the major impurity (210At (EC) → 210Po); 
                                                 * (α,3n) reaction is considered as “parasitic” reaction 
 
Photons as the result of bremsstrahlung process (e → γ (photonuclear reaction)): 
  

- γ + 𝑅𝑎88
226  →  𝑅𝑎88

225  + 𝑛0
1   (photonuclear reaction) 

 

Example: routes for production of 64Cu isotope 



Nuclear reactions 
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Displacement caused by Nuclear Bombardment Reactions  Relative Locations of the Products of Various Processes 
on the Chart of Nuclides  



Optimization of the energy range for the production  
of given radioisotope 
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Excitation functions of 124Te(p,n)124I and 124Te(p,2n)123I reactions.  
The optimum energy range for the production of 123I is Ep = 25.0  18.0 MeV 

Schematic arrangement of target and monitor foils for irradiation 
 with a charged particle beam. 



Activity units 

20.11.2020 Lecture No 5: Production of radioactive isotopes: cyclotrons and accelerators                    V.N. Kornoukhov 8 



Definitions used in this lecture 
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Production yield 
The yield for a target having any thickness  can be defined as the ratio of the number of nuclei formed in the nuclear reaction to the number of particles  
incident  on the target. It is termed as the physical yield, Y. It is customary to express the number of radioactive nuclei in terms of the activity, and  
the number of incident particles in terms of the charge. Thus, Y can be given as activity per Coulomb, in units of GBq/C. The analytical meaning of the physical 
yield is the slope (at the beginning of the irradiation) of the curve of the growing activity of the produced radionuclide versus irradiation time. 
 
The activity at the end of a bombardment performed at a constant 1 μA beam current on a target during 1 hour is closely related to the measured activity  
in every day isotope production by accelerators, the so called 1 μA/h yield, A1. In practice, this latter quantity can be used when the bombardment time is  
significantly shorter than or comparable with the half-life of the produced isotope. 
 
When the irradiation time is much longer than the half-life of the produced isotope, a saturation of the number of the radioactive nuclei present in  
the target is reached, and their activity becomes practically independent of the bombardment time (at a constant beam current). This activity produced by  
a unit number of incident beam particles is the so-called saturation yield, A2. 
There are close relationships between the above-mentioned yields. Using the decay constant of the radionuclide λ and the irradiation time t one gets 
 

ꓬ = 𝑨𝟏 
𝝀

𝟏 −𝐞𝐱𝐩 (−𝝀𝒕)
 = 𝑨𝟐 𝝀 

 
Differential or thin target yield is defined for negligibly small (unit) energy loss of the incident beam in the thin target material.  
Thick target yield is defined for a fixed macroscopic energy loss, 𝑬𝒊𝒏- 𝑬𝒐𝒖𝒕, in a thick target. Integral yield is defined for a finite energy loss down to the threshold 
of the reaction, 𝑬𝒊𝒏- 𝑬𝒕𝒉.  
The thin target yield is easily related to the reaction cross-section and the stopping power of the target material for the beam considered. 

https://www-nds.iaea.org/exfor/  

https://www-nds.iaea.org/exfor/
https://www-nds.iaea.org/exfor/
https://www-nds.iaea.org/exfor/


Production yield  
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The rate of production: 

R = 𝑛𝑇I σ 
 
R – the number of nuclei formed per second; 𝑛𝑇 - the target thickness in nuclei/cm2; I is the incident particle flux per second (beam  
current) 
σ(E) is the reaction cross-section, cm2 

 
 
 
E is the energy of the incident particles; X is the distance travelled by the particle. 

 
𝐸𝑓

𝐸𝑖

      is the integral from the initial energy to the final energy of the incident particle along its path. 

As the charged particles passes through the target material, energy is lost due to interactions with the target electrons which 

is represented in the above equation by the term dE/dx (also called the “stopping power”). Returning to the expression for 

the cross section, it is evident that 𝑛𝑇 is given by the following expression: 

𝑛𝑇   = 
ρ𝑥

𝐴𝑇

  𝑁𝐴 

 
𝑛𝑇  is the target thickness in nuclei/cm2; ρ is the density in g/cm3;  

x is the distance the particle travels through the material. 

NA is Avogadro’s number. 

AT  is the atomic weight of the target material in grams. 



