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 -  آ��""� ا���""�م  -وا*(""�����أ'""��ذ ا�����""�ء %�""$ ا��#""�!�   
-�) .�� ��/�� 
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���)
 ا
'�RG ا

�ل G/ 5  و56 /. ا��$ق ا�$ا�3ة$I��0ا� X�Y0���K B��0 ا�����=I 3�I
�F^ !�4  5 ه9[ ا��=��YI ��0\ ا���M��V� . �0 أ6�اع ا���0�ت�ا�����B ا��0�]$ي 

�Kت ا����80`� /. ا����در ا��0�I$و��I ا������V و�I ��O_ ا'�� ا��0�I$و6
�/5 �����0 ا����Y ا��Gا� Mس ا�������3ة  5 ا�����Jت ا�0�و!�، 3�K 4�! 4a ذ�_ �1

��6�م ���5 ا�0=�وة /$Gا� M)ا�3ام آV�'�KHPGe . gI��/5 ا�0Gا� Mا��� ./
� ا�����دة  5 ا��hI� .��0!��. /�$ � ا��0�]$ وآ��

.��� ه� . !��`B ا�3hف ا�$���5 ��3را'� ا������  5 /��ر!. ر���hأو�
 �=!$D j�8�I ��6��ب I$آ��ات ا��0�]$  k0/ 5�/� ا�����k0 Bدرا'� إ/���� 

 56���B /�$ ا��8`5 ا�`��K �������X�Y0 ا��0�I$و56 ا�=K(ETRR-2) ��� ��s��� 
 ��8�� وا��(Relative method) 5أو�C ا�=��ر  5 ا��$!=� ا�0ً���F �/3V�� ا��

 �0��K ���hGر�6 ا����0 ا���� ا����دًا ��5 /=h�  $[��ب I$آ��ات ا��0�F 4�!
�رCK  5 ا��$آ�� ا��0�]$ي=I �!ر�ور%4 د�1 ا��0��g ا��5 !�4 ا����ل . أO$ي ��

�8��'�3Vام ا��$!=� ا�0K �h��� � $!3=I �h=!$D .� ���! C65 ا�إ~ إ  $[�0�
�hGك ه9[ ا��� ا����0 ا��Jh�'إ�� ا � ��*�K ،�!ر��s$ /���دة  5 ا����0 ا���

�ه�k ا������K �!ر�ا'��3اث ه� وا�3hف ا�O$ . ا��$!j ����1 وا���0�ت ا���
 �/�k0/س ا���1 ��� 3���I �����ءة ���K ����� ذات أ�6�ف 6�B������! ا���0�ت ا�

./ �GI�6 ��Y/ ت���V/ ج� و�C���� .  $!3 ا�����Bا����ر ا�=��$ة ����دي إ�6
���X�Y0 ا��0�I$و56 K Bا����� �=!$D 3امV�'�K �������9آ$ أن B���I ا���0�ت ا�K

� أو�C ا�=��ر I ��1 5  B`��I$آ��ات ا��0�]$ و�K ن�� ا�!��K ت�1���
K �[�Vا���ا��=��0 ا� BOدا ������/B /\ ا���0�ت ا�������Jت ا�0�و!� . 

� � إ�� 3�h�I و/���V. أ3Fه�� B��YI ا�$'��� �B '��  ��لو�*�K 
 ��K$ا�� �s���K $Oوا� �!���G6*ا �s���K . ��0=�� �/3=/ .� رة�ا���B ا�ول �8

���X�Y0 ا��0�I$و56 آ�3Fى ا��$ق K B3/� ا�����V�������B ا��0�]$ ا��������� ا��
�ه3اف ا����ه�4 ا�'�'�� وا�����0�ت ا������V ���=��0 /\ ا*(�رة إ�� ا ذآ$/\ 

���'$�� �/��ت /�B  آ�� !�#�. ه9ا .ا��������� ����ا���B ا�3را'C ا~'�$�
��3را'�K �=ث ا�������K3ث ا�Fرات وأ��I ��� ف�1�ا�3را'� ��. 

 ��0�K �!56و$I��0ا� X�Y0���K B������ �!$k056 ا�'- ا��0�ول ا���B ا�` 
��0=���K �=ر ا������ا�=� C�وأو . 



 

٢ 
 

�و!�0�ول ا���B ا�`^� M[و ^�F ./ C����6 ا����5 /. ا�$'Gا� 
 �/3V��0�ؤه�/\ ذآ$ وا k0��� 5�C/ ا��4I 5 (ا���hة ا��Kو �h����I B����� 

�����را'� 3وا���اد ا������V و�I j!$D#�$ ا������B�/ B ا�) ا���0�ت ا�
  .ا��0��g و�$ض �����B ا����3V/� وا�������ت و�O�ات ا�=��س وا��$ق

8�ر 4I  j�8�I$اK\ا���B ا��O�K �=ا�3را'� ا����� g�� C���VI ��$ض �6
 �=!$Dk0� ����I إ�$اء /��!$ة � و�F^ أن ه9[ ا��$!=. ��=3!$ ا��0�]$ آ��ً

  5  4I 3=  56و$I��0ا� ��/Jت ا������ B/���6�م وI�M�[ آ/$Gا� M)ا�آ ������
���6�م ا����3Vم 3V�'�Kام /�/$Gا� M)�در /��Y ه9[ ا�3را'� إ�$اء /��!$ة ��

�ر!��� . \��Yآ. ا���� أ/�K 5  56و$I��0ا� ����� B/�و4I 31 أ!#� I�M�[ آ
���X�Y0 ا��0�I$و56 K B3م �%$اض ا�����V��I �/ �8���رة وا��5 %�V4 . ا��I ^�F

�8  �� ا��0�I$و6�ت ا��$ا!� إ��  �� ا��0�I$و6�ت ا���ق F$ار!��1�س 6� 
�وآ�9_ ���1 ا�6$اف I�ز!\ ا��0�I$و6�ت اh� 5��. ���ق F$ار!� �. ا���ز!\ ا��`

0�ت ���ر!� ه��� B���I 4I 3=  �=!$دة ا���و����آ3 /. �: ٍIAEA Soil-7  و  
Coal NIST 1632c .�!ر� D k0$!=� أن و31 أو��� �6��B���I g ا���0�ت ا���

�ت أ��� J�Oأ ./ B1ا��$���� ا�=�4 �.% ٥ أ $[�� 4I ا��� ���0h����I . وه9ا
���X�Y0 ا�����D k0 �  ��0=I B$!=� إ/���Y!j�8�I C�6$ إ�� K �6و$I��0ا� B����K  

� ~ ذات د�1 ����� آ�$!=� ا�`��6 ا��8`� /�$��' $[�3 ��0�ت  ~ ا��� ���0��!
�h� �!ر��� . 

�/- أ/� ا���B ا�V 4I 5ا�� C�0=���K �[�Vا�3را'� ا� g�����$ض �6�  
 �h����I 4I 5وا��  ������ �����B ا���0�ت ا�haا'��3ا" ��	�
�� �����
ا

���&�'
 Flowing Sample Neutron Activation"ا
	����و�� 
�(�	�ت ا

Analysis   ت إ��$��Oو31 ا)FSNAA.(  ����I4 ه9[ وI 5ا��=��0 ا��
� j 3�K اإha3ا��'M)���6�م �. ����K �0�رة /���$ة ���O .�K ا����Y\ وآ/$Gا� 

5  B����'�3Vام /#Q� j!$D  �V ا�K .���`!5 إ��/. ا�8 ���0�/ ��K�ا6
��6��� �s[$ة��/ .\��YI ����� �9_  �نKا���80`�  و �/��س ا(�� ��=� �h�=6ا����0 و

 �h��Y0I 4I 5ا�� $[�0�ء/. ا��0aا]�� ا�ة و/�$��� . ����� ا������K 4�IB�رة /
�. j�=�I ا��3!3 /. ا~ه3اف/�� !�دي إ�� ه9ا وh�/3=/ 5  5I�I 5ل ا��������  إه�

��B���I j!$D .� B ��0ا�$آ��� ا������G ا���=3��6� ، .  آ�8$ة�ت���0�ت ا��a
�و!�ت I� �$ ا���1 وFا�\��Y� .ا��/. ا���� $�a�I ./ B��=ا، ا��$�Oأ) dead 

time( M)����4�! ^�F ، j!$D .� ة$��� 9sI!� ا����0 ا/�م ا���(�K M�رة /
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 ��Yا����0 ا�� j 3I ة$���/ ���K ط�Y0ى ا����و���C !��. ا����ظ ��� /
 5����Kا*(�a ى��� أ��8a ا��CK$G ا������31 وه0�   . D�ال  �$ة ا�=��س�30 /

�/�k0��� g���5 أن ا��k0�I .�����) ٍSystem repeatability (�I �/�$ار!� ا��0
���� �3ًا� g���F^ و�3 أن �I 30�$ار �1�س ���0 ���0$ ا�36!�م . I�$ار!� ���0

 %.�K٢. ا��0��g أstandard deviation ( ./ B1( ي!��ن ا��6$اف ا�����ر

 ��'�3Vام ا�آ�K ��K���آ�ةأ�$!� ا������ت ا���� MCNP���  B# 3 أ�
0�ء ا�aأ �hK �0. و�\ ا����30'�� ا��5 !�hل ا��0�ء ا�=��س آB ��� ا�(�aوأ \��Y�

�وي . 3Fة�! 5�O5 أ!`��. ذات �1$ دا��ا�8 ��K� '4 ٦¢�F٠^ و�3 أن �M ا6
 �����6�م /8�($ة !��� أ #B آ�/$Gا� M)��س أ(�� �YK���F BوF 56�ل آ�=

�/��YK jK���F Bو56 . �� �F 5. أن �M ا6���K ا�8��5 ا!`��. ذات �6- ا�=�$ ا�
�����ر�6�مF�ل ا���3ر ا��0�I$و56 آ-252 (٢٥٢Cf ( � �'4 /.  3�K٤ ا�

�0���� \��YI ءة�و31 ا'�3V/� . ا�8�ر �. �K. ا���3ر وا�6���K !��5 أ��� آ�
 5�O5 ا!`���. ذات �1$ دا��ا�8 ��K��51 أ��اء ا��k0�B=0� �/  ٤¢٠أ6K 5  4'

�$�� �K. ا�K �0اءا������/�k0��� ����Vا�� . 

