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Global Radiopharmaceutical Diagnostic Market!

2010!

85%	  

10%	  

5%	  

US$3.2	  Billion	  

99mTc	  

18FDG	  

Other	  

2017!

72%	  

17%	  

11%	  

US$4.1	  Billion	  

99mTc	  

18FDG	  

Other	  

1 Global Radiopharmaceuticals Market (PET/SPECT Imaging & Therapy) – Current Trends & Forecasts (2010 – 2015); MarketsandMarkets, August 2011 
2 BMI - Business Monitor International Ltd, Molybdenum-99: Privatising Nuclear Medicine, Special Report 2011 
3 Interim Report on the OECD/NEA High-Level Group on Security of Supply of Medical Radioisotopes, The Supply of Medical Radioisotopes, OECD 2012 
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Some facts about 99mTc!
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>30 M procedures 
per year 
 
~0.5 M in UK 



Mo-99/Tc-99m/Tc-99!

140 keV 
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Mass 99 Decay Chain!

Nuclide	   Halflife 

99Y	   1.470(7)	  s 

99Zr	   2.1(1)	  s 

99Nb	   15.0(2)	  s 

99Mo	   2.7489(6)	  d 

99Tc	   2.111(12)E+5	  a 

99Ru	   Stable 
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Current Irradiators 2013!

Reactor Targets Normal 
operating days 

Available 
weekly 

capacity  
(6-day Ci) 

Potential 
annual 

production  
(6-day Ci)1 

Estimated stop 
production 

date 

BR-2 HEU 140 7 800 156 000 2026 

HFR HEU 280 4 680 187 200 2024 

LVR-15 HEU 210 2 800 84 000 2028 

MARIA HEU 180 1 400 36 000 2030 

NRU HEU 280 4 680 187 200 2016 

OPAL LEU 290 1 000 42 900 2055 

OSIRIS HEU 182 1 200 31 200 2015 

RA-3 LEU 336 400 19 200 2027 

SAFARI-1 HEU2/LEU 305 3 000 130 700 2030 

OECD January 2014 HLG-MR Report 
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Current Processors!

Processor Targets 
Capacity per 

week  
(6-d Ci) 

Available annual 
capacity  
(6-d Ci)1 

Expected date of 
conversion to 
LEU targets 

AECL/NORDION HEU 7 200 374 400 Not expected 
ANSTO HEALTH LEU 1 000 52 000 Started as LEU 
CNEA LEU 900 46 800 Converted 
MALLINCKRODT HEU 3 500 182 000 2016 
IRE HEU 2 500 130 000 2016 
NTP HEU3/LEU 3 500 182 000 20144 

OECD January 2014 HLG-MR Report 
 

Hywel Owen IPAC14 | THOAB02 | 19 June 2014 | 7 



Irradiation capacity and projected future 
demand, Global, 2015-2020!

   

 100 000 

 200 000 

 300 000 

 400 000 

 500 000 

Jan-Jun Jul-Dec Jan-Jun Jul-Dec Jan-Jun Jul-Dec Jan-Jun Jul-Dec Jan-Jun Jul-Dec Jan-Jun Jul-Dec 

2015 2016 2017 2018 2019 2020 

6-
da

y c
ur

ies
 E

OP
 

Current irradiator capacity Demand with no ORC Demand + 33% ORC 

OECD January 2014 HLG-MR Report 
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'A Review of the Supply of Molybdenum-99, the Impact of Recent Shortages and the 
Implications for Nuclear Medicine Services in the UK', Administration of Radioactive 
Substances Advisory Committee 



Technetium Generators!
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Eluent 

Needle 
Metal closure 

Glass column 

Lead shielding 

Eluate 

Sterile filter 



Problems with the reactor method!

•  Reactors are all very old, 
with disrupted 
replacement plans:!
–  MAPLE-1/2 cancelled!
–  1997-2007: 4 disruptions!
–  2007-2009: 5 disruptions!
–  May 2009 & October 2009 

are shortage months when 
3 reactors are down!