Production yield-1  
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The term dE/dx in the above expression is often referred to as the total stopping power. At a particular energy E, it can be represented as ST(E)  in 

units of MeV·cm2·g−1 and is given by the following expression: 
 

 

 

The loss of energy, dE, in MeV of the particle is then given by: 
 

 

where ρ is the density of the material in units of g/cm3, and the thickness of the target ρdx (in g/cm2) can be expressed as a function of dE: 
 

 

 

 

If this equation is integrated to include the stopping power to account for energy loss during the transit of the particle through the target material and assuming 

that the beam current is the same as the particle flux (which is true only for particles with a charge of +1), then the yield of a nuclear reaction is given by: 
 

 

 

 

 

The  radionuclide  production  rate  is  of  course affected by the radioactive decay of the resulting radionuclide  product.  For  short-lived  nuclides, the  

competing  reaction  rates,  production,  and decay  will  achieve  equilibrium  at  sufficiently long bombardment times since the rate of decay is  proportional  to  

the  number  of  radionuclide. 

Radionuclide product decay begins as soon as they have formed, which leads to the following expression, where the overall rate of production becomes: 
 
 
 
λ is the decay constant; t is the irradiation time in seconds; N is the number of radioactive nuclei in the target. 



Cyclotron (Synchrotron, Isochronous)  
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Particles are accelerated in a circular path by a high frequency alternating voltage applied between two D-
shaped electrodes (these are called "dee's"). The dee's are hollow and allow the particles to move between 
them. The particles are then made to move in a spiral pattern from the centre of the vacuum chamber to the 
outside by applying a large static magnetic field. 
As the particles' path leads them to the edge of the cyclotron they eventually enter the bombardment 
chamber and interact with the target to produce the radioisotopes. 
       a) A resistive magnet that can create a magnetic field of 1–2 T; 
      (b) A vacuum system down to 10–5 Pa; 
      (c) A high frequency system (about 40 MHz) providing a voltage with a peak value of about 40 kV, 
although these figures can vary considerably for different systems; 
      (d) An ion source that can ionize hydrogen to create free protons as well as deuterium and α particles. 

There are several types of accelerators, all of which can be used for radionuclide production. The dominant one for radionuclide production is currently the cyclotron (invented 
by Lawrence in the early 1930s). Hospital-based small cyclotrons yielding 10–20 MeV protons have become fairly common, especially with the rise of PET. 



MAIN CYCLOTRON SUPPLIERS 
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Advanced Cyclotron Systems Inc (ASCI) fabricates and sells 14 MeV, 19 MeV (fixed and variable energy) 24 MeV and 30 MeV cyclotrons. Simultaneous dual 
extraction is available in each of the models - https://www.advancedcyclotron.com/  
Advanced Biomarkers Technology (ABT) has recently introduced a new low power, small ‘table-top’ cyclotron with internal targets. The cyclotron 
accelerates H+ from an internal ion source. The accelerator has a fixed-energy of 7.5 MeV, a target volume of 15 μL and is designed to provide single-patient 
doses (mCi) of 18F and 11C. At 1 A and 7.5MeV, 1 mCi/min of 18F is produced. Currents are in the range of 1 to 5 A. With shielding the total weight of the 
accelerator is 10.8 ton and only occupies about 2 m2 - http://www.amv-europe.com/preclinical/products/advanced-biomarker-technologys/  
Best Cyclotrons Systems Inc (BSCI) are fabricating a fixed-energy 14 MeV H- cyclotron with a total extracted current of up to 100 μA into four external 
beams. The 35 MeV cyclotron has two simultaneous extracted beams with energy variable from 15-35 MeV and maximum extracted current greater than 
1.5 mA. A 70 MeV model accelerates H- of 35-70 MeV into two external beam lines - http://www.bestcyclotron.com/  
Efremov Institute (NIIEFA) supplies a cyclotron that accelerates negative hydrogen and deuterium ions, in a vertical plane, to energies of 18 and 9 MeV, 
respectively - http://www.niiefa.spb.su/?lang=en  
EuroMeV offers the ISOTRACE superconducting cyclotron which provides an extracted beam current up to 100 A at a fixed energy of 12 MeV. 
The cyclotron weighs only 3.8 tonnes and has a total operating power consumption of 40 kW. 
GE Healthcare has two cyclotron products for PET, namely, MINItrace and PETtrace. MINItrace accelerates H- in a vertical oriented cyclotron that provides 50 
A at a fixed-energy of 9.6 MeV. The PETtrace also accelerates in a vertical plane either H- /D- up to a fixed-energy of 16.5/8.6 MeV with extracted currents of 
100/65 A. The MINItrace cyclotron features integrated shielding and fully automated operation during start-up, tuning and operation 
https://www.gehealthcare.ru/ . 
IBA markets cyclotrons at 3 (D), 10/5 (H/D), 11 (H), 18/9 (H/D), 30 (H) and 70/35 (H/D) MeV. Cyclone 3D was originally marketed to address the need for 15O 
in the early 90s. Cyclone 10/5 is a fixed energy cyclotron with four extraction ports. Cyclone 11 is that features a fixed-energy, self-shielded cyclotron that 
accelerates H up to 11 MeV. Cyclone 18/9 is a fixed-energy cyclotron that accelerates H- up to 18 MeV and D- up to 9 MeV. Cyclone 18 Twin is a fixed-energy 
cyclotron that accelerate H- up to 18 MeV and that improves uptime and reliability by using two independent ion sources. Cyclone 30 is a fixed-energy 
cyclotron that accelerates H- up to 30 MeV and can extract two independent beams - https://iba-worldwide.com/ . 
Siemens markets the Eclipse brand cyclotrons which were initially developed by CTI and sold under the RDS label. The Eclipse cyclotrons accelerate H- up to 
a fixed energy of 11 MeV. The Eclipse HP provides 60 A into each of two beam lines and onto a carousel that holds up to 2 targets whereas the RD provides 
40 A on a carousel that holds up to 8 targets in each of two beam lines - https://www.gehealthcare.ru/ .  

