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ABSTRACT 

High Energy Accelerator Production of 225 Ac: 
Cross Sections for 232Th + P 

F.M Nortier, 

Los Alamos National Laboratory, Los Alamos, New Mexico, USA 

While the radiotherapy isotopes 225 Ac and 2 13Bi have shown tremendous cancer fighting 

potential, their widespread use in radiotherapy has been restricted by the limited availability of 

225 Ac. Presently the worldwide 225 Ac supply of around 1 Ci per year comes almost exclusively 

from two 229Th sources located at Oak Ridge National Laboratory (ORNL) and the Institute for 

Transuranium Elements (lTU). The anticipated growth in future 225 Ac demand has recently led 

to the investigation of a number of alternative production methods including accelerator 

production routes. The work presented here is part of a wider evaluation of high energy 

accelerator production routes, employing intense 1 00 MeV, 200 MeV and 800 Me V proton 

beams and thorium targets for the large-scale production of 225Ra, 225 Ac and 229Th. Such beams 

are available at the Los Alamos National Laboratory (LANL) and Brookhaven National 

Laboratory (BNL) . . 

The presentation describes the experimental efforts associated with the accurate measurement of 

cross sections relevant to production of Ac-225 via 232Th(P,x) nuclear reactions. Theoretical 

cross sections obtained llsing codes such as CEM, Bertini, INCL and ALICE2010 are compared 

with the measured data as well as with other existing data. 

An up-to-date status of the worldwide nuclear cross section data relevant to the production of 

Ac-225 and other alpha emitting therapy isotopes, such as Ra-223 is given. The presentation 

provides an overview of all the published data as well as preliminary data from LANL 

measurements. In addition it provides an overview of data expected from experimental efforts in 

progress at LANL, ORNL and ANL. 

IAEA Consultant's Meeting "Medical Isotope Production" June 21-24, 2011 
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High Energy Accelerator Production of'2-2SAe: JaS AcJin ill(Y} 

Cross Sections for 232"1 . + P 'if;) 3- T or l l l!Y\ 

Meiring Nortier 

Los Alamos National Laboratory, U.S.A. 

~Alamos 
NATtONAL LAIOItATO RY UN C LASSIFIED 

Operated by Los Alamos National SecurIty, LLC for NNSA 

Main Driver for this Effort 

211At and 225Ac or 213Bi (decay product of 225Ac) are 
considered for moving forward towards clinical trials 

Predicted annual need far exceeds the supply 

YUI' AmouDt(mCI) ProgralD 

2008 750 Clinical trialsJR&D support 

2009 1,600 Clinical trials ( I multi· crnter) !R&D support 

2010 3,100 Clinical trials (2 multi· cent.,.) !R&D support 

2011 4,600 Clinical trials (2 multi· cent.,.) !R&D support 

201 2 7,400 Clinical trial' (3 multi·cent.,.)!R&D support 

2013 15,000 One approval; Clinical tria1s(2 lllul!i-eenter)IR&D 

2014 50,000+ Two approvals; Clinical trialsJR&D support 

~Alamos 
NATIONAL LAIOIt A.TORY 

Operated bV los Alamos National Security, lLC fOf NNSA 
UNCLASS I F I ED 

lAEA. Consulants' M&etng- June 2Of1 

"'51 Con.sulants· Maetng- June 2011 
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Main Driver for this Effort (continued) 

First of 6 Recommendations for Charge 1 
of NSAC Isotopes Subcommittee 

1hdIcJne#1 : 
Invest In new production approaches 
of alpha-emltters with highest priority 
for Ac-225. Extraction of the thorium 
.,...,. from U·233 is an interim 
SolutIon that needs to be seriously 
considered for the short term until 
other production capacity can 
become available. 

~Alamos 
NATIONAL l .... ORATOA'f ~E.A Con.sulant3 · Meeti1g- June 2011 

Operated by Los AIKnos National Security, U.C for NNSA 
UNCLASSIFIED 

Various 225Ac Production Routes 

Facility Nuclear Reaction 

Reactor (thermal neutrons) 226Ra(3n,y)229Ra ~229Ac~229Th 

Reactor (fast neutrons) 226Ra(n ,2n)225Ra~225Ac 

Accelerator (low energy protons) 226Ra(p,2n)225Ac 

232Th(p,x) 229Th 

Accelerator (high energy protons) 232Th(p,X)225Ac 

232Th(p,x)225Ra~225Ac 

232Th(p,x) 229Th 

Accelerator (electrons) 226Ra(y,n)225Ra~225Ac 

-:QAlamos 
NAtiONAL LAIOkATOlty 1A.E.A Consuls"t,, ' Meetng- JUMJ 2011 

Operated by Los AJarnos Nalional Seculity, L.lC for NNSA 
UNCLASSIFIED 
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Evaluate Higher Energy Accelerator Production Routes 
using thorium targets 