•  Only marginal cost 
appears in Tc99m cost!
–  NEA recommend full cost 

recovery now!

•  Uranium enrichment!
–  5% for power, e.g. PWR!
–  20% for research!
–  95% for Mo-99 (or bombs)!

–  LEU < 20%!
–  HEU >20%!

•  95% of global HEU use is 
for Mo-99 production!
–  USA does not like HEU 

being shipped around in 
boxes!

–  RERTR programme is 
changing all HEU fuel for 
LEU!
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Potential New Irradiators 2013!
Reactor Targets Operating days 

(Number) 
Available weekly 

capacity  
(6-day Ci) 

Potential annual 
production  
(6-day Ci)1 

Estimated stop 
production date Status 

RIAR (Russia) HEU in CRR 350 1200 60000 2015 Started 

Karpov Institute HEU in CRR 345 300 14800 2015 Started 

NORTHSTAR/ 
MURR (USA) Non-fissile in CRR 365 2750/ 

3000 
39100/ 
156400 2015/17 Phase 1 

FRM-II (Germany) LEU in CRR 240 1 600 54300 2017 Infrastructure 
in place 

MORGRIDGE/ 
SHINE (US) 

LEU solution with 
DTA 300 3000 144000 2017 NYS 

OPAL LEU in CRR 300 2600 111400 2017 NYS 

KOREA LEU in CRR 300 2000 85700 2018 Concept 

NORTHSTAR 
(USA) 

Non-fissile from 
LINAC 336 3000 144000 2018 NYS 

CHINA Advanced 
RR LEU in CRR 350 1000 50000 2019 Modification 

Brazil MR LEU in CRR 290 1000 41400 2019 Preliminary 

RA-10 (Argentina) LEU in CRR 336 2500 120000 2019 Preliminary 

Jules HOROWITZ 
RR (France) LEU in CRR 220 3200 100600 2020 Under 

Construction 
OECD January 2014 HLG-MR Report 
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Photofission!

235U 

238U 

W. Diamond, NIM A 432, 471 (1999) 
RG Bennett et al., Nucl. Tech. 126(1), 102 (1999) 

(also benefits from 
neutron reflection and 
fission cascade) 

Haxby et al., Phys. Rev. 58(1), 92 (1940) 
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Neutron Capture!

Froment et al., NIM A 493, 165 (2002) 
Abbas et al. 601, 223 (2009) 
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65 MeV Protons into Be target (7 hour exposure) 

Options for neutron production: 
•  Li, Be targets at low energy (p, 3 to 30 MeV) 
•  Pb spallation at high energy (p, c. 1 GeV) 
•  Photoneutron production (e-, 30-50 MeV) 
•  D-T reaction 



Moderated Neutron Capture for 99Mo Production!
Proton Beam

Slug carrier (Al) in Al sleeve

98Mo target slug

Outer moderator

Inner moderator sleeve (Pb)

Water cooling channel
(4 cm diameter)

Cooling pipe (Cu)
(3mm thick)

Target plate (Cu plus target)

10 cm

5 cm

Water injection channel
(>1 cm diameter)

Graphite reflector

Water Cooling Channel
(Light Water)

Inner Moderator Cylinder (Pb)

Outer Moderator Cylinder
(Fluental)

ID 70mm, OD 200mm,
200 mm long

Beam Pipe
(Aluminium)

Irradiation Slug
Holder Rod

(Aluminium)
10 mm OD

Irradiation Slug
(Moly98 Metal)
5cm x 6mm OD

Water
Beam Pipe

Li/Water Target
(Be Foil Cover)

Cu Backing
(or hole to face of target)

3.5 mm thick

Lead Inner Moderator

Lead Inner Moderator

Graphite
Reflector

Li-loaded Polyethylene
(Thermal Neutron Shield)