https://www.advancedcyclotron.com/
http://www.amv-europe.com/preclinical/products/advanced-biomarker-technologys/
http://www.amv-europe.com/preclinical/products/advanced-biomarker-technologys/
http://www.amv-europe.com/preclinical/products/advanced-biomarker-technologys/
http://www.amv-europe.com/preclinical/products/advanced-biomarker-technologys/
http://www.amv-europe.com/preclinical/products/advanced-biomarker-technologys/
http://www.amv-europe.com/preclinical/products/advanced-biomarker-technologys/
http://www.amv-europe.com/preclinical/products/advanced-biomarker-technologys/
http://www.bestcyclotron.com/
http://www.niiefa.spb.su/?lang=en
https://www.gehealthcare.ru/
https://iba-worldwide.com/
https://iba-worldwide.com/
https://iba-worldwide.com/
https://www.gehealthcare.ru/


Cyclotron-Produced Isotopes 
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Cyclotron-Produced Isotopes, some of the possible nuclear reactions used to produce the 

isotopes, typical production yields and some key physical properties for the target and 

production isotopes 

Nearly 50% of cyclotrons are in the 10-20 MeV energy range and about 75% of them were 

being used to produce 18F for FDG. 

  11C,     13N,    15O,    18F,     28Mg,  26Al,   30P,    34mCl,   38K,    43K,     44mSc/ 44Sc,      45Ti,   
48Cr,   51Cr,  52Fe/ 52mMn,   55Co,  57Ni,    61Cu,  64Cu,  67Cu,  62Zn/ 62Cu, 66Ga,   
67Ga,    68Ge/ 68Ga, 72As,  74As,  73Se,  75Br,  76Br,   77Br,   77Kr/ 77Br,   79Kr,    
81Rb/ 81mKr,   82Sr/ 82Rb,   85Sr,  87Y/ 87mSr ,  88Y,   99Mo/ 99mTc),  97Ru,  101mRh,  
111In,  118Te/ 118Sb,  123I,  125I,   122Xe/ 122I, 123Xe/ 123I,   125Xe/ 125I,   127Xe,   128Ba/ 
128Cs,   157Dy,   167Tm,  169Yb,  178W/ 178Ta,  186Re, 194Hg/ 194Au,   195mHg/ 195mAu,   
199Tl,   201Tl,  203Pb,   205Bi,   206Bi,  211At, 237Pu  



Target and Targetry-1 
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Target and backing plate assembly.  
Left: 100Mo deposited on aluminum plates with target assembly in 
foreground.  
Right: The underside of the target plate showing the entry and exit 
channels for water-cooling.  
Photographs courtesy of MICF, Edmonton 

Schematic diagram of a typical cyclotron target used with gases. 