��Y/ در�� وk6$ًا ��3م I�ا $ /�h�/ B/��ر!� '���� أو ]���K ا����� 
���6�م ا����3Vم  =4I 3 ا'�3Vام ءأن و�3ت *�$اء ����� /��!$ة آ�/$Gا� M)�ة آ

�آ�ةا��� MCNP ق��50 ا(�=�! ��F \Yري ا����آ�ة ا���(M وا���3ر ا������ 
M)� ./�0�0 آ��ءة ا��

8�ر ه9[ ا��=�G/ B����� ��0��� /. ا������B ه9ا و31 �O4 اIا������  ��'�ا�=�
� ��� ��0$ وا��X=  3F�ي ��� !h0/ Bآ .$[��6 ��8� ا��0� ه9[ ا������B آ
)Dy, Ag, In, V and Mn( ذات  ������6 \D�I$و��6 �=/)neutron cross-

sections( 3ة) ض��V6* ًا$k6 _و56 ا���80^ /. ا���3ر وذ�$I��0ا� �. ا���
$��I 53د ا�3ورات ا��� $�a�I C'4 دراI 31و/�3ل و Bء ا������0aا����0 أ �h� ض

�ن ا����0!$' . B=I دة �3د ا�3ورات�!�K C6أ g��3Fود ا��MY و31 ا¬h$ت ا��0
�'�� ا��=��0�F داد�Iا�3را'�و B�/ $[���6 و��.  ا�������G� �a3\ ا��0Gا� �

� ��� ��$  ا��`�5 ���3ل '$!�ن ا����0 !�اO$  =3 و�3 أن ا�=���ً'���3 ا'
�6®� M�0ت!�ا��� K�ا'�� ا��0�I$و6h���YI 30� $[�� ا��0hG�0I 53ل . ا����  

�ن ا����5 !��ن /��3ًا!$���� ا��MY �. ا��0�]$ ا��g�0I 5 أ6�!� ذات ا�F 5  
�ر�6 1= و�K.أ���ر M�6 ��1$ة وا���- ]��¯� MY�3ود ا�F 4(Detection 



 

٤ 
 

limits)k0K �h��� �0��F 5ا�� �K Bرة ��$!=� ا������Y0ا�� �hI$ X�Y0���
� D$ق ا�����B ا�O$ى !�#¯ �Kو56 ا��=��3!� و$I��0ا� � ������	ا �����	أن ا

�  .���، إن 	� ��� أآ��، آ��ءة�إ	, +�*( ذ	' !&ن ا	����� ا	�%�$#"� !  ه
 .ا	��61#�� أآ�� +#وى وأ0%4 وأ�2 ����1 "��ر*� �0	��ق �ا	#را-

����� و��I 31 ذ�_ �K^ إ/����6 ا'�3Vام ا��k0�/� ا��/ �0�� B����� �a3��
$[�/. �I 4I ^�F#�$ /���ل /���ري !���ي ��� /�V�ط . /��3دة ا��0

���M ذآ$ه�و� 31�F° أ�0�ء ����� ا�����B أن و��د ��0$ ا�36!�م . ا��0�]$ ا�
�]� �0�K$ ا�3'8�ر!�!�م YK�B /���ظ Vء ا�=�� ا���Oإ ��� B��! �!�دي إ�� /�

 5  $Oس ا��1 C��و��. �30 ز!�دة D�ل ا�86�ب .  ا���د!�ف ا�=��سا�k$وا'��
 \��Yا�� ���O .�K B[ا�ا�C8) لJ�6دي إ�� إ�! B�YK M)��ت آ�/B �0�!وا�� 

 ��Yم ا���ا�36!) ��Yم ا���!3ة ا�36!�6 $�� M�0� 5ه�وذ�_ k6$ًا ��=�$ ا���0
��Yم ا���ر!�!�!3ة ا�3'8�0K �6ر� وه9ا. أ/�. �1�س ��0$ ا�3'8�ر!�!�م) /=

 �Gوا�� BOا��3ا Bآ�Y/ ��� ��sا�� ��� �hIو31ر �/�k03ى /$و�6 ا��/ $hk!
5/�Gا� M5 ا���  . 

 ����و/. ا�(��ء ا������ ��k0$ ه� 31رة ا��k0�B���I ��� �/ ا����0 ا��
�13 ����� دون ا����� إ�� K �hK �8ت %�$ ذا���ذ ا����I 5�ي ��� /��6VIإ

B���I  4a B���I ا��Gء ا�$ا�j /�0$دًا  �B ا���ا�j أو ا�$وا'� 4aإ�$اءات 
�ا�$h�K3 إذا�K �'وا�ً���� /. آ��ر!3 ا��#� .  آ����Kن را'� أ��I °F�� ^�F

��M ذآ$ه� ����!. ا�����ل /��3د �0�]$ ا���� ����0�ء X�O ا������B ا��aأ
$[�� . ا��0hK $[���=�4 ا��$���� �0�� ا��0K ا����0 ا���#$ة B���I g���ر�6 �6=Kو

�� g���6 5��I �a3����. % ٥اJ�Oف أB1 /. ( ا��13 �����F° أن ا��k0�/� ا��
 ).ا�=�4 ا��$����

� � إ�� ذ�_ ،�*�K ر�8�O4 اIا�3را'� � ا� B�/ �=!$� 3!3�� $[�ا��0
�[  5 ���0ا����� ا�ه��� ا�9sا��� او ذات ا�30رة و ��=� درة�ا�0�/ ./ �h��� 4I 

X'�ا��� ��K30ر!�،ا*=� /�0 5  ا��8$ ا��ز  5  ./�$ '�hG�8. 31رة ا�Iو
�1�س ��0$ي ا���د!�م وا����ر ذوي ا�0��8 ا~��5  5 /�وذ�_ k6$ًا ء ا�$�8 

�'��م. �#Ms (3ة ا���3ر ا��0�I$و56I�8س ا���1 4I � آ�`�ل ��5 31رة ٤٠-آ�
����8D ��Yاد ا���س ا����ز  �1 5hGل . ا�JO ./و B���I/ �Y1�0 �=K��ا��0��g ا�

��� ا'�3Vام /�3ر �6�I$و56 ���5 ا�3Yة �C#¯ أ6!F 5  �� ت ا�0�و!�����Jآ
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C6�  Jً`/  .��! $[� M��V/ 5 ا���0�ت ا�����دة B���I و�1�س ا��3!3 /. ا��0
 �����4 �0�]$ي /���اه� ا�ا��8:�� او ا�9sا��� او %�$ه� ���3!3ا���=I ��sK � أa$ه

�5K أو G!*ا���5 �ا��B'J ا�9sا��  ����58ا����Kو ،��[ ��� $Y8ا�. 

 Q # �'� Tصذآ�WG�#3% ا', QP���
 :� ا��X ا

���X�Y0 ا��0�I$و56 ����0�ت ا���3 =�  •K Bا����� �/�k0/ 5ا�� ��ؤهY64 اI
� وh��[�Iي او$Oد!� ا���0$ وأ�Fر!� أ�0�ت /���� B����� �8�ره�O

��=�=F $�K ]�3�I أداة ، /��3دة ا��0�]$  /�#$ة /����ً� وآ�0�� _�9 /�
�[�O �G�� .1�B����� �! ا���0�ت ا������ 3Kون ا����� إ�� �����ت /�

• 1� X�Y0���K Bا����� ���F 5  �hI$�k6 ق��I �/�k0��� MY�3ود ا�F 4
� ا��$ق اO$ى�Kو56 ا��=��3ي و$I��0ا� 

•  $�sا�  ������ 31رة  ��=� ��� B���I ا���0�ت ا�h� �a3���ا��$!=� ا��
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�ث �Kت ا�J���/ ��5®'���دة /. ا�����8�ر . ا��0�I$و56 ا���Oآ�9_ أ
 �1�وذ�_ ) MeV 14(ا��k0�/� /\ /��3ات ا��0�I$و6�ت ����� ا��

� إ~ /. JOل ��=3!$ ا��0�]$ ا��5 h����I .��!�Y0I�h ت����0�I$و6K 
���� ا���B`/ �1 ا�وآ��G. وا���0$و��.�. g/�6$K B��K �[�!ُ � آ�

�س I$آ��ات ا��0�]$ ذات ا�ه����=� B/� ا��8:�� وا�9sا���  5 /��
�[ ا�$ي و/��[ ا��8$(ا���0�ت ا��8:�� �/ B`/ 9ا��� )sب (وا�$Yا� ]��/ B`/

����Vت ا���Kو$Yوا�� .( g/�6$K \. و��اء آ�9_ !��ت ه�0�� B�����
 ����تإ�� ا'�3Vام /8�($ة دون ا���)$/ . Xs� j!$D .� _وذ�

 ��K��jKوB���I ا���0�ت �0K- ا��$!=� اا�h�اء داBO ا6��.      
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Abstract 

  

The work presented in this thesis covers two major points. 

One algorithm concerns with establishment of an accurate 

standardization method with multi-elemental capabilities and low 

workload suitable for NAA standardization at ETRR-2. The second 

one deals with constructing and developing an effective non-

destructive technique for analysis of liquid samples based on NAA 

using (very) short-lived radionuclides. 

 To achieve the first goal, attention has been directed toward 

implementation of the k0-method for calculation of the elements 

concentrations in the samples. The k0-method of NAA-

standardization has a considerable success as a method for accurate 

multi-elemental analysis with comparable low workload. The k0-

method is based on the fact that the unknown sample is irradiated 

with only one standard element as comparator. To access the 

implementation of this method at ETRR-2, careful and complete 

characterization of the neutron flux parameters in the irradiation 

positions as well as the efficiency calibration of the γ-ray 

spectrometer must be carried out. The required neutron flux 

parameters are: the ratio of the thermal to epithermal neutron fluxes 

(f) and the deviation factor (α) of the epithermal neutron flux from 

the ideal 1/E law. The work presented in Chapter 4 shows the 

efficiency calibration curve of the γ-ray spectrometer system which 

was obtained using standard radioactive point sources. Moreover, 

the f and α parameters were determined in some selected irradiation 

sites using sets of Zr-Au as neutron flux monitors. Due to different 

locations relative to the reactor core, the available neutron fluxes in 

the selected irradiation positions differ substantially, so that 
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different irradiation demands can be satisfied. The reference 

materials coal NIST 1632c and IAEA-Soil 7 were analyzed for data 

validation and good agreement between the experimental values 

and the certified values was obtained. The obtained results have 

revealed that the k0-NAA procedure established at the ETRR-2 can 

be regarded as a reliable standardization method of NAA and as 

available analytical method for elemental analysis of samples 

especially those for which are difficult to find a proper reference 

material. The analysis of reference materials indicates that under 

our experimental conditions, results may have maximum biases of 

less than 5% from the true values for elements analyzed using the 

so-called 1/v nuclei.  

To solve the problems of liquid samples, Flowing Sample 

Neutron Activation Analysis (FSNAA) set-up was constructed in this 

work. The developed set-up involves a continuously flowing of the 

liquid sample between the irradiation site and the detector in a 

polyethylene tube line by the aid of mechanical pump. Due to 

unavailability of irradiation facility in ETRR-2 suitable for 

accommodation of the developed set-up, a 252Cf neutron source was 

used to carry out the irradiation process. This arrangement aims to 

achieve several objects. Firstly, the complicated pretreatment 

(preconcentration) steps of liquid samples can be omitted via 

analysis of large volume of the sample. Secondly, saving time and 

irradiation containers since the preparing of replicates is not 

required. Finally, the effect of dead time can be minimized, since 

flowing sample continuously feeds the detector with fresh 

radioactive material, keeping the radioactivity level constant during 

the whole period of measurement. 
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Modeling calculations using MCNP, version 5 were 

performed to optimize the γ-ray counting configurations and derive 

the required correction factors. An MCNP simulation was used to 

define the best thickness of paraffin fixed between the source and 

helical irradiation hose to get the highest intensity of thermal 

neutrons.  

The repeatability of FSNAA was investigated. Less than 3% 

standard deviation between the results of several measurements was 

achieved. The detection limits, accuracy and ability to remove 

spectral interference of the new system were tested by analysis of 

synthetic single and multi-elements standards solutions. The 

obtained detection limits compare favorably with those obtained by 

conventional INAA methods and other analytical method. Besides, 

the developed method seems to have many advantages when 

compared with conventional INAA methods. These include:   

• Ability to analyze liquid samples without preconcentration 

steps  

• Low detection limits  

• Simplicity and no need for blank correction 

•  Ability to analyze inhomogeneous solutions (like colloidal 

or suspended solutions) with pretreatment processes, if total 

elemental content is required 

In addition, the developed FSNAA procedure was tested for 

determination of trace and ultra-trace elements of nutritional and 

toxicological significance in water sample collected from the 

Mediterranean Sea in some areas of Alexandria, Egypt. Therefore, 

it is necessary to determine its elemental content in order to 
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evaluate its effect on food chains and hence on the health of human 

being. Due to low intensity of the neutron source, only Na and Cl 

were determined in the examined sample. It was expected that more 

elements could be measured if high neutron flux source (like 

nuclear reactor) is used.  