16 cm thick

Graphite
Reflector

Cu Cooling Pipe
(5mm thick, 50 mm OD)Aluminium Beam Pipe

(3mm thick, 26 mm OD)

Graphite Reflector
60 x 60 x 60 cm

Slug centre radius 4.2~5.0 cm

Isotope Production: Moderator Assembly

Inner Moderator Cylinder (Pb)
ID 50 mm, OD 70mm
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Needs large inventory of 
98Mo target material 



Subcritical Neutron Fission!
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� D-T source in center

� Be multiplier

� Annular Geometry

� LEU Solution

� Externally moderated

� No active control elements

� Fission power:                                           
~ 75 kW per device

� 99Mo production rate:                            
500 6-day Ci / wk 

6

9

100 mA, 30 kW, 10^14 ns/s @ 14 MeV 
125 Ci tritium consumption per year 
Multiple isotopes cf. reactor targets 

SHINE/Morgridge 



www.lightsource.ca 

•  Photo-nuclear reaction on 100Mo: 
•  100Mo (γ, n) 99Mo 
 

•  Natural Mo about 10 % 100Mo 
•  Available at enrichments of > 95 % 
•  Known for more than 40 years 
•  Photons produced via Bremsstrahlung using high-energy 
electrons from linear accelerator Ö high-energy X-rays 

Accelerator Production of 99Mo 

www.lightsource.ca 

NRC (Ottawa) - INMS 

- Proof-of-concept work using 35 MeV, 2 kW linac at INMS NRC INMS Proof-of-concept 

100Mo target (CLS) 

www.lightsource.ca 

Converter and Target Holder 

www.lightsource.ca 

Isotope Linac and Target Assembly 

Photonuclear!

Courtesy M. de Jong, CLS 

GE Dale et al., AIP Conf.Proc.1525, 355(2013) 
JA Osso Jr, Curr. Radiopharm. 5, 178 (2012) 



Cyclotron Production of Tc-99m!
98Mo(p,γ)99mTc 
100Mo(p,2n)99mTc 
100Mo(p,pn)99Mo -> 99mTc 

Theoretical modeling of yields for proton-induced reactions on natural and enriched molybdenum targets 5475

Figure 2. Excitation functions corresponding to the 100Mo+p reaction products with the highest
cross sections in the investigated energy range. Stable isotopes are marked by an asterisk.

3. Results

3.1. Results of the cross-section calculations

When taking into account all creation/decay possibilities (and the selection criteria listed
in section 2.4), 99mTc can be produced by two dominant reaction channels, namely
100Mo(p,2n)99mTc and 100Mo(p,pn)99Mo → 99mTc. However, as mentioned, other reactions
on 100Mo and other molybdenum isotopes will lead to the creation of a number of different
(i.e. ̸= 99mTc) technetium isotopes. Radioactive technetium isotopes other than 99mTc must be
considered as contaminants as they will contribute to the radiation dose to the patient, while
production of stable technetium isotopes (please remember T1/2 > 103 years are considered
stable) will decrease the specific activity of the sample.

Table 2 summarizes the cross sections for the proton-induced production of all technetium
isotopes. For each isotope its half-life and decay products are listed, together with the
corresponding branching ratios. The asterisk next to the isotope symbol signifies a stable
product (i.e. T1/2 > 103 years). Table 3 presents the same data for the production of radioactive
isotopes other than technetium. The data presented in both tables follow the criteria listed in
section 2.4.

Figure 2 shows the excitation functions for the four reaction channels which have the
highest cross sections for the 100Mo + p reaction. Fortunately 99Mo, whose yield increases at
higher energies, decays to 99mTc (with branching ratio of 87.6% (Alfassi et al 2005, Browne
and Tuli 2011)); therefore, contribution from this (p,pn) reaction will only increase the 99mTc
production yield.

Additionally, figure 3 compares the excitation functions for the 100Mo(p,2n)99mTc
production to the six radioactive (isomeric and ground states) technetium isotopes produced
through the (p,n) reaction channels. Figure 4 presents similar data for the (p,2n) reaction.