Proton beam 

The target material may be either a gas, liquid or solid.  
The design of the target is depended on whether the target is placed inside (internal) or outside (external) the cyclotron. 



Target and Targetry-2 
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Targets: Target Chemistry, and Targetry 
Main characteristics: chemical composition, chemical form (solid state, liquid, gas): geometry and dimensions, isotopic content 
of “working” isotope (natural composition or enriched), the mass of target. 
  

Head of rotating target of cyclotron 
210 min-1 and flow of cooling water 30 L/min 

Head of non-movable target for internal beam of cyclotron 

Particle beam 

Particle beam 

Cooling water 

Cooling water 

Cooling water 

- target 

- target 



Target device of a target irradiation facility  
MMF INR RAS (Troitsk)  
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window 

Thermocouples 

Targetrs 

Water 

Rod 

Graphite collimators 
into s-steel radiator 



Cyclotron Co Ltd (Obninsk, Russia) 
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The first cyclotron, U-150, accelerates protons to the energy of 
20-23 MeV. Average current of the internal beam on the target 
during irradiation is up to 1100  A. Nuclear reactions (p,2n), 
(p,pn), (p,2p) are used for the radionuclide production on this 
facility 

The second cyclotron, RIC-14, accelerates protons to the energy 
of 14 MeV. Average current of the internal beam on the target 
during irradiation reaches 2100  A.  The (p,n)-nuclear reaction 
is used to produce the radionuclides on this accelerator. 

The Radiochemical section has seven heavy boxes 
(hot cells) with lead shielding thickness of 50 mm 
to 150 mm. They are equipped with manipulators 
for remote control of operations. 

Production more than 20 radionuclides as radiochemicals. The most widely used ones are Co-57, Ga-67, Ge-68, Pd-
103, In-111. The cyclotron radionuclides have advantages such as high specific activity and radionuclide purity. 
In addition to radiochemicals, different types of radiation sources are produced: 
   Mössbauer sources with Co-57 in rhodium and chromic matrix used in nuclear gamma-resonance spectrometry. 
Gamma ray line sources on the base of Ge-68 applied in the positron emission tomography (PET) systems. 
X-ray and gamma ray sources on the base of Fe-55, Co-57, and Cd-109 for the X-ray fluorescence analysis and in-
process measurement. 
Ga-68 generators developed for multiple production of non-sterile Ga-68-solution. Ga-68 obtained from this 
generator can be used for the calibration of PET-systems, for making of phantoms, and for the development of 
labeling technique. 

U-150 

RIC-14 



Cyclotron production of 68Ge via different reactions 
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               Comparison of various excitation functions  
                  for the (a) Ga(p,xn)68Ge, (b) Ge(p,pxp)68Ge  
                   and (c) Zn(α,xn)68Ge reactions 

               Comparison of 68Ge thick target yield (μCi/μAh) 
                for the (a) Ga(p,xn)68Ge, (b) Ge(p,pxp)68Ge  
                 and (c) Zn(α,xn)68Ge reactions 



Schematic of the design of the 68Ge/ 68Ga generator 
 of ZAO "Cyclotron" (Obninsk, Russia) 
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1 - handle; 2 - upper protective insert (upper plug); 3 - top cover of the protective container; 4 - 
cannula of the eluent line catheter; 5 - catheter plug; 6 - extension line; 7 - clamp (lock) of the 
catheter cannula; 8 - perforated plug; 9 - generator column; 10 - body of the protective 
container; 11 - lower protective insert; 12 - lower cover of the protective container; 13 - 
cannula of the eluate line catheter 

Schematic of the design of the 68Ge/68Ga generator 



68Ge radionuclide produced by different cyclotrons 

20.11.2020 Lecture No 5: Production of radioactive isotopes: cyclotrons and accelerators                    V.N. Kornoukhov 21 



Existing facilities of high intensity proton beam of “middle” 
energy” for radioisotopes production  
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Institute for Nuclear Research RAS (Troitsk, Russia)  160 MeV & 120 μA 
 