 The obtained results indicate that the FSNAA is a simple 

procedures which is promising analytical method for analysis of 

liquid samples with low detection limits.  It can be used for 

monitoring the elements levels in environmental samples (water or 

compressed air), industrial wastewater and other liquid samples. It 

can also be utilized for analysis of urine and other animals’ 

effluents for health-related studies. 
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Figure 5-24: Gamma-rays spectrum of the irradiated flowing 
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Figure 5-25: Gamma-rays spectrum of the irradiated liquid 
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Figure 5-26: Gamma-rays spectrum of the irradiated flowing 
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Figure 5-27: Gamma-rays spectrum of the irradiated flowing 
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Figure 5-28: Gamma-rays spectrum of the irradiated flowing 
seawater sample (flow-rate = 750 ml/min) 
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CHAPTER 1 

General Introduction  

 

1.1 Motivation 

Neutron activation analysis (NAA) stands at the forefront of 

techniques used for the qualitative and quantitative multi-elemental 

analysis of major, minor and trace elements. NAA offers excellent 

multi-elemental capabilities and has characteristics that inherently 

provide few sources of error compared to most other analytical 

techniques. In addition, NAA provides intrinsic quality assurance 

characteristics that often allow measured results to be internally 

evaluated and cross checked. NAA based on conversation of stable 

nuclei to radioactive ones via irradiation with neutrons, and 

subsequently measurement of the irradiated sample to get γ-ray 

spectra. The resultant γ-spectra can be interpreted in terms of 

elements and concentrations (Bode, 1996; Verma, 2007). 

The NAA protocol followed at neutron activation analysis 

laboratory of Egypt Second Research Reactor (ETRR-2), involves 

the use of relative method to calculate the concentration levels of 

elements of interest in the unknown irradiated sample. In this 

protocol, the unknown sample and  standard sample are subjected 

simultaneously to one shot long-term and one shot short-term 

irradiations. This allows the determination of elements which 

produce long-lived (more than one day) and short-lived 

radionuclides (in order of minutes and hours), respectively. The 

protocol has been applied for all of the analytical demand for the 

NAA technique at ETRR-2, to fulfill the needs of external and 

internal customers (Mohamed, A. et al., 2009; Mohamed, N. et 

al., 2010). 
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This protocol has several limitations which are described in 

the following paragraphs. 

 Although, the relative method is very accurate, it is not 

suitable for multi-element analysis with regard to the experimental 

workload (due to analysis and preparation of standards) and the 

impossibility to quantify unexpected elements or those for which it 

is difficult to find a proper reference materials. 

 The protocol is unable to determine radionuclides with half-

lives less than one minute. Several elements can only be measured 

by NAA through the measurement of very short-lived isotopes 

(e.g., F, Pb, Li,…). For several others while the measurement 

through long-lived radioisotopes is possible, the sensitivity can be 

considerably increased by measuring the short-lived radionuclides 

(such as 77m Se (t1/2=17.4 s) instead of 75 Se (t1/2= 120.4 d)). Also the 

production of long-lived isotopes can be omitted (ex: determination 

of Co through 60mCo (t1/2=10 min) instead of 60Co (t1/2=5.2 y)). 

Assaying elements producing very short-lived radionuclides 

requires a special NAA procedure. This procedure can be carried 

out using Cyclic Neutron Activation Analysis (CNAA). In CNAA, 

the unknown sample is irradiated for a short time, and then rapidly 

transferred to a radiation detector for radioactivity measurement, 

and the entire process is repeated for a number of cycles. The 

gamma-ray spectrum of each cycle is recorded to yield a 

cumulative spectrum. 

  The use of short-lived radionuclides in NAA becomes more 

attractive because it increases the number of samples which can be 

measured per day. In addition, it reduces the radioactive waste 

resulting from the analysis process and made NAA a more 

attractive and economically method (Alfassi, 1990; Vandecasteele, 



Chapter 1 

٣ 
 

1991; Ismail, 1996; Repinc et al., 2008). On the other hand, 

CNAA has some limitations. Firstly, due to very short half-lives of 

the produced radionuclides, the counting rate decreases rapidly with 

time. The rapid variation of counting rate during the measurement 

negatively affects the accuracy of the obtained results. Secondly, 

improving the detection limits by increasing number of cycle has a 

deleterious effect on the analysis results. Increasing number of 

cycles causes a build-up of activity from relatively long-lived nuclei 

(28Al, 24Na, 38Cl, ...) generated in the matrix of the sample. This 

tends to increase the background activity of the sample causing 

interference or masking effects on signals of the isotopes emitting 

low energy gamma-rays. Finally, liquid samples cannot be 

effectively analyzed using CNAA since some trace elements may 

be present at very low concentration levels. Also it is difficult to 

determine these elements directly without pre-concentration step, 

because the fast transfer of a large volume of liquid sample from 

irradiation site to the detector is very difficult and the irradiation 

facility suitable for irradiation of such large volume is not available 

in most reactors. For most cases, a pre-concentration step is 

required to reduce the sample volume. The pretreatment procedure 

may subject the sample to cross contamination or loss of some 

contents. In addition, post-irradiation radiochemical process to 

concentrate the sample cannot be applied due to the very short half-

lives of the radionuclides to be measured. 

1.2 Scope of the dissertation work 

The work presented in this thesis focuses mainly on two 

points. Firstly, the relative method of NAA standardization should 

be replaced by k0-standardization method at ETRR-2 neutron 

activation facility to overcome the above-mentioned disadvantages 
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of the relative method. Secondly, the limitations and weakness 

points of CNAA mentioned above made clear that elemental 

analysis using CNAA require some modifications and 

improvements. These enhancements should not only provide simple 

method for analysis of liquid samples, but also more accurate and 

fast results. Therefore, the work presented in this thesis was started 

to develop and establish a new efficient set-up of CNAA for 

analysis of relatively large liquid samples without complicated 

pretreatment steps. The new set-up involves continuous irradiation 

with neutrons, transportation of the irradiated sample (between 

irradiation and measurement sites). This can be achieved by 

flowing the examined sample in polyethylene pipe with the aid of a 

small mechanical pump. The developed set-up of CINAA was 

referred as Flowing Sample Neutron Activation (FSNAA). This 

arrangement aims to achieve the following advantages: 

• Omitting the complicated pretreatment (preconcentration) 

steps of liquid samples via analysis of large sample;  

• Saving time and irradiation containers since the preparing of 

replicates is not required; 

• Minimizing the effect of dead time, since the flowing sample 

continuously feeds the detector with fresh radioactive 

material, keeping the radioactivity level constant during the 

whole period of measurement.  

 Therefore, accurate, reliable, fast and low-cost CINAA 

results of liquid samples are expected with this proposed set-up.  

 The new designed and developed system may be useful for 

monitoring the levels of elements and radioactive nuclei in different 
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areas. These include surface water, industrial liquid waste and any 

liquid samples (urine, animals blood, oils, gasoline,…). or other 

fluids such as compressed air samples with accurate results and low 

limits of detection.   

1.3 Literature Review 

A general review on how the NAA-standardization methods 

were stepwise upgraded with respect to their accuracy and 

manageability, leading to the launching of the k0-method in the mid 

1970s. In addition, an account is given on CNAA with an emphasis 

on the developments and trends which were achieved.  General 

neutron activation analysis of liquid samples is also reviewed in this 

section. 

 1.3.1 NAA standardization 

Standardization means the determination of the relation 

between the amount of element and the net area of the full-energy 

peak observed in the measured gamma-ray spectrum (Degenaar, 

2004). Various standardization methods have been used in neutron 

activation analysis; namely absolute, relative, single-comparator or 

k0-method (Dung and Hien, 2003). In the absolute standardization, 

the physical parameters of an element were determined by 

independent methods. The imprecisions of the parameters would be 

add up when calculating the amounts of elements, leading to large 

systematic errors. In the relative standardization, the unknown 

sample is irradiated together with a standard or a reference material 

containing a well known amount of the element of interest. The 

standard or reference material is measured under the same 

conditions as the sample. This standardization method is still being 

regarded as one of methods which has the highest accuracy of NAA 
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standardization methods. This method of standardization has been 

responsible for all of the analytical demand for the neutron 

activation technique at Egypt Second Research Reactor (ETRR-2), 

to fulfill the needs of external and internal customers (Mohamed, 

A. et al., 2009; Mohamed, N. et al., 2010). However, the method 

does not suite for multi-element analysis due to the experimental 

workload and the impossibility to quantify unexpected elements. 

 Girardi et al. (1965) adopted the single comparator method 

for multi-element NAA to overcome the disadvantages of the 

classical absolute and relative standardization methods (Simonits et 

al., 1975; Bode, 1996). Single comparator method is based on the 

ratio of proportionality factors (k-factors) of the elements of interest 

and the comparator element after correction for saturation, decay, 

counting and sample weight. The experimentally determined k-

factors are often more accurate than the calculated one based on 

literature data.  However, the k-factors are only valid for a specific 

detector, fixed counting geometry and irradiation facility. These 

factors remain valid as long as the neutron flux parameters of the 

irradiation site remain stable.  

 At the Interfaculty Reactor Institute, Girardi’s single 

comparator k-factors has been slightly modified to a more  flexible 

factors to be used with different detectors and counting geometries 

(Bruin and Korthoven, 1972). In this approach, the term of 

photopeak efficiency was removed from the k-factor and derived 

separately in the calculations from the experimentally determined 

efficiency curves for each detector and counting geometry. 

At the Institute of Nuclear Science in Ghent, Belgium, 

Simonits et al. (1975) reviewed the existing methodologies in 

single-comparator method. It was concluded that there was only 



Chapter 1 

٧ 
 

one-way out to overcome the disadvantages of the single 

comparator method and make it generally applicable: the 

transformation of k-factors to the so-called k0-factors, which are 

independent of the irradiation and measuring conditions. This was 

the origin of the k0-standardization method.  

Accurate knowledge of the neutron flux parameters in the 

irradiation sites, k0-factors, the detection efficiencies and the 

specific activities of the radionuclides in the sample and the 

comparator are needed for determination of the concentration levels 

in the sample using the k0 approach (Akaho and Nyarko, 2002; 

Lin et al., 2006; Menezes and Jacimovic, 2006; Koster-

Ammerlaan et al., 2008). 

As a result of proposing the k0-method, k0-factors and 

nuclear data were measured and evaluated by many laboratories to 

be available for users of the proposed new method. De Corte and 

Simonits (1989) published tabulated k0-factors and other important 

nuclear data for 112 radionuclides.  In 1993, extension was made to 

add new data for a total of 122 radionuclides (De Corte et al., 

1993).  

The work for the determination of k0-factors and related 

nuclear data is continuing up till the present time. This can be 

demonstrated with some recent papers by Van Lierde et al. (1999) 

reporting on the experimental results for short-lived radionuclides, 

and De Corte and Simontis (2003) tabulated recommended 

nuclear data.    

 In the field of determination of the neutron flux parameters 

of the irradiation facility, many methods have been proposed which 

were reviewed by De Corte et al. (1981) and Alghem et al. (2006). 