3.2. Reaction yield results

In order to identify the optimal conditions for the cyclotron production of 99mTc the 99.54%
enriched molybdenum thick target yields were calculated for irradiation times of 3, 6, 9 and
12 h. Proton beam energies of 16–10 MeV, 19–10 MeV and 24–10 MeV and 200 µA current

5476 A Celler et al

Figure 3. Comparison of the 100Mo(p,2n)99mTc excitation function to the six other technetium
isotopes (isomeric and ground states) which are produced through the (p,n) reaction. The excitation
function for 99mTc is marked with red circles and stable isotopes are marked by an asterisk.

Figure 4. Comparison of the 100Mo(p,2n)99mTc excitation function to the other radioactive and
stable technetium isotopes (isomeric and ground states) which are produced through the (p,2n)
reaction. The excitation function for 99mTc is marked with red circles and stable isotopes are
marked by an asterisk.

were used. This energy range was selected based on the analysis of the results of cross-
section calculations. The excitation functions presented in figures 3 and 4 indicate that in
the 6–10 MeV energy range the contributions from the (p,n) reactions dominate, while the
100Mo(p,2n)99mTc production begins only at about 9 MeV. Therefore, in our opinion, in order

Celler et al., PMB 56, 5469 (2011) 
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Steps in Accelerator (Cyclotron) Production of 99mTc!

•  Enriched 100Mo target!
•  Irradiate in proton cyclotron, 4-6 h at around 19MeV/500 uA!
•  Extract 99mTc from target!
•  (Recover and recycle 100Mo)!
•  Purify 99mTc to pharmaceutical standards!
•  Prepare 99mTc products on site or ship 99mTc pertechnetate to 

satellite radiopharmacies!
•  Do the same thing again later...!



Yield vs. Current!

AJB McEwan, U Alberta 

Approx. Daily UK Requirement 



Critical 
component 
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Target Issues!

•  Sintering/pressing of 100Mo onto 
Cu backing!

•  Target power is a limiting factor!
•  Set thickness to optimise yield/

purity!
•  Need efficient chemical recovery 

of unconverted 100Mo (>95%)!

Benard F et al., 'Implementation of Multi-Curie Production of 
99mTc by Conventional Medical Cyclotrons', J Nucl. Med.
2014;55(6):1017-1022. 
Gagnon et al., 'Cyclotron production of 99mTc: recycling of 
enriched 100Mo metal targets', Appl. Radiat. Isot. 2012; 
70:1685-90 



Yield is Not Everything...!

Hou X, Celler A, Grimes J, Benard F, Ruth T, 'Theoretical dosimetry estimations for radioisotopes produced by proton-induced 
reactions on natural and enriched molybdenum targets', Phys. Med. Biol. 2012; 57:1499-1515 

Theoretical dosimetry estimations for radioisotopes produced by proton-induced reactions 1501

Table 1. Isotope compositions of the enriched and natural Mo targets (isotopic contents is expressed
in %)

Enriched targets

Isotopes Option Aa Option Bb Option Cb Natural

92Mo 0.005 0.0060 0.09 14.85
94Mo 0.005 0.0051 0.06 9.25
95Mo 0.005 0.0076 0.10 15.92
96Mo 0.005 0.0012 0.11 16.68
97Mo 0.01 0.0016 0.08 9.55
98Mo 2.58 0.41 0.55 24.13
100Mo 97.39 99.54 99.01 9.63
a Trace 2011
b Isoflex 2011

way. Therefore, only the remaining short-lived isotopes and the short-lived isomeric states are
included in our analysis.