Los Alamos National Laboratory (NM, USA)   100 MeV & 200 μA 
 
Brookhaven National Laboratory (NY, USA)    200 MeV & 90 μA 
 
TRIUMF (Vancouver, Canada)     110 MeV & 50 μA 
 
iThemba Laboratory (Cape Town, South Africa)   66 MeV & 180 μA 
 
ARRONAX (Nantes, France)       70 MeV & 750 μA (3x375 μA) 
 



Facilities at construction stage for production of radioisotopes with 
high intensity proton beam of “middle” energy 
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Positron Corporation (Illinois, USA)             H- Cyclotron – 70 MeV & 2 x 375 μA (82Sr production) 
 
Konstantinov Institute of Nuclear Physics (St. Peterburg )       H- Cyclotron – 80 MeV & 100 - 200 μA  
           (separator of isotopes: 82Sr from Yttrium target) 
 
Proton Engineering Frontier Project (Gyoungju, Sourth Korea)  LINAC – 100 MeV & > 300 μA 
 
Legnaro National Laboratory, INFN (Padova, Italy)        Cyclotron – 70 MeV & 2 x 400 μA 
 
National Institute for Radioelements, IRE and IBA (Belgium)      Cyclotron – 350 MeV & 1000 μA  
           (Ta target to produce neutrons for 99Mo production) 
 
TRIUMF (Vancouver, Canada)          Existing H- Cyclotron – 500 MeV.  
            Isotope separator facility: 99Mo from 98Mo targets  
 
Institute for Nuclear Research RAS (Troitsk, Russia)        H- Cyclotron – 120 MeV & 1000 μA  
            (production of 82Sr, 117mSn, 225Ac, 223Ra et al.) 
 



Linear accelerator INR RAS (Troitsk, Russia) 
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Radioisotope complex stand 

-   Proton energy  160 MeV 

- Average beam current 120 μA to 140 μA 

The INR Accelerator Complex including a high intensity proton Linac, Neutron 
research complex, Isotope production facility and Beam therapy complex is located 
in science city Troitsk 20 km far from Moscow. 



Irradiation Conditions and Yields from the current suppliers of 82Sr 

20.11.2020 Lecture No 5: Production of radioactive isotopes: cyclotrons and accelerators                    V.N. Kornoukhov 25 

RUBIDIUM-82 
Rubidium-82 chloride is used to produce an Rb-82 injection for 
intravenous administration. An Rb-82 injection is indicated for 
Positron Emission Tomography (PET) imaging of the 
myocardium under rest or pharmacologic stress conditions to 
evaluate regional myocardial perfusion in adult patients with 
suspected or existing coronary artery disease.  It is rapidly taken 
up by heart muscle cells, and therefore can be used to identify 
regions of heart muscle that are receiving poor blood flow in a 
technique called PET perfusion imaging. T1/2 = 1.27 min. 

CURRENT MARKET 
With the recent growth of cardiac PET imaging, the supply of isotopes is at capacity.  Annual demand for radioisotopes specific to cardiac PET imaging 
are expected to reach $35 million over the next few years.  
The evolution to PET will further be accelerated by SPECT supply chain challenges. Cardiac SPECT will face significant pressure from a looming shortage in 
supply of molybdenum-99 (99Mo), the radioactive imaging agent utilized in SPECT, because of the closure of nuclear reactors; these reactors produced 
75% of the world’s radioisotope supply for SPECT imaging. 
According to the Centers for Disease Control and Prevention, Coronary Artery Disease (CAD) accounts for: 
 • More than 840,000 U.S. deaths annually related to heart disease or 1 of every 4 deaths 
• CAD costs the U.S. $350 billion each year 



82Sr/ 82Rb generator GR-01 (INR RAS, Troitsk, Russia) 
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82Rb chloride radiopharmaceutical elution system scheme 
Programmable syringe pump—1; 3‐way stopcock—2; 
sterilizing filter—3; saline supply—4; plastic extender 
(tubing with Luer edges)—5; adapter (from Swagelok to 
Luer)—6; one‐way valve—7; syringe with saline for air 
removal from the system—8; peripheral venous 
catheter—9; 82Sr/82Rb generator—10 

82Rb (T1/2 = 76 s) 

82Rb‐chloride 

82Sr (T1/2 = 25.36 d) 



The C70 ARRONAX cyclotron (Nantes, France)  
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Hot cells with manipulator arms  
for processing the radioactive target 

C70 Characteristics 

Inauguration 7 novembre 2008  

Production of  radionuclides for targeted radionuclide therapy (copper-67, scandium-47 and astatine-
211) as well as for PET imaging (scandium-44, copper-64, strontium-82 for rubidium-82 generators, 
and germanium-68 for gallium-68 generators).  
 

