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Abstract

The APT target�blanket assembly provides a radiation environment of neutrons and protons of all
energies below that of the incident proton beam� The parasitic application of this environment
in the production of radioisotopes of medical and industrial applications has been proposed and
candidate radioisotopes listed� In the present work we have simulated the neutron and proton �ux
spectra at two possible blanket irradiation sites� selected two candidate medical radioisotopes for
study� modeled cross sections for target materials leading to their production� and calculated their
production rates during APT operation using the �uxes and cross sections obtained� This study
illustrates a procedure for isotope production calculations and compares results of cross�section
modeling codes available for use in APT simulations�
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APT Medical Isotope Production Study	
��F and ���I Production

K� A� Van Riper� S�G� Mashnik� M� B� Chadwick� M� Herman� A� J� Koning�

E� J� Pitcher� A� J� Sierk� G� J� Van Tuyle� L� S� Waters� and W� B� Wilson�

A� Introduction

In a recent study published by the Medical University of South Carolina�� the production of medical
radioisotopes at the proposed Accelerator Production of Tritium Facility is discussed� A number of
radioisotopes of present or predicted applications in medical procedures for diagnosis and treatment
are listed� Many of these are candidates for possible production in the intense and energetic neutron
and proton �uxes present throughout the APT target�blanket assembly�

We have selected two candidate isotopes � ��F and ���I �to estimate the e�cacy of such isotope
production and to illustrate the data and techniques available for simulations of medical isotope
production with high�energy protons and neutrons at APT�

A computer model of the target�blanket assembly� developed for a study of ��� milliamps of ����GeV
protons on the target with a �� cm � ��� cm beam area� is shown in �g� �� The production rate of
a radioisotope can be obtained from the integral of the �ux and cross section leading to the direct
production of the radioisotope as a reaction product� Additional production is realized from other
radionuclides decaying to the desired radionuclide� The description of production� then� requires
the evaluation of the neutron and proton �uxes at the irradiation position and the associated cross
sections leading to the productions of the relevant radionuclides� Ideally� cross sections would be
produced for all nuclides in the neighborhood of the desired product	s and incorporated into a data
library for a transmutation code � a task far beyond the scope of the project at present�

B� APT Modeling and Flux Tallies

Irradiation �xtures in the forward blanket and aft blanket areas have been added to the model�
These �xtures are composed of three adjacent vertical irradiation tubes located at each of the two
regions of the blanket� as shown in �g� � as small black circles� An aqueous solution containing the
target nuclides or elements could be circulated through the tubes in a batch or continuous�extraction
process� Target materials could also be inserted as rabbit samples�

New calculations of the revised target�blanket� modi�ed to include these irradiation �xtures �lled
with water� were made with the LAHET��� and MCNP� codes� The neutron and proton �uxes were
tallied on the inside tube surface of the central tube for each location� The �ux spectra obtained
in the forward blanket region are shown in �gs� � and �� Flux spectra obtained in the aft blanket
region are shown in �gs� � and ��

These �uxes are particular to the locations described and do not account for �ux perturbations due
to absorption in the tube solutes� The �uxes are assumed broadly representative of the irradiation
regions� The tallied �ux values are given in Appendix A�

C� Cross�Section Modeling

Cross section data extending to the ����GeV maximum neutron and proton energy are not well
known� For neutron reaction data� we have begun with the ECNAF neutron reaction data library�

for neutrons below �� MeV � as improved for select target with the modeling of Herman� using
the EMPIRE�II Hauser�Feshbach reaction modeling code���� Recently calculated neutron and proton
data from Chadwick�	 obtained using the newly�modi�ed HMS�ALICE code��
��� were used to extend
the neutron data to ��� MeV� Proton data below ��� MeV were taken entirely from Chadwick�s
results�

Neutron and proton reaction data for the targets leading to the two selected medical radioisotopes
at energies above ��� MeV were calculated with available codes� For the products leading to ���I�
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Figure �
 APT Target�Blanket�

calculations were made with the LAHET code operating in the cross�section mode� The reactions
leading to the lighter ��F were calculated with the more�advanced but time�consuming cascade exci�
ton model CEM�� code������ Additional CEM�� calculations were made for neutrons and protons
on ���Cs� �������Ba� and ������	La to provide data for comparisons with LAHET results�

The data produced in these voluminous and time�consuming calculations are tabulated in Appendix
B�

D� Cross�Section Benchmarking

For many of the target nuclei we considered� experimental information on proton�induced activa�
tion cross sections is scanty and there are no data at all for neutron activation cross sections at
intermediate energies� There also has been very little previous modeling of these reactions� except
for the cases of protons on Al and Mg� Therefore� to investigate the reliability of our cross�section
modeling� we have tried to collect all of the available experimental data on isotope production from
the relevant targets and compare them to results from the models we have employed � the newly
modi�ed HMS�ALICE code� the CEM�� code� and the LAHET code system� To our knowledge�
this is the �rst comparison of results from these three codes for activation cross sections�
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Figure �
 Forward Blanket Central Tube Neutron Flux Spectrum
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From this comparison we see that� for the majority of nuclides the results agree quite well with each
other and with the data� We can therefore conclude that the activation cross sections calculated
and used here in radioisotope production estimations are reasonably reliable� At the same time� for
several target and residual nuclides�we observe signi�cant di�erences between results from the three
models� This indicates that further improvement of these models must occur before we can have
con�dence in the predictive power of these models for production of arbitrary isotopes�

We present in Appendix C twenty�three �gures with comparisons of results from the three models
with measured data for about ��� reactions calculated� References to experimental data� though
not given in the �gures� may be found in the comprehensive comparisons given in Ref� ���

E� Isotope Production Results

We have considered proton and neutron interactions on the stable� naturally�occurring isotopes of
elements in the neighborhood of the targets investigated� In each case� we have used the following
procedure


�� construct a continuous�energy representation of each cross section from available data�

�� form a �ux�weighted average cross section for each particle �ux at each irradiation position�

�� compute the one�hour irradiation end�product P production rate per gram of target for each
target nuclide�reaction�product p radionuclide combination�

�� form the one�hour irradiation production rate per gram of target nuclide or element�

The �ux�weighted cross section �tp for each target t and reaction product p was obtained as

�tp �

R
�
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R
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�
�tp�

�
	�

The cross section �tP leading to end�product P is taken as the sum of all cross sections for the
direct production of P and products p decaying to P� The cross section �ZP for element Z leading to
end�product P is obtained as the natural�abundance�weighted sum of the cross sections �tP of the
various naturally�occurring target nuclides of the element�

The production rate RtP 	Ci�g�hr for each target t � end�product P combination is obtained as

RtP � Nt�tP�	�� e��PT � 	�

where �P is the decay constant 	s�� of the end�product P and T�����s� corresponding to the
one�hour irradiation� Nt is the atom density 	atoms�g of target material de�ned by

Nt �
No

At

� 	�

where No is Avogadro�s Number 	������ ���� atoms�mole and At is the atomic weight 	g�mole
of the target� At is taken as the integer mass number for isotopic targets and as the atomic weight
for the elements� as given in Ref� ���

Table � summarizes the radionuclide production rates calculated in Appendix D�

F� Conclusions and Future Plans

These results illustrate a technique for the simulations of production of medical radioisotopes in
a high�energy neutron and proton environment� Beginning with the existing Monte�Carlo APT
geometry� for which neutron and proton �ux spectra were obtained at candidate irradiation locations�
the CPU�intensive task of cross�section modeling required about one month using three modern
workstations� Data manipulations� calculations� and documentation e�orts required an additional
month� The development of scripts� procedures and data�manipulation software in this work will
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contribute to more e�cient resolution of medium�energy isotope production studies in the future�
The recent development of the ECNAF neutron transmutation cross section data library for neutrons
below �� MeV and recent HMS�ALICE results for neutron� and proton�induced reactions below ���
MeV were timely and invaluable to the study�

The reaction cross sections produced in this study� describing the production of many nuclides
beyond the mass �� and ��� nuclides considered here� have also served as a testbed for examination
of the agreement� or lack thereof� between results from the various codes used in the cross�section
modeling�
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Table �

Summary of Production of ��F and ���I in APT

Forward Blanket Aft Blanket

��������������������������� ���������������������������
Target Product Protons Neutrons Total Protons Neutrons Total
Nuclide Nuclide Ci�g�hr Ci�g�hr Ci�g�hr Ci�g�hr Ci�g�hr Ci�g�hr
������� ������� �������� �������� �������� �������� �������� ��������
�O �� �F �� ��	
E��� �� ��	
E��� ����E�� �� ����E��
�O nat �F �� 	���E��
 �� 	���E��
 ����E��� �� ����E���

�F nat �F �� ����E��� ��E��	 ���E��	 ����E��	 ����E��� 	��E���

��Ne 	� �F �� ����E��� ��
	E�� ���E�� ��	�E��	 ���
E��	 ���
E���
��Ne 	� �F �� 	���E��� ����E�� ��
�E�� 	��E��	 	��E��	 ��
�E��	
��Ne 		 �F �� ��
�E��� ���	E��� 
���E��� ����E��	 ���
E��	 	�
�E��	
��Nenat �F �� ��
E��� ����E�� ����E�� ���E��	 ���E��	 ���
E��	

��Nanat �F �� ����E��� ����E�� ����E�� ����E��	 ���E��	 ��	E��	

�	Mg 	� �F �� ����E��� ����E�� 	��	E�� ��
�E��	 	��E��	 ����E��	

�	Mg 	� �F �� ����E��� 
�
�E��� ��
�E��� ���E��	 ��	�E��	 	���E��	
�	Mg 	� �F �� ����E��� �	�E��� ���E��� ��
�E�� 
���E�� ����E��	
�	Mgnat �F �� ���E��� ���
E�� ��
�E�� ����E��	 	���E��	 ��E��	

�Alnat �F �� ���
E��� ��	E��� ����E��� ���E��	 
���E�� ��

E��	

��Xe�	 �I �� ���E��
 ��
E��� ���E��� ���
E��� ��
E��� ����E���
��Xe�� �I �� 
���E��
 ��		E��� ���E��� ���
E��� ����E��� ����E���
��Xe�� �I �� ���	E��
 ��E��� ��
E��� ����E��� ���	E��� 	���E���

��Xenat �I �� 	�
�E��
 	���E��� 	���E��� ����E��� ����E�� ��	E��

��Cs� �I �� 	���E��� 
���E��
 
��E��
 ����E��� ����E��� ���E���

��Ba�� �I �� 
�
�E��� 	��E��� 	��E��� ���E��
 ����E��
 ����E��

��Ba�� �I �� 	�	E��� ����E��� ���	E��� ��
�E��
 ���E��� ����E���
��Ba�� �I �� ��
	E��� ����E��� ����E��� ���
E��� 	���E��� ���E���
��Ba�
 �I �� ���E��� ���E��
 ����E��
 	��E��� ��E��� ��	�E���
��Ba�� �I �� ���E��� ����E��
 ��
�E��
 ���E��� ����E��� 
��	E���

��Banat �I �� ����E��� ����E��
 ����E��
 	���E��� ���E��� ���E���

�
La�� �I �� ��		E��� ����E��� ����E��� ���E��
 �		E��
 ��
E��

�
La�� �I �� 	�
E��� ���E��� 	��
E��� ���E��
 ��
�E��
 ����E���
�
Lanat �I �� 	�
E��� ���E��� 	��
E��� ���E��
 ��
�E��
 ����E���
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Appendix A

Neutron and Proton Fluxes

Neutron and Proton �uxes were calculated in companion LAHET and MCNP transport calculations
for the geometry shown in �g� � of the main text� The tallied �uxes are tabulated in Table A��

Table A�

Neutron and Proton Fluxes Tallied by LAHET and MCNP

on the Inside Surfaces of the Central Irradiation Tubes in the

Forward � Aft Blankets for the total height of the APT Target�Blanket

�Fluxes are group fluxes� cm�cm��� in group	

Forward Blanket Aft Blanket Forward Blanket Aft Blanket
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Table A� �Continued	

Forward Blanket Aft Blanket Forward Blanket Aft Blanket
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Appendix B