In this study, absorbed doses were estimated for the three most commonly used
Tc-labeled imaging radiotracers, namely (1) sestamibiTM, which is used for myocardial
perfusion scans, (2) phosphonates, which are bone imaging agents and (3) pertechnetate, which
is used for imaging of the thyroid gland. The information about the relative amounts of 99mTc
and their contaminants for different production conditions was obtained from our theoretical
calculations. These conditions included the energy of the proton beam, irradiation and cooling
times and isotope composition of the target. The relative increase in patient-absorbed doses
due to admixture of other technetium isotopes was compared to doses from pure 99mTc that
would be obtained when using the traditional 99Mo/99mTc generator. Furthermore, the question
as to which technetium isotopes are the most significant contributors to the effective doses
was investigated. Finally, the optimal conditions for the cyclotron production of 99mTc and the
‘ideal’ injection period of the Tc-labeled agents that would result in the minimal dose increase
to the patient were explored.

2. Methods

2.1. Theoretical cross sections and production yields

The details of our theoretical calculation of the cross sections and production yields for all
isotopes produced in proton-induced reactions on Mo targets are reported in Celler et al (2011);
therefore, here we provide only a brief summary of the main features of these calculations.

The cross sections were computed for each of the seven stable Mo isotopes (see table 1)
for proton energy ranging from 1 to 30 MeV. In these calculations, all the reaction channels
for Mo(p,xnyp) with up to five emitted neutrons and/or protons (including alpha particles)
were considered. The computer program EMPIRE-3 (Herman et at 2007) was employed with
optical model potential for protons. The cross sections for production leading to isomeric and
ground states were estimated separately.

In the next step, these cross sections were used to compute yields for all reaction products.
Natural Mo and three different enriched Mo targets (listed in table 1 as options A, B and C)
were investigated. The per cent abundance for each isotope is as reported on the Certificate of
Analysis supplied by the vendors Trace (2011) & Isoflex (2011). As explained in Celler et al

Theoretical dosimetry estimations for radioisotopes produced by proton-induced reactions 1503

Figure 2. The per cent difference between the total effective doses following the injections of
sestamibiTM labeled with technetium produced in a cyclotron (mixture Tc) and obtained from the
generator. Cyclotron production corresponded to irradiation of a thick target A (left) and target C
(right) with proton beams with energies equal to 16–10, 19–10 and 24–10 MeV for 3, 6 and 12 h
irradiation times. Dose differences resulting from injections performed at 0, 2, 8 and 24 h after
EOB are compared (please note the difference in scale).

Our previous study demonstrated that although absolute 99mTc yields for thick target
production might be the highest at proton energies of 19 MeV or even at 24 MeV, the ratio
of 99mTc to other reaction products is more advantageous at lower proton energies, closer to
16–19 MeV (see table 4 and figures 5 and 6 in Celler et al (2011)). In this region, the production
of 99mTc is still high, but, more importantly, the amount of contaminants is relatively small.
Additionally, our results indicated that using 6 h irradiation with the beam current of 200 µA
may be the most practical protocol, resulting in the production of 430–440 GBq of 99mTc,

Option A Option C 

5476 A Celler et al

Figure 3. Comparison of the 100Mo(p,2n)99mTc excitation function to the six other technetium
isotopes (isomeric and ground states) which are produced through the (p,n) reaction. The excitation
function for 99mTc is marked with red circles and stable isotopes are marked by an asterisk.

Figure 4. Comparison of the 100Mo(p,2n)99mTc excitation function to the other radioactive and
stable technetium isotopes (isomeric and ground states) which are produced through the (p,2n)
reaction. The excitation function for 99mTc is marked with red circles and stable isotopes are
marked by an asterisk.

were used. This energy range was selected based on the analysis of the results of cross-
section calculations. The excitation functions presented in figures 3 and 4 indicate that in
the 6–10 MeV energy range the contributions from the (p,n) reactions dominate, while the
100Mo(p,2n)99mTc production begins only at about 9 MeV. Therefore, in our opinion, in order

Typical radiation dose: 2-4 mSv 
(~0.5 J energy deposited) 

OpJmum	  energy:	  19-‐>10	  MeV	  
(thin	  target)	  



Distributed production, shipping each day!