Since 2012, large scale production of 82Sr has started with rubidium chloride (RbCl) targets 



Isotope production Facility (IPF) at TRIUMF (Vancouver, 
Canada)    
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• Spallation reaction on thorium (232Th(p,xn)225Ac) 

 

• Multiple 10 g of thorium targets were irradiated (average 36 hours at 480 MeV, 50 µA) in 

2017-2019. Corresponding to production of ~ 370 MBq (10 mCi) of 225Ac at EOB per 

irradiation 

Target holder design for BL1A 

Spallation reaction on thorium (232Th(p,xn)225Ac) (BL1A Isotope production Facility (IPF)) 



TRIUMF’s “Hot Kitchen” 
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Currently produced 

Planned  

Purchased radionuclides Radchenko  Valery. November 22, 2019 
2d alpha seminar. Obninsk, Russia 



Radionuclide generator 
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The production rate: 

𝑁2= λ1
λ2 −λ1  

 𝑁01(𝑒
−λ1𝑡    − 𝑒−λ2𝑡   )  + 𝑁02 𝑒−λ2𝑡     

If the parent is longer lived than the daughter (i.e. 𝑇1 2 
1  > 𝑇1 2 

2  or λ1< λ2 ), 𝐞−𝛌𝟐𝐭 is negligible compare 

with 𝐞−𝛌𝟏𝐭 after t becomes sufficiently large, we will have 𝑁2 = 
λ1

λ2 −λ1
𝑁01 𝑒−λ2𝑡    and 

𝑁1
𝑁2

 = λ2−λ1
λ1

 and, consequently, the ratio of the absolute activity 𝐴1
𝐴2

 = λ2−λ1
λ2

 = 1 - λ1
λ2

  

This condition of a constant ratio of parent to daughter activity is known as radioactive equilibrium 

Milking  
process 



Radionuclide generator systems for SPECT and PET 
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Alpha-Emitters for Therapeutic Applications 
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Alpha-emitters of interest 
– 212Bi (60 m) and 213Bi (46 m) 
– 212Pb(10 h)/212Bi 
– 225Ac(10 d)/213Bi 
– 211At (7 h, accelerator produced) 
– 223Ra (11 d) 
– 227Th (19 d)/223Ra 

Important attributes 
 - High linear energy transfer (~80-100 keV/μm)  
 - Short path length (50-80 μm) 
- very high probability of damage when α particle 
hits DNA molecule 
–Half-life compatible with therapy 
–Versatile Chemistry 
–Availability 



Application of 225Ac/ 213Bi for target alpha therapy (TAT) 
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225Ac (𝑇1 2  = 9.92 d) is effective with various selective 

biomolecules (antibodies) for therapeutic use 
225Ac/213Bi (𝑇1 2  = 45.59 min) generator system providing 

an accelerator independent source of therapeutic 
radionuclide 
Clinical Trials                 225Ac Phase I 
                                        213Bi phase III 
 

Production methods: 
• 232Th(p,spallation)225Ac  
• 226Ra(p,2n)225Ac 
• 226Ra(γ,n)225Ra to 225Ac 
• 232Th(n, γ 2β)233U to 225Ac 
• 226Ra(3n, 2β)229Th to 225Ac 
• 226Ra(γ,n)225Ra to 225Ac 
 
 

 



 Production of 225Ac by 232Th fission 

Thorium is an effective target for production of isotopes  

for TAT (Targeted Alpha Therapy): 

 225Ac/213Bi, 223/225Ra, 230U/226Th 

 

 

• Experiment at MMF (Troitsk): the yield of 225Ac after 10 days of 

irradiation with an intensity of 250 μA and a proton energy of 

100 MeV is 73.2 GBq (1.98 Ci) 

Karlsruhe Table of radionuclides  
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Chemical processing of an irradiated Th target at MMF 
(Troitsk) 
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Irradiated thorium metal target 

Processing of an irradiated target in a hot chamber Scheme of 225Ac isolation from irradiated thorium 

Yield of 225Ac in a thorium target as a function of its thickness and 
incident proton energy (energy of protons leaving the target 40 
MeV, irradiation time 10 days, cooling time 10 days). 
 (1) Calculation based on a compilation of the experimental data; 
(2) theoretical calculation by the ALICE-IPPE model. 