Introduction 

٨ 
 

 However, for its applicability to large data sets and 

measurements, computerization of the routine work is mandatory. 

The first ever computerization introduced in the k0-methodology 

concerned the detection efficiency calculations (De Corte, 2001). 

Indeed, these calculations, which are based on a numerical 

integration procedure, are quite complicated. Therefore, the 

computer code SOLANG was developed, written in Fortran IV+ for 

a VAX 11/780 computer by Moens, et al. (1981). Next, for a VAX 

computer, the program SINGCOM was written to deal with the k0-

method as a whole. Later, this code was upgraded by De 

Wispelaere to SINGCOMP, which was made more user friendly 

(De Corte, 2001). 

 An interesting example of computerization is the work 

performed at the Research Center KFA Jülich. During the years 

1984 -1985 the capability of the NAA laboratory was considerably 

improved by introducing a MicroVAX, a sample changer and the 

k0-method, for which dedicated software was developed (De Corte 

et al., 1993). 

 Additionally, mention should be made of the PC-based 

software package KAYZERO/SOLCOI, which was introduced and 

demonstrated at the first k0-users workshop in Astene, Belgium 

(Sluijs et al., 1992). Although this program was commercially 

advertised, it did not reach too many laboratories. Hence, several 

laboratories designed their own software tools which were more or 

less sophisticated. This large spread in computational approaches 

have contributed to relatively wide variability in the k0-based NAA 

results (Rossbach and Blaauw, 2006). 

The need for harmonization of the applicable software tools 

has triggered the development of a user friendly and versatile 
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programmme, called k0-IAEA software to assist the Member State 

in their quality output from nuclear analytical laboratories. The 

software, which was available since 2005, is now updated by 

incorporation of a peak area evaluation routine to facilitate its use 

from different spectrum accumulation platforms (Rossbach and 

Blaauw, 2006). 

 1.3.2 Cyclic NAA 

The origins of cyclic neutron activation analysis (CNAA) are 

obscure. However, the paper by Caldwell and co-workers, 

published in Science in 1966, where the technique is suggested as 

part of a combination neutron experiment for remote elemental 

analysis of lunar and planetary surfaces using a pulsed neutron 

generator source can lay claim to being the first to use the term 

'cyclic' in this context (Spurou, 1981). 

Golainisk (1969) presented a study on the possibility of 

using half-lives between 0.55 and 873 ms in activation analysis 

with 14 MeV neutrons for determination of Be, B, A1, Ca, As, Zr, 

In, T1, Pb and Bi. The irradiation and detection processes are 

repeated several times and counts are memorized during all 

successive cycles until good final statistics were reached. 

Anders and Golanski published works on cyclic neutron 

activation analysis of samples using a neutron source for measuring 

short-lived radionuclides (Ismail et al., 1998).  

Miller and Guinn (1976) and Guinn and Miller (1977) 

pointed out in the pioneering work the main advantages of cyclic 

NAA over conventional instrumental NAA. These include rapidity 

of analysis due to short saturation times, better detection sensitivity 

and less interference due to the reduced long-lived activity. They 
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developed an automated, highly reproducible fast-transfer system 

(0.36 ± 0.01 sec) and presented results for 12 elements (F, S, Cl, Sc, 

Ge, Se, Br, Y, Zr, Ba, W, Pb) with half-lives ranging from 0.3 to 

17.3 sec.  

 Kerr and Spurou (1978) determined fluorine in bones 

sample. About 100 mg sample of reference calcined bone was 

irradiated for 10s and counted for 10 s before being send back into 

the reactor to repeat the whole process. In total, the analysis was 

repeated 14 times and the resulting spectra were summed to give a 

detection limit of 52 ppm. 

Tominaga et al. (1979) developed a sensitive method for 

determination of fluorine in glasses using 252Cf neutron source. 

About 20-30 g of a powder sample was irradiated and counted for 

25 cycles. The developed method of analysis was applied to 

investigate the fluorine volatilization in glass manufacturing 

processes on account of the non-destructiveness, accuracy and 

rapidity.  

Elson et al. (1983) determined the concentrations of arsenic, 

selenium, iodine and bromine in a series of fish, plant and 

mammalian oils samples using the technique of cyclic instrumental 

neutron activation analysis. The results were in a good agreement 

with the published work. The technique was rapid, requiring 

minimal sample manipulation, and was essentially free from 

interferences. 

Salma and Zemplen-Papp (1993) performed a neutron 

activation analysis experiments to investigate the analytical 

possibilities and prospective utilization of short-lived activation 

products. A rapid pneumatic transfer system for use with neutron 
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generators has been installed and applied for detecting 

radionuclides with half-lives vary from 300 ms to 20 s. The 

transport time for samples of total mass of 1-4 g is between 130 and 

160 ms for pressurized air vary from 0.1 to 0.4 MPa. Fourteen 

elements (B, F, Na, S, CI, Ti, Se, Br, Y, Zr, Ce, Hf, Au and Pb) 

were determined and the obtained results were compared with those 

obtained by the conventional activation method (single irradiation 

and single counting). The cyclic scheme has considerable influence 

on the sensitivity determination of some elements and results in an 

improvement of 5-50 %. 

Joshi and Agrawal (1995) determined Na, As, Ce, Hf, Pb 

and Nd in 20 soil samples from 5 crop fields of the Crop Research 

Centre, Pantnagar, India.  The work involved 14 irradiation-

counting cycles utilizing 14 MeV neutron generator. 

Zhang et al. (2009) conducted a cyclic NAA for 

determination selenium in food samples. The obtained results 

showed that CNAA has a lower detection limits than those of 

conventional one shot-irradiation INAA without any cycles. 

However, the detection limits decrease with increase the 

number of cycles, the growth of radioactivities of relatively long-

lived radionuclides (such as 28Al, 24Na, 56Mn, 38Cl) generated in the 

matrix of the sample deleteriously affect detection limits. 

Moreover, the radioactivities growth of these relatively long-lived 

increases the possibility of spectral interference, while the high 

baseline due to the Compton continuum from high-energy 

transitions increases the detection limit well above the value 

expected from peak area statistics alone (Kerr and Spurou, 1978; 

Parry et al., 2000, Molnár et al., 2004). Several solutions have 

been proposed to overcome this problem as mentioned bellow. 
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Guinn (1980) suggested another method with is similar to 

the cyclic activation. This method will use the same analysis time 

but will lead to a better precision of the determination than the 

cyclic activation analysis for short-lived isotopes. The method is 

called Replicates CNAA. Guinn pointed out the fact that in each 

cycle the main counts of the measured nuclide is due to the last 

irradiation. However, this is not true for the background radiation 

which has a considerably longer half-life. The simple conclusion is 

to irradiate and measure the sample only one time using n separate 

samples of the substance being analyzed instead of making n cyclic 

measurements on one sample of this material. The main 

disadvantages of the method of replicates are the large time 

required for the preparation of n samples for each material to be 

analyzed and the large number of rabbits and containers required. 

Guinn pointed out that this method will be specially suited for 

sample materials that are not very homogeneous where the method 

of replicates is averaging the inhomogeneities.  

Parry (1982) used the method of replicated to measure the 

concentration levels of elements produce short-lived radionuclides 

in geological materials. By this method, Parry measured rhodium 

and silver in some geological samples and reference materials. She 

found that the detection limit was improved by 20 replicates by a 

factor of 4.4 to 4.7 in accordance with the theoretical factor of n  

( 20  or 4.5). She found that the total analysis time for one sample 

(20 replicates) was about 1 h (about 30 min weighing and 25 min 

analysis time).  

Freitas et al. (2008) applied replicates and cyclic NAA as 

complementary techniques to approach the full analysis of 

environmental and nutritional samples. The analysis results showed 
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that Se levels determined by three replicates CNAA were more 

accurate than those obtained by conventional NAA. This was 

attributed to the partially volatilization of Se during the long 

irradiation.   

Ventura et al. (2009) optimized a replicates CNAA method 

to determine the selenium levels in foodstuffs. The method was 

reliable, yielding accurate results. Lower detections limits were 

obtained after each successive irradiation. For samples with higher 

selenium contents (meat, fish, eggs), the measured selenium in the 

first replicate is in all cases larger than the detection limit, but a 

better accuracy was obtained with a larger number of replicates (2–

3 replicates). For samples with extremely low selenium contents 

(vegetable samples), at least seven replicates were necessary to 

obtain a concentration value two times larger than the detection 

limit. 

 Alternative technique to the replicates CNAA was proposed 

by Desliva and Chaat (1983) to avoid of the problem of building-

up of unwanted background activity from the matrix, in which the 

sample is given a sufficiently long decay period between cycles to 

allow the interfering background activity to decay away. In this 

mode, a number of samples are irradiated in sequence and then, 

after adequate decay time, are re-irradiated and counted in 

sequence. This can be repeated as many times as necessary. This 

technique is called pseudocyclic NAA. 

Kennedy and Touhouche (1987) employed pseudocyclic 

NAA method for the determination of erbium by instrumental 

neutron activation analysis in rocks using 167mEr (t1/2= 2.28 s). The 

technique employed activation in an epithermal neutron flux and a 

detection limit of 0.5 mg/g was attained. 
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Kennedy and Hobeika (1991) installed a pseudocyclic 

activation system at the Ecole Polytechnique SLOWPOKE reactor. 

It was shown that, for analyses of geological material with short-

lived nuclides, pseudocyclic activation is preferable to cyclic 

activation because it avoids the buildup of 28Al activity. The total 

experiment time is reasonable when several samples are analyzed. 

The possibilities of the technique were illustrated with the analysis 

of nine well-known silicate rocks. With n cycles, an improvement 

in precision approaching n was achieved. Eighteen elements were 

determined using thermal and epithermal irradiation and 25 cycles. 

Parry et al. (2000) used pseudocyclic NAA to determine 

fluorine in plastic and rubber with detection limits in the range 15-

40 ppm. The detection of fluorine in materials containing high 

levels of Al is improved using the 19F(n, p)19O reaction, induced by 

fast neutrons, (30 s irradiation, 30 s counting and 25 min decay 

between cycles). 

El-Ghawi et al. (2005) applied pseudocyclic instrumental 

neutron activation analysis to determine the Se content of 40 

Libyan food items. The selected samples include different varieties 

of local and imported foods such as wheat and barley products 

(bran and flours), rice, bread, almond, peanuts, vegetables as bean 

and peas, tea, coffee, sugar, and commonly used spices such as red 

and black paper, curry, cumin, mixture of spices, thyme, coriander, 

and fenugreek. Pseudocyclic NAA in conjunction with 

anticoincidence counting has been found to provide reliable results. 

The precision of the method has been significantly improved by 

recycling the samples up to three times. The accuracy has been 

evaluated by analyzing a number of certified reference materials of 



Chapter 1 

١٥ 
 

varied Se levels. The detection limit has been found to vary 

between 26 and 90 ppb Se depending on the sample composition. 

Nyarko et al. (2008) developed a pseudocyclic NAA 

method to determine selected elements in various types of cereal 

and vegetable from Ghana using relatively short-lived nuclides 

(t1/2<80 s). The samples were irradiated for 10 s at the Dalhousie 

University SLOWPOKE-2 research reactor facility (DUSR). The 

irradiated samples were allowed to decay for 20 s and counted for 

40 s. The process is repeated every 50 s for 4 cycles to quantify Dy, 

Hf, Rb, Sc and Se. The detection limits were generally of the order 

of 1.0 ng.g−1 except for Rb which is about 1 µg.g−1. 