UK:	  2	  cyclotrons?	  
1	  North	  
1	  South	  

AJB McEwan, U Alberta 

99Mo (fission): 1 centre, UK/overseas 
99mTc (direct): Local centres, commercial/hospital 



Sources of protons!

Corporate TechnologyCorporate TechnologyCorporate Technologyp gy

Challenges to the business of nuclear medicine related to availability of radioisotopes were Challenges to the business of nuclear medicine related to availability of radioisotopes were Challenges to the business of nuclear medicine related to availability of radioisotopes were 
identified  assessed and a vision for the future business approach was developed  identified, assessed and a vision for the future business approach was developed. identified, assessed and a vision for the future business approach was developed. 

h l di i b i 3 ill S C 200 300 d d j if l lThe nuclear medicine business rests on 3 pillars SPECT: 200 – 300 doses per day are necessary to justify local The nuclear medicine business rests on 3 pillars SPECT: 200 300 doses per day are necessary to justify local 

• Equipment for the production of radiopharmaceuticals radioisotope production• Equipment for the production of radiopharmaceuticals radioisotope productionq p p p

S l f di h i l• Supply of radiopharmaceuticalsSupply of radiopharmaceuticals

• PET & SPECT imaging• PET & SPECT imagingg g

Th h ll l d di h i lThe top challenges related to radiopharmaceuticalsThe top challenges related to radiopharmaceuticals

• Currently: expensive  large and unreliable accelerators• Currently: expensive, large and unreliable acceleratorsy p g

U il bili f di h i l d l bl• Unavailability of radiopharmaceuticals due to supply problemsUnavailability of radiopharmaceuticals due to supply problems

• A relatively stagnant portfolio of radiopharmaceuticals due high • A relatively stagnant portfolio of radiopharmaceuticals due high y g p p g
development cost an long release cycles  at the same time: development cost an long release cycles, at the same time: p g y
relatively low specificity of the available tracersrelatively low specificity of the available tracers

L l SPECT di i t  d ti  i  l  fit bl  ith  
y p y

f i i i i
Local SPECT radioisotope production is only profitable with a 

• The return of investment is limited
Local SPECT radioisotope production is only profitable with a 

bi d PET d SPECT di i   D l  hiThe return of investment is limited combined PET and SPECT radioisotope set-up � Dual use machine
• Clinical side: low reimbursement rates  growing prices for 

combined PET and SPECT radioisotope set up � Dual use machine
• Clinical side: low reimbursement rates, growing prices for g g p

radiopharmaceuticals and equipmentradiopharmaceuticals and equipment Enabling technology by CT T P HTCp q p Enabling technology by CT T-P HTC
• Providers of radiopharmaceuticals: high running cost  growing 

g gy y

ONIAC l hi h l l i lProviders of radiopharmaceuticals: high running cost, growing • ONIAC, a novel compact high voltage electrostatic accelerator
cost for up front investment (e g  quality assurance)

ONIAC, a novel compact high voltage electrostatic accelerator
cost for up front investment (e.g. quality assurance)

Req irements for f t re offerings in n clear medicineRequirements for future offerings in nuclear medicineq g

• PET radioisotope production unit: Customer price starting at 500k€• PET radioisotope production unit: Customer price starting at 500k€

Automated flexible rapid radiotracer chemistry module including • Automated flexible rapid radiotracer chemistry module including p y g
t t d lit  t l t  d  i  tautomated quality control to reduce running costq y g

• SPECT detector program with focus on resolution and sensitivity• SPECT detector program with focus on resolution and sensitivity

G t  il bilit  f di h ti l  i l th  • Guarantee availability of radiopharmaceuticals: regional rather y p g
th  l b l lthan global supplythan global supply

PET: 30 – 50 doses per day are necessary to justify local Radioisotope PET: 30 – 50 doses per day are necessary to justify local Radioisotope 
productionproduction