Th-229 production 
232Th(p,4n }229p':9~'!l29Th 

232Th(p,p3n}229Th 

Ra-225/Ac-225 production 
2Th(p,x} 225Ac 

232Th(p,X}225R~o~225Ac 

232Th(p,X}229Th ' 225Ac 

232Th(p,4n }229Pao'~225 Ac 

~Alamos 
.. ATIONAL L .... OA .. TOI!I V 

Oper.ted by L08 AItnlot NatioNl Security, LLC fOf NNSA 
UN C LASSIFIED 

Basic Measurement Approach 

/lIlIl.lrllll lJlJlJlJlJ III 800, 200, 100 MeV Beam 

L-____________ __ 

Hllffiilll ~ • _,'~ '.M •• _ 

'Mi.,.,. 
Pa-229 

Th-229 

Th-228 

Th-227 

Ac-227 

Ra-225 

Ac-225 

Ra-223 

- Thorium samples and proton fluence monitor foils are 
irradiated in three different proton beams 

- Sampl~s are assayed via various counting methods 

- Decay of isotopes of interest is followed over time to 
A obtain production cross sections 
• LosAlamos 

liMiI!!,· 
1.5 d 

7880y 

1.9 Y 

18.7d 

21 y 

14.8 d 

10 d 

11 .4 d 

"ATlOH . .tL L .... C .... TO"V MEA ConallMta' ~ June 2011 

Oper.ted by t.o. AIaonoI NIIIioMI Security, LlC for NNSA 
UN C LASS I FIED 
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Thorium Sample Irradiations - 100 nA, 30-60 min 

800 MeV: 

• Single-energy test irradiation completed on 
December 1 st J 2009 

200 MeV: 

• Very special 200 MeV accelerator tune 

• Multi-energy stack irradiation completed on 
December 7th J 2010 

100 MeV: 

• Special target holder 

• Single-energy test irradiation completed on 
September 24th J 2010 

--:QAlamos 
NATIONAL LAIORATORY 

--------------------------------------------~~---
Operated by Loa Alamo. NationIIl SecIKity, lie for NNSA 

UNCLASSIFIED 

LANSCE Accelerator Complex Overview 

H+ Source 

~cS~~~~~~---.~---~--~--M-'~-~-~~= 
H-Sourc. u~ _ .... -

~Alamos 
NATIONAL lA.O .... TOlty 

Operated by La. A&.mos NfItioMl Security. lie for NNSA 

Weapons Neutron "" 
Research Facility 

UNCLASSIFIED 

Ultra-Cold Neutrons 

Area A (inactive) 

Lujan Center 

a ER.2 
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Various Counting and Analysis Approaches 

o Exploratory chemistry separation of actinides 

o Alpha and gamma counting 

o y-y coincidence counting of 227 Ac 
'" .......... , .. . 

....... 

o Exploratory y-y coincidence counting 
GEANIE in parallel with nondestructive counting 

D~em ical separation and a-counting of Ac-227 

• Los Alamos 
NATIONAL LA.O ..... lORY ~EA Consubnb' Meemg. June 2011 

Operated by Los Alamos National Seeur!ty, LLC fOf NNSA 
UNCLASSIF I ED 

800 MeV y-counting and analysis: Ra-225 & Ac-225 

10° O!!---'---":"'-,':OO"'O~~2::-:0"o-OO-:e---"'=3-='"OO=-=O--~.O,uo J 
• Many peaks - mostly from fission products 

Interference with the 225Ra and 225Ac gamma lines, 
complicating direct measurement of 225Ac and 225Ra 
• 225Ra: 40 keV 

• 225Ac: 100 keV & 150 keV 

• No interference with the 218 keV gamma line of221Fr, 
making measurement of 225Ac and 225Ra possible 

~EA Consulants' Maatng. June 2011 

Operated by l06 Allmos National Security, ue fa NNSA 
UNC L ASS IFIE D Slide 10 r,;.'&!1'.. Side 10 
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800 MeV 'Y-counting and analysis: Ra-225 & Ac-225 

o Two samples counted nondestructively 
on two different detectors 
o HPGe coaxial and HPGe planar 

1000 

o Two analysis software codes 
o RA YGUN and SPECANAL 

tOO 

o Parent-daughter decay/growth curve for 
225Ra7 225Ac fitted to measured 221Fr 
activity data to obtain 225Ra and 225Ac 
activities at OEB 

o The 225Ra results are considered 
acceptable but not as accurate as a 
direct measurement 

~Alamos 
HATlONAllAIO U .TOlty 

..... 
..... '., .. '.,. 