However, the development of replicates and pseudo-cyclic 

INAA improve the sensitivity and precision of CNAA, systematic 

loss due to dead time still affects the accuracy of the method and 

requires some corrections (Alfassi, 1990; Hou and Das; 1997; 

Parry et al., 2000).  

Nowadays, many elements can be analyzed by measuring 

short-lived radionuclides radioactivities. The most important ones 

are Se, Pb, F, Sc, Ag, Rh, Hf, In, Cu, Mg, Mn, Al, Au, Hg, W and 

O, several of which are frequently assayed in biological, 

environmental, geological and industrial samples. Some of these are 

unique (i.e., Pb via the 0.8 sec 207mPb) in that no long-lived 

activation product is available (Dams, 1990; Molnár et al., 2004).  

1.2.3 Elemental analysis of liquid samples using NAA 

The elemental composition of water can directly (drinking 

water) or indirectly (through food chains) affects the human health. 

The macro- and micro-constituents and the trace and ultra-trace 

elements are classified as essential (e.g., Na, Mg, K, Ca, I, Mo), 
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critical (e.g., Cr, Ni, Se, V, Zn) and toxic (e.g., As, Ba, Be, Cd, Cs, 

Hg, Pb, Ta, Tl, and all the radioactive elements) according to their 

physiological effects (Sabbioni et al., 1981; Capannesi et al., 

2004). Therefore, water quality evaluation becomes a crucially 

important matter in recent years.  

 Direct application on NAA to analyze  water samples is not 

always effective due to low elemental content of water samples and 

due to the presence of interfering elements such as Na, Cl and Br in 

high levels (Alfassi, 1990). To overcome these problems, the 

enrichment of trace elements of interest and the removal of major 

interfering elements are generally employed prior to neutron 

irradiation. The preconcentration methods, such as evaporation 

(Kusaka et al., (1980), adsorption (Van Der Sloot, 1977; 

Sarmaniet al., 2004; Yusof et al., 2004), coprecipitation (Weiss 

and Fresco, 1983), ion exchange (Huh and Bacon, 1985; Scindia 

et al., 2002; Nomura et al., 2005), and solvent extraction (Mok 

and Wai, 1987; Isaac-Olive et al., 2008), are of particular interest 

for this purpose. The limitations of this preconcentration step are: 

1- The sample is subjected to cross contamination from the 

chemical reagents. 

2- Partial or complete losses of elements may be occurred 

during the chemical processing. 

3- Time consuming. 

 On the other hand, radiochemical separation applied to liquid 

samples (Bahgat and Turel, 1997; Zouridakis et al., 2002) after 

neutron irradiation has some faults. These include:  
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1) A large concentration factor cannot be obtained, because the 

volume of sample allowed in each irradiation is limited.  

2) To minimize the radiation dose to the analyst, the highly 

radioactive sample is usually left to decay for several days. 

As a result, only nuclides with the half-lives considerably 

longer than that of 24Na (t1/2=15 h) can be utilized for 

elemental determination. To determine the nuclides with the 

half-lives comparable to that of 24Na or with the shorter half-

lives, the use of a hot-cell is required, to hand the sample 

immediately after the end of irradiation.  

3) The radiochemical procedures may often be very 

complicated and time consuming. 

 Thus, it can be said that an inherent problem associated with 

NAA of water samples is finding the most suitable procedure for 

determination of trace elements in question, by which the 

irradiation and gamma-ray measurement become feasible. 

1.3.4 Conclusion  

 From the above review, it can be concluded that: firstly, the 

problems of standardization in routine multi-element neutron 

activation analysis at ETRR-2 can be solved by applying the k0-

method. This method produces results comparable to accurate and 

precise relative method without tedious preparation and analysis of 

standards. Moreover the k0-method requires less time and material 

than the old methods and has the ultimate flexibility with respect to 

the different experimental irradiation and counting conditions.  

Secondly, repeated irradiation (replicates or pseudocyclic) 

enhances the precision and sensitivity of CNAA based on short-
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lived radionuclides, but entail systematic losses due to sudden 

change of the dead time. The relative standard deviation in the net 

peak area decreases with the square root of the number of cycles 

while the systematic bias increases with it. Losses due dead time 

should be corrected to improve the accuracy of the technique. 

 Finally, neutron activation analysis is not effectively 

applicable for elemental analysis of liquid samples without 

extensive pretreatment or post irradiation chemical processing. 

Moreover, the analysis process is complicated, time consuming and 

costly. On the other hand, nondestructive analysis of liquid sample 

via irradiation of relativity large volume of the sample is not 

possible by both conventional and cyclic mode of NAA. This can 

be attributed to the unavailability of irradiation facility suitable for 

analysis of large volume and the impossibility of the rapid 

transportation of huge sample between irradiation site and detector, 

respectively.  
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CHAPTER 2  

Theory of Neutron Activation Analysis  

 

2.1 Basic Idea of Neutron Activation Analysis 

The basic principle of neutron activation analysis can be 

explained by considering the reaction occur between a neutron and 

a target nucleolus as shown in Figure 2-1. An atomic nucleus 

exposed to neutron radiation has characteristic probability (reaction 

cross-section, σ ) of capturing free neutron, forming a compound 

nucleus with an extra neutron and entering excited state. The 

excitation energy within the compound nucleus is formed from the 

binding energy of the incident neutron with the target nucleus. This 

excited state is unfavorable and the compound nucleus will almost 

instantaneously de-excite into a more stable configuration through 

the emission of one or more characteristic ‘prompt radiations’, 

since it is emitted immediately after the neutron capture. These 

prompt radiations can be an α-particle, a proton, a neutron, a γ-ray 

photon or another type of radiations depending on the energy of the 

incident neutrons.  

The main reaction occurred with low-energy neutrons is the 

so-called (n, γ) reaction, in which, the highly energetic level of the 

compound nucleus is de-excited by emission of prompt γ-rays. For 

example: 

 27Al + n       28Al + γ                    

The absorption of high-energy neutrons occurs with the 

ejection of a proton, a neutron, or an α-particle. For example: 
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 31P + n       31Si + p                      

 23Na + n       20F + α                    

 

 

 

 

 

 

 

 

 

Figure 1-1. Reaction scheme of an incident neutron impinging on a 

target nucleus, yielding a radioactive nucleus. 

If the incident  neutron flux consists of low- and high-energy 

neutrons, it is possible to have all the common reactions occurring 

with one target nucleus, for example in the case of 23Na where not 

only the (n, α) reaction occurs, but also the (n, p) and (n, γ) 

reactions take place: 

23Na + n       23Ne + p                             

23Na + n       24Na + γ                             
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 The newly formed nucleus, produced upon the de-excitation 

of the compound nucleus, may be unstable. When unstable, already 

during activation it starts to decay with half-life ranging from 

fractions of a second to many years to a stable state by emission of 

specific radiation ‘delayed emission’ through one or more of the 

following processes: α-decay, β--decay, β+-decay, or internal 

transition decay. In most cases, delayed γ- and X-rays will be 

emitted too. This decay process is at a much slower rate than the 

initial de-excitation and is dependent on unique half-life of the 

radioactive nucleus (Verma, 2007). Measuring the emitted 

radiations, prompt and/or delayed, (using a suitable radiation 

detector) leads to identification of the isotopes, resulting upon 

irradiation with neutrons, and thus of parent elements and their 

concentration levels. 

Among the several types of radiation that can be emitted, 

gamma-rays offer the best characteristics for the selective and 

simultaneous detection and identification of radionuclides and thus 

of elements (Bode, 1996; IAEA, 2001a; Verma, 2007).  

A sample contains elements that have the ability to be 

activated by neutrons and produce radioactive isotopes can be 

analyzed with this analytical technique. For example, natural 

sodium, 23Na, is converted to radioactive sodium, 24Na emitting two 

photons with energy of 1368 and 2754 keV, or natural aluminum, 
27Al, is converted to radioactive 28Al emitting a gamma-ray with 

energy of 1779 keV through neutron capture reaction donated as (n, 

γ) reaction. The characteristic γ-rays emitted by radioactive isotopes 

are subsequently measured with a γ-ray spectrometer to identify the 

source of these γ-rays. Each radioactive nucleus is uniquely 

characterized by its decay constant (λ)–the probability for nuclear 
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decay in unit time- and the energy of the emitted gamma radiation 

(Verma, 2007). 

2.2 Classification of Neutron Activation Analysis 

When the emitted delayed gamma-rays are used for 

identification of elements and evaluation of their contents in the 

sample, the technique is called delayed gamma neutron activation 

analysis (DGNAA). In this technique, the measurement of the 

emitted radiation is carried out after an irradiation time ti and decay 

interval td for counting period tc depending on the half-life of the 

isotope of interest. Some elements (e.g. P, S, B, Pb, Be, ….) may 

not be measurable by DGNAA or cannot be determined with 

sufficient sensitivity because their radioactive products do not emit 

delayed γ-rays (e.g., 32P, 35S, 45Ca, …), the reaction-product half-

lives are too short or excessively long (> 100 year), or the reaction 

cross-section is too small. In such cases, the analysis process is 

carried out by measuring the prompt γ-rays emitted during 

irradiation with neutrons. This technique is called prompt gamma 

neutron activation analysis (PGNAA) (Filby, 1995; Charbucinski, 

2003; Nair et al., 2004). 

DGNAA can be subdivided into two modes according to 

method of handling the irradiated sample (Witkowska et al., 2005). 

In non-destructive or instrumental mode, the resulting mixture of 

emitted gamma-radiations, upon sample irradiation with neutrons, 

can be analyzed using good resolution semiconductor gamma-ray 

spectrometers. The resulting gamma-ray spectra are interpreted in 

terms of radionuclides, associated elements and their concentration 

levels. The technique is referred as Instrumental neutron activation 

analysis (INAA). 
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Destructive or Radiochemical mode is used in the case 

where the induced radionuclides of trace elements are masked by 

matrix activity or interfered with other radionuclides. The resulting 

radioactive sample is chemically decomposed and the radionuclides 

are isolated by chemical separations into a single or several 

fractions free of interfering radioactivities, each with one or 

relatively few radionuclides. The technique is called Radiochemical 

neutron activation analysis (RNAA) (Kalmykov et al., 2004). 

Only the instrumental mode of DGNAA will be discussed 

here since it is most common way to perform neutron activation 

analysis.  

2.2.1 Cyclic Neutron Activation Analysis (CNAA) 

In practice, the sample to be analyzed using INAA is 

packaged in suitable capsule (Aluminum or polyethylene) and 

irradiated with neutrons for period (ti) and subsequently measured 

using HPGe detector once or more for measuring period (tc) after 

one or more decay period (td). The choose of lengths of ti, td and tm 

is a state-of-art and strongly dependant on the half-life of the 

isotope of interest; being short for short-lived isotopes and vice 

versa. In routine work, the sample is subjected to two irradiation- 

measuring schemes. The first one is short (in order of few minutes) 

for determination of elements through measurement of short-lived 

isotopes with half-lives up to few hours. The other scheme is long 

(in order of hours) for determination of elements through 

measurement of long-lived radionuclides (half-lives longer than one 

day). Therefore, it is take long time to perform a full sample 

analysis using the above-mentioned INAA protocol.  
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Several elements can be measured by INAA only through 

the measurement of very short-lived isotopes (e.g., F which is 

activated only to 20F with 11 s half-life). For several others while 

the measurement through long-lived radioisotopes is possible, the 

sensitivity can be considerably increased by the measurement of the 

short-lived radionuclides (i.e., measurement of 77mSe( =
2

1t 17.4 s) 

instead of 75Se( =
2

1t 120.4 d)), or the production of long-lived 

isotopes can be omitting (i.e., determination of Co through 60mCo 

( =
2

1t 10 min) instead of 60Co ( =
2

1t 5.2 y)). Many elements produce 

short-lived nuclides (half-life < 60 s) by neutron bombardment 

(Alfassi, 1990).  