P tPartnersPartners

• Sector lead H IM• Sector lead H IM

H lth  CTO / St t• Healthcare CTO / StrategyHealthcare CTO / Strategy

• Business Unit H IM MI• Business Unit H IM MI

M BiT h C 11  (t th  ith CT T MHM MME)• MoBiTech C-11 program (together with CT T MHM MME)MoBiTech C 11 program (together with CT T MHM MME)

• Member of the healthcare “detector board” CdTe• Member of the healthcare detector board  CdTe

Corporate TechnologyCorporate Technologyp gy

Hywel Owen IPAC14 | THOAB02 | 19 June 2014 | 23 

Siemens Oniac, IPAC14/TUPME039 

Conventional and/or 
compact cyclotrons 

PIP: A LOW ENERGY RECYCLING NON-SCALING FFAG FOR
SECURITY AND MEDICINE

R.J. Barlow∗, T. R. Edgecock, Huddersfield University, Huddersfield, UK
C. Johnstone, FNAL, Batavia, USA,

H. Owen, Manchester University, Manchester, UK
S. L. Sheehy, STFC/ASTeC, Rutherford Appleton Laboratory, Chilton, Didcot, UK

Abstract
PIP, the Proton Isotope Production accelerator, is a low

energy (6-10 MeV) proton nsFFAG design that uses a sim-
ple 4-cell lattice. Low energy reactions involving the cre-
ation of specific nuclear states can be used for neutron pro-
duction and for the manufacture of various medical iso-
topes. Unfortunately a beam rapidly loses energy in a target
and falls below the resonant energy. A recycling ring with
a thin internal target enables the particles that did not in-
teract to be re-accelerated and used for subsequent cycles.
The increase in emittance due to scattering in the target is
partially countered by the re-acceleration, and accommo-
dated by the large acceptance of the nsFFAG. The ring is
essentially isochronous, the fields provide strong focussing
so that losses are small, the components are simple, and it
could be built at low cost with existing technology.

INTRODUCTION: THE CONCEPT
The principle of the nsFFAG has been proven by the

successful operation and commissioning of the EMMA ac-
celerator [1] at STFC Daresbury laboratory in 2011. We
propose a design for a proton nsFFAG, PIP, the Proton
Isotope Production accelerator. This is a low energy ma-
chine which uses the recirculation principle to boost the ef-
ficiency of production for many medical isotopes, and also
of neutrons for security scanning and other purposes.

At low energies the cross sections for specific proton-
nucleus interactions vary rapidly with energy, with peaks
that correspond to the formation of particular resonances.
(This is in contrast to the higher energy behaviour where
processes such as spallation are described by random, sta-
tistical, cascade effects.) A typical example is shown in
Figure 1, the cross section for 11C production by protons
on a nitrogen target. With a proton energy of 7.5 MeV the
cross section is high, but falls rapidly at energies away from
the peak.

However protons in a target lose energy from collisions
with the atomic electrons, and in a thick target the energy
of pN collisions is a spectrum from the nominal beam en-
ergy down to zero. Thick target production efficiencies are
therefore much lower than scaled-up thin target efficiencies
at the energy corresponding to the resonance peak. But thin
targets are in themselves inefficient as the interaction prob-
ability is small.

This dilemma can be resolved by using a recirculating

∗R.Barlow@hud.ac.uk

Figure 1: Cross section for 11C production, from [3]

beam. Protons, at the optimum energy, pass through a thin
foil. Some interact. Those that do not are circulated round
the ring for a second chance, and the process is then re-
peated. The protons lose some energy in the target, which
is made up by RF from the accelerator. They also increase
their transverse emittance due to the scattering process.
This is mitigated to some extent by the repeated longitu-
dinal acceleration, as in ionisation cooling.

This principle was pioneered in the ERIT FFAG[2] at
Kyoto for neutron production for Boron Neutron Cancer
Therapy.