225Ac expected production [Ci/month] 
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Bremsstrahlung 
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 Definition. If a moving charged particle is slowed down, this loss in kinetic energy must be accounted for  

(conservation of energy) and thus emits a photon equal in energy to the loss in kinetic energy of the charged 
particle.  
Bremsstrahlung translated means “braking radiation”. Bremsstrahlung is the radiation emitted when a 
charged particle is undergoing acceleration, generally deceleration. 
The angular distribution of bremsstrahlung has a pronounced directivity. For relativistic electrons, the average 
angle of emission of bremsstrahlung quanta is equal to mec2/Ee and does not depend on the energy of 
bremsstrahlung quanta. 

Bremsstrahlung emission from an accelerated charge 



The photo-nuclear process: Photo-neutron 
reaction 100Mo(γ,n)99Mo 
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An intense photon beam generated by an electron accelerator removes a neutron 
from a 100Mo target to produce 99Mo. 
The radiation length of photons striking a molybdenum target is 9.8 
g/cm² or 0.96 cm. The (γ,n) yield from a mid-mass target is about 10¹² n/s/kW of 
electron-beam power for a thick target and electron energies of greater than about 
30 MeV. A thick target corresponds to about five radiation lengths in thickness or 
nearly 5 cm of molybdenum. A yield of about 30% of the thick-target yield is 
produced in the first radiation length and 50% in two radiation lengths. 
 
A 100Mo target a 2 cm diameter by 2 cm thick (i.e., two radiation lengths) is 
irradiated by the bremsstrahlung of a 100 kW beam of electrons.  
 
~ 50% x 1 x 10¹² n/s/kW x 100 kW = 5 x 10¹³ n/s in that target volume of 6 cm³ at 
a density of about 10 g/cm³ or a total target weight of 60 g.  
About 60% of the neutrons produced come from the (γ,n) reaction leading to Mo-99 
and the rest come from (γ,2n) and (γ,3n) reactions leading to other stable 
molybdenum isotopes. The total amount of Mo-99 produced would be roughly 5 x 
10¹³ x 0.6 = 3 x 10¹³ atoms/s. At equilibrium the activity is expected to be 810 Ci. 
 
Estimation of target yield for a higher-power electron accelerator such as 500 kW & 
a 30 gram target: 700 curies/100 kW at saturation and about 25 kW in the target. 
Scaling to a 500 kW electron accelerator, it should be possible to produce about 
3,500 curies at saturation or 2,900 in one week. 

TRIUMF 
University of British Columbia 
Advanced Applied Physics Solutions, Inc. 
with support from Natural Resources Canada 

Production of Mo-99 by a 50 MeV electron beam 



The photo-nuclear process: photo-fission process 
238U(γ,F)99Mo 
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A very intense photon beam generated by an electron accelerator causes a 
uranium target to fission to produce 99Mo. 
 
The radiation length of uranium is about 0.33 cm, so a two-radiation length 
target is about 0.66 cm thick and a thick target is about 2 cm thick. Depending 
on the details of the target and converter designs, it is reasonable to expect 
fission yields of about 5 x 10¹¹ f/s/kW of electron-beam power for a thick target 
and electron energies of greater than about 30 MeV.  
 
The fission yield is 5 x 10¹¹ f/s/kW x 100 kW = 5 x 10¹³ f/s in that target volume. 
Six percent of the fission yield will be Mo-99. At saturation (equilibrium), 
about 14 days of irradiation, there will be 0.06 x 5 x 10¹³ Bq of Mo-99 produced 
by a 100 kW electron beam. This is equal to 3 x 10¹²/3.7 x 10¹⁰ = 81 Ci. 
 
This would produce about 81 x 0.22 = 18 six-day curies in a two-week 
irradiation. A one-week irradiation will produce about 83% of 
saturated yield or 15 six-day curies per week. 

Experimentally measured cross-sections for photo-fission 
of 238U for photon energies up to 30 MeV. 
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Thank you for your attention! 
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