Operated by Los Alanes National Security, llC for NNSA 
UNCLASSIF I ED 

..... ", 

,. of Foil 8104 211 lleV DIU 

IrIitiIf Ac225l1dNity faul d to be 2210 aq 

!nI1il. 111.225 actIYtti bind to be * Iq 

.... " ..... 
t··'n •. ....• "',. 

Time Sinee EOa (dlyS) 

II· 
......... 

...... 
1 ........ . 

IAEA Consu.lants' MeetkJfr JUfIfJ 201 f 

Slide 11 tr,J;."SlI4. Side 11 

800 MeV a-counting and analysis: Ac-225 

One sample dissolved for ':1 
preliminary separation chemistry i ~ I 
tests : 

Subjected a near-massless sample, 
prepared from 50 iJL aliquot of 
Ac/Ra eluant, to a-counting 

Despite careful preparation, 
overlapping peaks still required 
manual de-convolution in order 
to determine 225Ac activity 

~Alamos 
NATIONA L L .... OR ... TOR Y 

I 
f 

....• .. 
.~... ....Mza~ ..... IIM:wt2 .. 

...... , ...... bZ2l.-..,fIIuH •• _ .. 

.. ~~ .. ". 

- ~, --~~--~--~»~--~--~--~ 
"","_IOa (~ 2011 

Operated by Los Alamos National Security, LlC fer NNSA 
UN C LASS I FIED Slide 12 -,J;."SlI4. Sid< 12 
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800 MeV a-counting and analysis: Ac-227 (21.7 y) 

The a-counting sample was subjected to a 3.5 day long 
count on June 27th, 2010 (7 months later) 

Spectrum shows that the 215pO peak can be used to measure 
227 Ac activity 

3.5-Oay Alpha Count Completed June 27 
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'0000 ~--ZUItD!ZH 

• 14CXlO 
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~Alamos 
NATIONAL lAtOItATOIlY 

Operated by Los Alamos National Security, llC fa NNSA 
UNCLASSIFIED 

Cross Sections at 800 MeV 

Reaction 

23"Th( p,x )225 Ac 13.3 ± 0.6 y, !l 20.3 ± 5.1* 

23"Th(p,x)225Ra 4.1 ± 0.2 'Yindired, aindirect None 

23"Th(p,x)227 Ac 16 ± 1 !l None 

2""Th(p,x)227Th 121:1 
23"Th(p,x)223Ra 7.0 ± 0.6 

Y 
y 

None 
None 

'Tltarenko et a/. (2002), INDC(CCP)-434 

Production Potential at MTS 
Assumptions: 
Beam Current; 1250 IJA(800 MeV protons) 
Target: 3 g/cm2 thick thorium metal 

Expected Yields 
225Ac: 1.5 Ci/day (0.18% 227 Ac ) 
~Ra : 313 mCi/day (-200 mCi of 
~ pUle 225Ac) 
• Los Alamos 

NATIONAL L .... ORATORY 

Operated by Los Alamos National Security. lie for NNSA 
UNCLASSIFIED 

~EA Consulants ' Meetng- June 201 1 

Slide 13 "';;,.l~ Side '3 

New data for 
223,225Ra, 227 Ac, & 227Th 

Manuscript for publication is 
in preparation 

IAEA Consulant3' MHli'IQ- June 2011 

Slide 14 "';;,.l~ Side" 
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Preliminary 225Ac Cross Sections for 100 MeV - 200 MeV 

_-::-::".---:-::-::2.,.,32-,-:T,.:,h(p,Xj225AC Experiment & Theory 
35 '. Th;, work (2ooMeV) 

30 . 