THE DESIGN
Figure 2 shows the basic design of four sector mag-

nets(blue) and inner and outer orbits (green).

Figure 2: The PIP layout

The radius is 60 cm, making this small, though not ultra-
compact. A machine of this size, plus the required shield-

Proceedings of IPAC2013, Shanghai, China THPWA037

08 Applications of Accelerators

U01 Medical Applications

ISBN 978-3-95450-122-9
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PIP FFAG, IPAC2013/THPWA037 

2 October 2012 
TA Antaya 

Isotron N13 Demo Cyclotron- First beam 2 June 2012 

21 

2 October 2012 
TA Antaya 

Isotron scale? 

  About the same pole size as the 1932 Cyclotron but 160 times 
higher final proton energy 

23 

Ionetix ‘Isotron’ SC cyclotron (6T,12.5MeV)  
Rev. Acc. Sci. Tech. 5, 227 (2012) 
RAL FETS, IPAC2013/THPWO086 
6 mA! 

All too low energy; 
laser-based sources too low current 



Clinical Comparison!
•  First	  two	  paJents	  in	  cyclotron	  arm	  of	  trial	  imaged	  12	  Oct	  2011.	  

–  Images	  were	  first	  presented	  at	  the	  Annual	  Congress	  of	  the	  European	  AssociaJon	  of	  
Nuclear	  Medicine,	  Birmingham,	  UK,	  Oct	  2011.	  	  

•  	  Phase	  1	  trial;	  completed	  March	  2012.	  	  
–  J	  Nucl	  Med,	  53	  (2012)	  	  S1:	  1487	  

EOB	  

99mTc	  Extrac@on	  

Delivery	  to	  Central	  Radiopharmacy	  

Dispensing/QA/QC	  

Delivery	  to	  NM	  Dept.	  

Workflow:	  ~2hr	  

Cyclotron Reactor 
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Share of Revenue!

Revenue Distribution

Reactors
Mo-99

Tc-Generators

Radiopharmacies

Hospitals

% Revenue

100

66
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3
1

(Piet Louw, NTP) 

Fission Mo99 moving to Full Cost Recovery 
Accelerators have to achieve c.£10 per dose (~27 mCi) 



•  1 Accelerator over 20y: " " " "$1,000,000!
–  Construction: "$9,000,000!
–  Equipment: "$6,000,000!

•  Annual Licensing: " " " " "$750,000!
•  Consumables: " " " " " "$500,000!
•  Staff" " " " " " " " "$900,000!
•  Operation and Maintenance " " "$800,000!
•  Total: " " " " " " " "$4,000,000!
•  Assume 200,000 doses per year:!
                              "    "             " "$20.00/Dose!

How much might a cyclotron dose cost? (v. approx.)!
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Might be profitable... 



Possible 99mTc Cyclotron Supply Chain!

•  Advantages of direct (cyclotron) model:!
•  No use of uranium/LEU/HEU!
•  No radioactive material crossing borders!
•  No time sensitive material crossing borders!
•  No fissile waste!
•  Production on demand/local control of supply – seen as particular advantage in UK!
•  Co-production of other isotopes, e.g. PET – PET in the morning, 99mTc at night!

Cyclotron	  
	  Mo-‐100	  

Targets	  
Shipped	  to	  
Cyclotron	  

Conversion	  
of	  Mo-‐100	  to	  

Tc-‐99m	  

Production	  of	  
Radio-‐	  

pharmaceutical	  

Shipment	  
to	  

hospital	  

Diagnostic	  /	  
Treatment	  
of	  patient	  
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Summary!

•  Direct production of 99mTc is advantageous in number of ways!
–  No fission/HEU/waste!
–  Local control and distribution!
–  but needs different model to conventional fission supply!

!
•  Cyclotron technology is well-established!

–  New technologies must compete on price!

•  Choice must be based on commercial considerations!
–  Uncertainty about future price/availability from reactor supply!
–  Growth/decline in need for 99mTc!