Due to the short half-life, the number of radioactive nuclei 

formed upon neutron irradiation is small and consequently the 

counting has a large statistical error. In order to increase the number 

of counts, Instrumental Cyclic Neutron Activation Analysis 

(ICNAA) should be applied. 

In CNAA, a sample is irradiated for a short time, rapidly 

transferred to a detector for counting, and the entire process is 

repeated for a number of cycles; the gamma-ray spectrum of each 

cycle is recorded to yield a cumulative spectrum. These times 

(irradiation, transfer and counting) should be short compared with 

the half-life of the radioisotope of interest.  (Alfassi, 1990; 

Witkowska et al., 2005). 

In general, the use of short irradiation (conventional short 

irradiation-measuring scheme and CNAA) become more attractive, 

because it increases the number of samples which can be measured 

per day, reduce the radioactive waste resulting from the analysis 
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process and made activation analysis a more sound method 

economically (Alfassi, 1990; Vandecasteele,1991). The 

combination of conventional short irradiation-measuring scheme 

and CNAA to perform a full analysis of the samples is called Short 

Time NAA (STNAA) (Ismail, 1996).  

2.2.1.1 Limitations of CNAA 

 CNAA has several disadvantages. These limitations are 

described in the following sections  

2.2.1.1.1 Limitations on the type of samples 

 In general, liquid samples cannot be analyzed effectively 

using INAA technique because of the following reason. Some trace 

elements may be present at very low concentrations levels. It is 

difficult to determine these elements directly without pre-

concentration step, because the irradiation of a large volume of 

liquid sample is limited in reactor facilities. Moreover, the rapid 

transportation of huge sample between irradiation site and detector 

is almost impossible. In most cases, the pre-concentration step is 

required to reduce the volume of the sample (Parry, 1991; Alfassi, 

1990). 

Thus, it can be said that CINAA, like conventional INAA, is 

not suitable for analysis of liquid samples without extensive 

pretreatment steps. 

2.2.1.1.2 Limitations on the number of cycles  

Generally, increasing the number of cycles improves the 

detection limits. The only limitation on the number of cycles, in 

CNAA is the build-up of activity from relatively long-lived nuclei 
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(28Al, 24Na, 38Cl, ...) generated in the matrix of the sample, which 

increase the background activity of the sample. Increasing the level 

of background activity  causes a major interference or masking 

effects on signals of the isotopes emitting low energy gamma-rays. 

Two methods were proposed to overcome this drawback point 

(Parry et al., 2000). The first one, which proposed by Guinn 

(1980), was based on analysis of a number replicates in sequence, 

rather than repeat the analysis of one sample. Desliva and Chaat 

(1983) proposed the second method, in which the sample is 

subjected to sufficient long decay time between cycles to allow the 

interfering background activity to decay away.  

Though, these two methods were introduced to overcome the 

problem of build-up of the background activity, they have some 

drawbacks points. The disadvantages of the former method are 

time-consuming compared with conventional CINAA and it 

requires more work to prepare the replicates and consume more 

irradiation containers. However, the later one uses only small 

portion of the sample, it consumes more time than the former 

method.  

2.2.1.1.3 Limitations on the accuracy 

 In assaying very short-lived radionuclides, a high-count rate 

is necessary to obtain good counting statistics during the very short 

counting time available. This situation poses a problem since a high 

counting rate causes a high dead time and many cases of pile up. 

During each counting period, the activity of the sample changes 

considerably due to the decay of the short-lived products. Besides, 

the background due to the longer-lived activation products is 

building up cycle by cycle and hence the background differs from 

one cycle to another (Alfassi, 1990; Hou and Das, 1997). This 
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problem has significant unfavorable effect on the determination of 

the net peak areas in the measured γ-ray spectra and hence on the 

accuracy of the results. 

2.3 Origin and Optimization of the Technique 

Activation of elements by bombardment with neutrons was 

discovered by Fermi in 1934 and soon thereafter (1936) applied by 

De Hevesy as an analysis technique, nowadays known as Neutron 

Activation Analysis (from Bass, 2004). Since then, the technique 

was considered very powerful due to its matrix insensitivity and 

element-specific response (Bode, 1996). 

At first Ra-Be mixtures were used as neutron source. 

However, with the development of the nuclear reactor, a powerful 

neutron source has become available (Boyd, 1949), yielding 

substantially larger neutron fluxes and hence allows the 

determination of lower concentration levels for many elements. 

The emitted γ-rays and beta particles were first measured 

using a Geiger-Müller counter without energy resolution, so 

elements were identified based on half-lives and chemical 

separations performed after the irradiation, i.e. Radiochemical NAA 

(RNAA). 

The development of NaI(Tl) scintillation detectors gave 

possibility of measuring a gamma-ray spectrum with poor energy 

resolution. The measurement of γ-rays spectra with a high-energy 

resolution was improved after the development of semiconductor 

detectors. The used of high-energy resolution detectors allowed the 

analyses without chemical separation, i.e. Instrumental NAA 

(INAA). 
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Nowadays, NAA is a mature technique that can be used in 

routine applications (Vandecasteele, 1991; Bode, 1996; IAEA, 

2001; Bass, 2004; Bode, 2004; Kira and Maihara, 2007; Verma, 

2007). The NAA technique posses following main analytical 

advantages: 

• NAA is nondestructive (INAA mode) in that the integrity of 

the sample is not changed in any manner by chemical 

treatments or the addition of any foreign materials. Thus, the 

problem of reagent-introduced contaminants is completely 

avoided. 

• NAA is a multi-element analytical technique in that many 

elements can be analyzed simultaneously in the tested 

sample without need to change or alter the apparatus as is 

necessary in atomic absorption; 

• Multiple gamma-ray lines and multiple radionuclides can be 

used to identify the elements; i.e. self-validation; 

• One of the most important advantages of NAA is that it is 

nearly free of any matrix interference effects because the 

atoms of matrix are composed of H, C, O, N, P, and Si that 

do not form any radioactive isotopes. This makes the method 

highly sensitive for measuring trace elements, thus the vast 

majority of samples are completely transparent to both the 

probe (the neutron) and the analytical signal (the γ-ray); 

• Whenever interferences occur, the separation of radionuclide 

of interest can be carried through even complex 

radiochemical separations without danger of contamination 

and with addition of nonradioactive carrier to ease the 
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separation. In other analytical methods, to improve the 

detection limits for elements interfered with other species, a 

chemical separation can be carried out, but always with 

contamination risk and the separations must be carried out at 

the trace element level; 

• Another increasingly important advantage of NAA is the 

absence of a waste stream of acid digestion fluids and other 

chemical waste in the case of the techniques based on 

digestion such as AAS and ICP; 

• The NAA technique is highly accurate with low detection 

limits; i.e. varying between ppb and ppm level for many 

elements; 

• NAA is a powerful tool for analysis of inhomogeneous bulk 

material. One of the challenges affecting all currently 

available analysis techniques is the problem of 

representativeness of the sample when dealing with 

inhomogeneous bulk material. One way to overcome this 

problem is to analyze large samples. Most techniques do not 

allow for large samples (kg level) because the activating 

signal or the response (or both) cannot penetrate samples of 

that size, or the technique is destructive and cannot handle 

such large amounts. NAA, though, has highly penetrating 

neutrons as incoming signal and highly penetrating gamma-

rays as output signal to be detected. This makes NAA (in 

principle) a suitable technique for analysis of 

inhomogeneous and/or valuable bulk samples. For example 

archaeological samples or samples of art, which it is 

impermissible to destroy and whose surface it is not 

permissible even to scratch for the purpose of analysis. 
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Table 2-1 gives a qualitative comparison of some analytical 

techniques applied in petroleum analysis. The tabulated data show 

that INAA approximates the ideal analysis technique in many 

respects. 

Table 2-1. Qualitative comparison of some analytical techniques    

applied in petroleum analysis. (from Nadkarni, 1991) 

Criteria  Ideal  AAS  ICP-MS  INAA  XRF  IC  

Sensitivity  ++  +  ++  ++  +  +  

Dynamic 

range  

++  -  ++  ++  ++  ++  

Precision  ++  ++  +  ++  +  +  

Sample 

preparation  

++  +  +  ++  +  -  

Price
*
  Low  x  10x  2x  10x  x  

Applications  ++  ++  +  +  ++  -  

Elements  +++  ++  ++  ++  +  -  

Multielements  +  -  +  +  +  +  

Turnaround  +++  ++  ++  +/-  ++  ++  

Nondestructive  +  -  -  +  +  -  

* The price assumes that the equipment (like a nuclear reactor for 

INAA) is readily available. 
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1.4 Activation with Neutrons 

 Activation with neutrons is the first stage in INAA process, 

in which the neutrons are captured by the nuclei constituting the 

sample of interest. The aim of this step is to convert some of the 

stable nuclei into radioactive nuclei which emit γ-radiation that can 

be used for elemental analysis purposes.  

2.4.1 Neutron sources 

There are several types of neutron sources, i.e.  radioisotopic 

neutron emitters like 239Pu–Be, particle-accelerators (to produce 

high flux of neutrons through (p, n), (d, n), (α, n) or other 

reactions), spontaneous fissionable isotopes (ex: 252Cf) and nuclear 

reactors. Nuclear reactors with their high neutron fluxes from 

uranium fission offer the highest available sensitivities for most 

elements. The neutron beam available at the nuclear reactor or 

accelerator site cannot be used in the field investigations. However, 

the fission neutron source, the fusion neutron generators or 

radioisotopic neutron sources can be used for field applications 

(Verma, 2007). 

2.4.1.1 Nuclear reactors 

Different types of nuclear reactors and different positions 

within a reactor can vary considerably with regard to their neutron 

energy distributions and fluxes due to the materials used to 

moderate the primary fission neutrons. However, as shown in 

Figure 2-2, most neutron energy distributions are quite broad and 

consist of three components (thermal, epithermal, and fast) (Bode, 

1996; Vandecasteele and Block, 1997). 
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Figure 2-2. A typical reactor neutron energy spectrum showing the 

various components used to describe the neutron energy 

regions. 

The thermal component is for neutrons of thermal 

equilibrium with atoms in the reactor's moderator. At room 

temperature, the energy spectrum of thermal neutrons is best 

described by a Maxwell-Boltzmann distribution gy of 0.025 eV and 

a most probable velocity of 2200 m/s. A thermalized neutron 

irradiation site can be created in a reactor away from the reactor 

core and surrounded with a good moderated such as graphite. A 

cadmium foil of 1 mm thick absorbs all thermal neutrons but allows 

neutrons above 0.55 eV in energy to pass through. This energy, 

0.55 eV, is called cadmium cutoff energy. When applying thermal 
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neutrons only (Lin et al., 2006), the technique is called Thermal 

Neutron Activation Analysis (TNAA). 

The epithermal neutron component consists of neutrons 

which have been only partially moderated (energies from 0.55 eV 

to about 0.5 MeV). In some cases there may be a requirement for 

activation with epithermal neutrons only, perhaps to improve the 

detection of some elements which have a high resonance integrals 

compared to the thermal cross section, such as Au and Sm, via 

reducing the radioactivity produced by elements that have a high 

thermal cross section compared to the resonance integrals such as 

Na and Cl. The samples can be irradiated in an epithermal neutron 

flux by covering it with cadmium foil. In such case, it is called 

Epithermal Neutron activation Analysis (ENAA) (IAEA, 2001 a; 

Chao et al., 2005; Andrási et al., 2007). 