Neutron and Proton Cross Sections

Reaction cross sections were obtained from the following sources


�� ECNAF evaluated data� with some updated evaluations by Herman� obtained with the EMPIRE�
II code����

�� Calculations by M� B� Chadwick	 with the recently modi�ed HMS�ALICE code��
���

�� Calculations by S� G� Mashnik with the CEM�� code������ and�

�� Calculations by K� A� Van Riper with the LAHET ���� code����

The tabulated cross�section data available were reduced to include only the cross�section values
leading to mass �� and mass ��� products pertinent to these calculations� These were further thinned
to eliminate discrepant data� providing data sets of more�or�less reasonable continuity de�ning the
cross�section functions used in the calculations�

The resulting data �le is listed below in Table B�� Two records are given on each line� the �le
begins at the left of the �rst line and continues to the end of the table� continuing at the right of
the �rst record to the last line of the table� Each record identi�es the incident particle 	��neutron�
��proton� the Z and A of the target� Z and A of the reaction product� incident�particle energy
	MeV� cross�section value 	mb� statistical uncertainty 	where meaningful and data source index
as identi�ed above�
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Appendix C

Benchmarking of Proton Cross Sections

Cross�section data were obtained for neutrons and protons on pertinent isotopes of the following
elements
 �O� 	F� �
Ne� ��Na� ��Mg� ��Al� ��Xe� ��Cs� ��Ba� and ��La� In addition to data describing
mass �� and mass ��� products� including or leading to ��F and ���I� cross sections leading to
products of a wide range of masses were produced for each target isotope� Comparisons of data
from available sources and� where available� measured data are made in the �gures shown on the
subsequent pages of this appendix�
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Appendix D

Summary of Reaction Data�

Production of ��F and ���I in APT

Protons� FwdBlnkt Neutrons�FwdBlnkt Forward Protons� AftBlnkt Neutrons�AftBlnkt Aft
����������������� ����������������� Blanket ����������������� ����������������� Blanket

Target Cross Productn Cross Productn Total Cross Productn Cross Productn Total
Nuclide� Natural Product Section� Rate� Section� Rate� Productn Section� Rate� Section� Rate� Productn
Element Abundance Nuclide mb Ci�g�hr mb Ci�g�hr Ci�g�hr mb Ci�g�hr mb Ci�g�hr Ci�g�hr

������� ��������� ������� �������� �������� �������� �������� �������� �������� �������� �������� �������� ��������
�O �� �	��
� �F �� �	��E�� �	
�E��� �	 �	 �	
�E��� 
	��E�� �	��E��� �	 �	 �	��E���

������� ������� �������� �������� �������� �������� �������� �������� �������� �������� �������� �������� ��������
�O nat �	���� F �� �	��E��
 
	��E��� �	 �	 
	��E��� �	�
E��� �	��E��� �	 �	 �	��E���

�F �� �	���� ��Ne �� �	
�E��� �	��E��� �	 �	 �	��E��� 
	��E��� �	��E��� �	 �	 �	��E���
�F �� �	��E�� �	��E��� 
	��E�� �	��E��
 �	��E��
 �	��E�� �	��E��
 �	��E�� �	��E��� 
	�
E���

������� ������� �������� �������� �������� �������� �������� �������� �������� �������� �������� �������� ��������
�F nat �	���� F �� �	�
E�� �	��E��� 
	��E�� �	��E��
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 �	��E�� �	��E��
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	��E���

��Ne 
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E��� �	��E��� �	
�E��� �	��E��� �	�
E��� �	��E��� �	��E��� �	�
E���
��Ne �� 
	��E�� �	��E��� �	
�E��� �	��E��� �	��E��� �	��E�� �	��E��� �	�
E��
 �	��E��� �	��E���
�F �� �	��E�� �	��E��� �	��E��� �	��E��� �	��E��� 
	��E�� �	��E��
 �	��E�� �	��E��
 �	��E��


��������� �������� �������� �������� �������� �������� �������� �������� �������� �������� ��������

net F �� �	��E�� �	��E��� �	��E��� �	�
E��� �	��E��� �	��E�� �	
�E��
 �	��E�� �	��E��
 �	��E���

��Ne 
� �	��
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