::c 25 

.. This work (100 MeV) 

d Lefort 1961 

• Gauvin 1963 

• G3uvin&lerort 1962 

... Titarenko 2002 

D lhuikov 2011 £ -1- - Gauvin 1963 ()(2) 

5 20 --CEM 

tl 
cu 
II) 15 
." 
." e 
u 10 

~Alamos 
NATIONAL L .... O ..... TOAY 

- - Bertini 

20 40 60 

Operated by Los Alamos National Security, LLC for NNSA 

?- ~ 

• 
80 100 120 140 

Proton Energy (MeV) 

UNCLASSIF I ED 

• • 

160 180 200 

Slide 15 r,; .. 'Sl!4 Side 15 

Preliminary 225Ra Cross Sections for 100 MeV - 200 MeV 

:c 
£ 
" o 
tl 3 
cu 
II) .. 
." 

b 

A 
• LosAlamos 

NATIONAL LA'OkATOAV 

232Th(p,Xj225Ra Experiment & Theory 
.----:.c-=-Th-:-;' -w""'-:-7:(2"'000":""Mccev.,-) --'l 

... This won: t100 MeV) 

20 

tJ. l e fort1961 
• Hogan1979 

- CEM 
- Bertini 
- INCl 
-AlICE2010 

40 60 80 100 120 140 

Proton Energy (MeV) 

Operated by Los Alamos Nation.Il Security, ltC fer NNSA 
UNCLASSIFIED 

160 180 200 

Slide 16 ,.,; ,,' S/'!';. Side 1lJ 
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Existing 227 Ac Cross Sections below 200 MeV 

35 
Z3ZTh(p,X)2Z7 Ac Experiment & Theory 
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:c 
.§. 
C 
0 

B .. 
VI 
VI 
VI 

3 

10 

25 

20 

15 

10 

• Gauvin 1963 

- CEM 
- Bertini 

20 40 60 80 100 120 140 160 180 200 

~Alamos 
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N .... TIO"' ... l LAIOItATOIIV lAEA Consulanf3 ' Meeting- June 2011 

Operated by Los Alsrnos National Security, LLC for NNSA 
UNCLASS I F I ED Slide 17 

Existing 227Th & 223Ra Cross Sections below 200 MeV 

Th-227 
70 ,-------------,.-""eco;o,.,"9or-­

.. Hogan 1979 

60 +---------;;;;o;;;:-------':'---'~"~~:::. r;"h:::;O"'k~:.:OO:::-2~"I-:-1 
- Bertini 

50 +-___ ,~---¥C,._-~~~C~FM----

:;; 

! 40 +----1 

I 
fi 30 +---~r1~~I--~--~~~~~--~ 

o 
20 t---I~------------------------= 

10 +--~J_-------------

Proton Enerty (MeV) 

• LosAlamos 
NATIONAL lA I OII ATOII Y 

Ra-223 
40 ,------,----------------, 

• Lefort 1961 t 
.& Hogan 1979 

15 +---~o-~T,~t."'re~nwko~2~OO~2'------------'l 

- Bertini 

30 ~"M-------------
- INCl 

f 25 +-------------------

120 t----------------------------­
J: 

!15 t-------------------

10 +-------------------

Proton EnerlY (MeV) 

lAEA Coosulants' M9GtI1{t- JUfIfI 2011 

Operated by l os Altmos NationIll Security, LLC for NNSA 
UNCLASSIF I ED Slide 18 1f'; .. "f~ SIde .. 
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Other Measurement Efforts at 
ORNL (low energy) and Fermi Lab (8 GeV) 

229Th production at 
ORNL 

Slides C"Ourtesy of 
Jim Harvey, NorthStar 

~Alamos 
NATIONAL L .... OIIATOItV 

Operated by Los Alamos National Security, LtC for NNSA 

Summary 

232Th(p,4n)229Pa -7229Th 

232Th(p,p3n)229Th 

225Ac production at 
Fermi Lab 

UNCLASSIFIED 

Hip uerlY Proton SpaIladoo o(Th232 
Cepptrlhl12urp:balde 

iAEA Consul8nls' Ueeltlg- June 2011 

Slide 19 tr';~l~ 5","" 

• Measure cross sections to evaluating production potential of 225Ac from 
natural Th targets using 100, 200, 800 MeV beams - for IPF, BLIP and 
spallation production routes 

• 800 MeV: Results include new cross section data and show promise 
from a large scale production perspective 

• 100 MeV - 200 MeV: Counting and analysis are still in progress 

• Preliminary 100 MeV & 200 MeV results show: 
• Models generally over estimate cross sections 

• Ac-225 - LANL data are in good agreement with recent data. Measurements 
below 100 MeV must be done. 

Ra-225 - LANL data are in reasonable agreement with literature data 

• Ac-227, Th-227 & Ra-223 - LANL measurements should substantial new data in 
the100-200 MeV range 

A . • los Alamos 
.. ..,TlONAl LA_OIt ATO,,"Y iAEIt Consulant3' M&etng- Jumt 2011 

Operated by Loa Alamos National Security, LLC fOf NNSA 
UNCLASSIFIED 
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