The fast neutron component of the neutron spectrum consists 

of the primary fission neutrons, which still have much of their 

original energy following fission (energies above 0.5 MeV). Fast 

neutrons can be used to carry out the activation step utilizing certain 

nuclear reactions such as (n, α) and (n, p). The contribution of the 

fast neutron in (n, γ) reaction is poor and can be neglected due to 

very low (n, γ) cross section of these neutrons. An NAA technique 

that employs nuclear reactions induced by fast neutrons is called 

Fast Neutron Activation Analysis (FNAA) (Guerra and Calligaro, 

2004; Lupu et al., 2004). 

2.4.1.2 Neutron generators 

 These types of neutron generators are small accelerators that 

produce neutrons using the deuterium–tritium or deuterium–
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deuterium reactions. The output from these generators is 14 MeV 

neutrons and it may be pulsed or continuous. 

2.4.1.3 Radioisotopic neutron sources 

Neutron beam can be produced from (α, n) nuclear reaction 

using α-radioactive sources and Be-target. Different types of these 

neutron sources are presented in Table 2-2. 

Table 2-2. Some examples of radioisotopic neutron sources 

α-source Half-life Energy of α-

particle, MeV 

Source 

name 

Neutron intensity, 

s-1Ci-1 

210Po 138d 5.3 Po-Be 2.5x106 

225Ra 1.62y 4.5 Ra-Be 1.1x107 

239Pu 2.44x103y 5.1 Pu-Be 1.6x106 

241Am 433y 5.4 Am-Be 2.2x106 

 

4.1.1.4 Fission neutron sources 

The spontaneous fission of some artificially produced trans-

uranium isotopes can be applied as a small neutron source e.g., 
252Cf (average half-life=2.6 y) undergoes fission, producing 

neutrons with energy of 2.3 MeV. 252Cf is very strong neutron 

emitter and the major advantage of this neutron source is that it can 

be made portable and generates a stable neutron flux. But, as the 

neutron flux is rather low in comparison to a nuclear reactor, its use 

in neutron activation analysis is limited to the determination of 



Chapter 2 

٣٥ 
 

elements of high activation cross-section which are present in major 

concentrations (Verma, 2007). 

2.4.2 Neutron capture process 

The interactions of neutrons with matter are described in 

terms of quantities known as cross-sections (Lamarsh, 1966) 

which defined as the probability of interaction and has the 

dimensions of area. Cross-sections are usually measured in units of 

barns, abbreviated as b, (1b=10-24 cm2). Cross-section of an isotope 

depends on the energy (velocity) of the incident neutron. At low 

neutron energy region, the cross-section (referred to as thermal 

cross-section, σ) is usually inversely proportional to the velocity v  

of the neutron (
v

1  behavior). On the other hand, at high neutron 

energy region, the neutron capture cross-section can be very high 

for neutrons of a discrete energy and the neutron capture cross-

section vs. neutron energy relationship shows ‘resonance peaks’ 

indicating that discrete energy levels exist in the nucleus that are 

preferentially excited by the neutrons. At these higher energies, the 

neutron cross-section is referred to as the ‘resonance integral’ (I0), 

(Lamarsh, 1966; Vandecasteele and Block, 1997).  

 Figure 2-3 shows the dependence of the neutron cross-

section of the nuclear reaction (ex: 28Al (n, γ) 28Al) on the neutron 

energy (IAEA, 2002).  

2.4.2.1 Reaction rate (Bode, 1996)  

 The reaction rate R per nucleus capturing a neutron 

generated from a nuclear reactor is given by the following equation: 
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Where; E: the incident neutron energy (keV); 

           )(Eσ : neutron cross section (in cm2) for neutron with energy 

E; 

           )(Eφ : neutron flux (neutron.cm-2.s-1) of neutron with energy 
between E and E+dE, considered to be constant in 
time. 

 

 

 

 

 

 

  

  

 

 

 

Figure 2-3. Neutron capture cross-section for 27Al (n,γ)28Al reaction 
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The dependence of activation cross-section and neutron flux 

on the neutron energy can be taken into account in Equation 2-1 by 

dividing the neutron spectrum into a thermal, an epithermal and a 

fast regions;  

∫∫∫
∞

++=
MeV

MeV

eV

eV

dEEEdEEEdEEER
5.0

5.0

55.0

55.0

0

)()()()()()( σφσφσφ    (2-2) 

The first term can be integrated straightforward: 

 0

55.0

0

)()( σφσφ th

eV

dEEE =∫                                                    (2-3) 

Where; thφ : thermal neutron flux, cm-2s-1, for energies up to 0.55 

eV; 

0σ : activation cross-section, cm2, at neutron of energy 

0.025  eV. 

The second term is integrated as following: 

 0
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Where; epφ : epithermal neutron flux, cm-2s-1; 

            I0: infinite dilution resonance integral –which effectively is 

also a cross-section, cm2. 

Like the first term, the third term is integrated straightforward: 

 ff

MeV

dEEE σφσφ =∫
∞

5.0

)()(                                                  (2-5) 
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Where; fφ : fast neutron flux, cm-2s-1; 

 fσ : activation cross-section with fast neutron 

From Equations 2-3, 2-4 and 2-5, the reaction rate is given by: 

 ffepth IR σφφσφ ++= 00                                               (2-6) 

 In nuclear reactions of (n, γ) type, the contribution of fast 

neutrons is extremely very low, so the third term in Equation 2-6 

can be omitted for these reactions. On the other hand, the 

contribution of the thermal and epithermal in the other types of 

nuclear reactions is very low, so the first and second terms can be 

neglected in case of fast neutron activation analysis. In the 

following paragraphs R for (n, γ) is driven.  

From the definition of I0, it can be seen that the energy 

dependency of the epithermal neutron flux epφ is proportional to 

.1 nE  In practice, the epithermal neutron flux of the nuclear reactor 

facilities does not precisely follow the inverse proportionality to the 

neutron energy. A small deviation can be accounted for by 

introducing the epithermal flux distribution parameter α: 

 ∫ +=
max

)1(

)(
)(

E

E n

nn
o

Cd
E

dEE
I α

σ
α                                                        (2-7) 

According to Equation 2-7, the expression for the reaction 

rate can thus be re-written as: 

 )(00 αφσφ IR epth +=                                                         (2-8) 
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 Expressing the ratio of the thermal neutron flux thφ to the 

epithermal neutron flux epφ  as f and the ratio of the resonance 

integral I0(α) to the thermal activation cross section  0σ as )(0 αQ , 

an effective cross-section effσ can be defined as: 

 ))(( 00 ασσ Qfeff +=                                                          (2-9) 

So, Equation 2-8 for the reaction rate can be simplified to: 

  effthR σφ=                                                                        (2-10) 

The production of radioactive nuclide via neutron capture 

process is described by the following equation: 

NRN
dt

dN
o λ−=                                                                (2-11) 

Where; No: number of target nuclei; 

N: number of radioactive nuclei; 

λ: the decay constant (in s-1), λ = ln2/t1/2;  

t1/2: the half-life of the radionuclide (in s). 

The number of target nuclei N0 in a given sample is given by 

the following equation: 

M

wN
N Avθ=0                                                                    (2-12) 

Where w is the weight of the element in a given sample (in 

g), NAv is the Avogadro’s number, M is the atomic weight and θ  is 

the fractional abundance of the target nuclide. 
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Integration of Equation 2-11 over the irradiation time yields 

the number of radioactive nuclei at the end of the irradiation period. 

)1()( ito
i e

RN
tN

λ

λ
−=                                                        (2-13) 

 Assuming that 0=N  at 0=it and 0N  is constant during the 

irradiation period. During the irradiation period, some of the 

radionuclides produced will decay (Equation 2-11). The term within 

the brackets of Equation 2-13 is the saturation factor S and 

represents the fraction of the number of radionuclides produced 

during the irradiation period to that produced in infinite time. At 

ti/t1/2 values of 1, 2, 3, 4, 5, 6, ….. ∞, S has corresponding values of 

0.5, 0.75, 0.87, 0.94, 0.97, 0.98, ….. 1.0. The produced 

radionuclides will reach 98% of the saturation value for irradiation 

period equal to six half-lives. Moreover, the saturation value 

depends on the neutron flux. As an example, a theoretical plot of 

the number of produced radioactive nuclei of 24Na (t1/2= 14.96 h) 

against the irradiation time at different neutron fluxes is shown in 

Figure 2-4. 

Substituting Equation 2-13 for R and N0 will give: 

 )1()( itAveffth

i e
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wN
tN

λ

λ

θσφ
−=                                           (2-14) 

2.5 Radioactivity measurement  

Radioactive nuclei can emit one or more gamma-ray photons 

as they decay to their ground states. The aim of gamma-rays 

spectroscopy is to measure the energy and number of photons per 

second of the emitted gamma radiation.  
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Figure 2-3. Production of 24Na from 10 mg of 23Na at different 

thermal neutron flux values. 

2.5.1 Interaction of γ-rays with matter 

The detection of gamma-rays is critically dependent on 

causing the gamma-ray photon to undergo an interaction that 

transfers all or part of the photon energy to an electron in the 

detector material. These fast electrons created in gamma-ray 

interactions provide a clue to the nature of the incident gamma-ray 

photons. These electrons have a maximum energy equal to the 

energy of the incident photon (Knol, 2000). 

Although a large number of possible interaction mechanisms 

are known for gamma-rays in matter, only three types play an 

important role in gamma-radiation spectroscopy: photoelectric 

absorption, Compton scattering and pair production. All these 

    1x 1014  cm-2.s-1 

    1x 1013  cm-2.s-1 

    1x 1012  cm-2.s-1 

 



Theory of NAA 

٤٢ 
 

processes lead to the partial or complete transfer of the gamma-ray 

photon energy to the electron (Knoll, 2000). 

The photo-electric effect is the transfer of all energy of a 

gamma to an electron in one of the inner electron shells. After 

absorption of the energy, the electron is ejected from the atom with 

energy equal to the incident gamma minus the binding energy of the 

electron ejected. The vacancy in the inner shell is subsequently 

filled with an electron from an outer shell and X-rays are emitted as 

the result.  

Compton scattering is the partial transfer of the energy of a 

gamma-ray (Eγ) to an electron in a collision. After the collision, the 

direction of the gamma-ray is changed. The Compton gamma-ray 

may subsequently escape from matter or may have more 

interactions. The energy transfer is dependent on the angle of 

incidence and may range from 0keV to (Eγ -255) keV for high-

energy gammas. 

Pair production is the conversion of 1022 keV (twice the rest 

mass of an electron) from the energy of a gamma-ray into two 

particles, occurring when the gamma-ray is close to the nucleus of 

an atom. These two particles are a positron and an electron. Each 

particle needs 511 keV to be created and the remainder of the 

transferred energy is divided as kinetic energy between the two 

particles. After thermalisation, the positron will annihilate again 

with an electron within matter, yielding two 511 keV gammas that 

may escape from matter. 

The types of interactions mentioned above occur also in 

detector material, used for measurement of gamma-ray radiation, 

and are registered in a gamma-ray spectrum as given in Figure 2-5 
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for one radionuclide with a single gamma transition. The energy of 

the gammas absorbed via the photo-electric effect with the detector 

material is registered in the full-energy peak (FE), since the entire 

energy from the gamma is absorbed. 

Compton scattering will only transfer a part of the energy to 

the detector. When no energy is further absorbed after the collision 

in the detector material, the partially transferred energy to the 

electron from the incident gamma is registered in the Compton 

continuum, i.e. the region between zero and almost the full-energy 

peak.  

 

 

 

 

 

 

 

 

Figure 2-5. Sketch of a common γ-ray spectrum for a radionuclide 

emitting only one specific gamma energy، larger than 

1022 keV. (SE = single-escape peak, DE = double-

escape peak, FE = full-energy peak). 

When gamma-rays have a pair interaction with the detector 

material a positron and an electron are created leading to two 511 
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keV gammas. One or both can escape from the detector material 

resulting in the so-called single-escape peak (SE) or the double-

escape peak (DE) in the spectrum, respectively. When both 511 

keV gamma-rays transfer their energy fully to the detector material, 

all energy is registered in the full-energy peak (FE). Normally, only 

gamma-rays that have deposited all their energy in the detector are 

useful. The gamma will then show up in the full-energy peak. 

A partial and variable energy deposit due to Compton 

scattering contributes to the continuum in the spectrum that yields 

no useful information in neutron activation analysis and hampers 

detection of other gamma peaks in the same energy region. Single-

escape peaks and double-escape peaks are also useful in activation 

analysis due to their discrete amounts of energy. 

2.5.2 Detection of γ-rays in neutron activation analysis 

Radioactive nuclei can emit one or more gamma-rays as they 

decay to their ground states. The detectors for gamma-spectrometer 

system are selected to take advantage of several performance 

characteristics. Two of the most important parameters 

characterizing gamma-rays detector are detector resolution and 

detector efficiency (Vandecasteele and Block, 1997). 

2.5.2.1 Detector resolution 

Gamma-rays detected in a spectroscopic system produce 

peaks in the spectrum. The width of the peaks is determined by the 

resolution of the detector, which measures the capability to separate 

adjacent γ-ray lines and is usually expressed as the Full Width at 

Half Maximum height (FWHM) (Vandecasteele and Block, 

1997). The values of the FWHM (usually expressed in keV) depend 

on the energy of the photon, but the overall energy resolution of a 
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detector is often quoted for 1332 keV line of 60Co source positioned 

at 25 cm from end-cap of the detector (Bode, 1996).  

2.5.2.2 Detector efficiency 

Not all gamma rays emitted by the source and pass through 

the detector will produce a count in the system (Tsoulfanidis, 

1995). For a given radioactive source, the number counts produced 

in the system depends on the detection efficiency. This relates the 

peak area, at a particular energy in the spectrum, to the number of 

gamma-rays emitted by the source. The detector efficiency depends 

upon the energy of the measured radiation and the geometrical 

arrangement of source and detector. 

 The calculation of full-energy peak efficiency is 

straightforward; it is the ratio of the number of counts detected in a 

peak to the number emitted by the radioactive source (Gilmore, 

2008): 

 
γ

ε
×

=
A

Ap                                                                         (2-15) 

Where Ap is the full-energy peak count rate in counts per second, A 

is the source strength in disintegrations per second (i.e. Becquerels, 

Bq) and γ is the probability of emission of the particular gamma-ray 

being measured. It is conventional to construct an efficiency curve 

by measuring many gamma-ray photons of standard radioactive 

sources and plotting efficiency against energy. 

A gamma-ray spectroscopy system consists of a detector, 

electronics to collect and process the signals produced by the 

detector, and a computer with processing software to generate, 

display, and store the spectra. In the photoelectric effect, the 
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gamma- ray gives up all its energy to an electron. The electron has 

a lot of energy to lose in the detector and will thus produce a 

voltage pulse at a particular value. 

When a gamma ray undergoes a Compton interaction or pair 

production, a portion of the energy escapes from the detector 

volume without being absorbed, the background rate in the 

spectrum is increased by one count. This count will appear in a 

channel below the channel that corresponds to the full energy peak 

of the gamma ray.  

 The voltage pulse produced by the detector is shaped by a 

multichannel analyzer (MCA). The multichannel analyzer takes the 

very small voltage signal produced by the detector, reshapes it into 

a Gaussian shape, and converts that analog signal into a digital 

signal. In some systems, the analog-to-digital conversion is 

performed before the peak is reshaped. The analog-to-digital 

converter (ADC) also sorts the pulses by their height. ADCs have 

specific numbers of "bins" into which the pulses can be sorted; 

these bins represent the channels in the spectrum.  

The multichannel analyzer output is sent to a computer, 

which stores, displays, and analyzes the data. A variety of software 

packages are available from several manufacturers, and generally 

include spectrum analysis tools such as energy and efficiency 

calibrations and peak area and net area calculations. 

A typical γ-ray spectrum showing several long-lived 

elements measured in a sample of irradiated pottery specimen is 

shown in Figure 2-6. 
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Figure 2-6. γ-ray spectrum of irradiated pottery sample counted 

with an HPGe detector. 

2.5.3 Counting of activated sample 

The number of activated nuclei ),( di ttN present after a decay 

period td (time elapsed between the end of radiation and the start of 

measurement) is simply given by: 

di ttAveffth

di ee
M

wN
ttN

λλ

λ

θσφ −−= )1(),(                                (2-16) 

The number of radioactive nuclei ),,( cdi tttN disintegrating 

during the measurement period tc is given by:  

 )1()1(),,( cdi tttAveffth

mdi eee
M

wN
tttNN

λλλ

λ

θσφ −− −−==∆       (2-17) 
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The resulting net area Np of a peak in the gamma-ray 

spectrum corresponding to a given photon energy is approximated 

by the following equation: 

γε
λ

θσφ
γε λλλ )1()1( cdi tttAveffth

p eee
M

wN
NN

−− −−=∆=            (2-18) 

Withγ : gamma-ray abundance, i.e. the probability of the 

disintegrating nucleus emitting a γ-ray of this energy 

(photon/disintegration); 

        ε : photopeak efficiency of the detector, i.e. the probability 

that an emitted photon of a given energy will be detected 

and contribute to the photopeak in the gamma-ray 

spectrum. 

The net count rate pA  can be derived from Equation (2-18) 

by dividing it by tm, as the following: 

 γε
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In the case of n replicates- or n pseudo-CINAA cycles, the 

total net count rate can be driven as: 

∑
=

=
n

k

pkpT AA
1

                                                                    (2-20)  

On the other hand, the situation in case of true cyclic 

analysis protocol is different. Four periods of time are important in 
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cyclic activation (Alfassi, 1990): the time of irradiation, ti; the time 

between the end of irradiation and the start of counting, i.e., the 

decay time due usually to the time required for transfer of the 

sample from the irradiation position to the counting station, td; the 

counting time, tc; and the transfer time back to the irradiation 

position, tt. The cycle period T is given by: 

tcdi ttttT +++=                                                              (2-21) 

The net count rate for the first cycle, Ap1 can be given 

straightforward by Equation 2-19. In the second counting period, 

there is the same number of counts due to the second irradiation 

plus what was left from the first irradiation. 

T

ppp eAAA λ−+= 112                                                           (2-22) 

Similarity for the nth cycle, the following expression can be 

obtained: 
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The total number of counts accumulated in all the n cycles 

can be obtained from the following equation: 
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2.6 Interpretation of gamma-ray spectrum 

The gamma-ray spectrum is analyzed to identify the 

radionuclides produced and to derive the target elements and their 

concentrations in the activated sample. The peaks in the spectrum is 
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located and fitted to obtain their energies and net peaks areas. The 

energies of the peaks are used for radioactive nuclei identification 

and hence elements identification (qualitative analysis). The 

concentrations of the elements (quantitative analysis) can be driven 

from the count rate of the net peak area of the corresponding 

photopeaks. 

 The following methods are used to drive the concentration 

of the elements present in the concerned samples: 

2.6.1 Absolute method 

 The values of the physical parameters in Equation 2-19, used 

for driving the amount w of an element, are taken from the 

literature. For many (n, γ) nuclear reactions, the parameters σ , γ 

and λ are not precisely known. Whilst in some cases also θ is not 

known accurately (ex. Ca and Os) (DE Corte, 1992).  

2.6.2 Relative method 

 The absolute method is seldom applied because of 

uncertainties in the nuclear constants (σ, γ, λ) and difficulties in the 

determination of the experimental parameters (mainly the neutron 

flux and detector efficiency). It is thus usually more convenient to 

use a relative (comparative) method whereby the unknown sample 

is irradiated together with a standard sample containing a known 

concentration of the element(s) of interest. The standard sample is 

measured under the same conditions as the sample (sample-to-

detector distance, sample size and composition) (Vandecasteele 

and Block, 1997). From comparison of the corresponding count 

rate Ap in the two measured spectra, the concentration ρ ( µg/g)  of 

the element of interest can be calculated as: 
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Where; w and W are the masses of the element of interested in the 

standard (in µg) and the mass of the unknown sample (in g), 

respectively. 

 In this method, many parameters are canceled out during the 

calculation of the concentration and the remaining parameters are 

well known. This procedure is being used in cases where the 

highest accuracy is required. 

 The disadvantages of the relative method are (Simonits et 

al., 1975): 

i. Preparation, irradiation and measurement of many 

standards is time-consuming and may introduce 

sources of errors; 

ii. Quantitative analysis is impossible for unexpected 

elements because no standards are available; 

iii. It is, sometimes, difficult to ensure identical 

irradiation conditions for standards and samples; 

iv. It is not suitable for multi-elemental analysis. 

If the neutron flux remains constant (like the case of neutron 

source) then the calibration factor, k ′ , for an element of interest can 

be obtained by irradiation of a standard of this element. Elements 

concentration then can be driven using this set of experimentally 

determined calibration factors without need for irradiation of 
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standards in each measurement, provided that the neutron flux 

remains constant (Parry, 1991). A calibration factor of an element 

can be expressed as the following: 

γε
θσφ

M

N
k

Aveffth=′                                                           (2-26) 

2.6.3 Single comparator method 

 The term single comparator method refers to a technique 

where multi-element analysis can be performed by irradiating and 

measuring a single element (comparator) instead of using multi-

element standards of the elements to be determined (Simonits et 

al., 1975). 

 For single comparator method, experimentally determined k-

factor(s) is defined for each element as (Simonits et al., 1975): 
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Where the subscripts a and c refer to the element of interest 

in the sample and the comparator, respectively. 

 Elements concentrations can be calculated from these k-

factors as the following: 
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 In a series of trial runs, the accuracy and the precision of the 

single-comparator method were found to be similar to those of 
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classical method (relative method). Although very precise and 

laborious experimental work is needed to determine k-factors, once 

they are available the preparation of standards can be eliminated in 

any further analysis (Simonits et al., 1975). 

 This method is valid only for a specific detector, a specific 

counting geometry and irradiation facility, and remains valid only 

as long as the neutron flux parameters of the irradiation facility 

remain stable (Bode, 1996). 

2.6.4 The k0 method 

 The k0-standardization method  is widely used for multi-

element INAA with large research reactors (Simonits et  al., 1975; 

Moens et al., 1977; Roth et al., 1992; De Corte, et al., 2003; 

Bucar and Smodis, 2006; Soliman et al., 2011) because it allows 

flexibility with respect to changes in the neutron spectrum and 

gamma-ray counting geometry while eliminating the task of 

repeatedly preparing numerous standards. With this method, the 

neutron spectrum and the germanium detector efficiency are 

measured and modeled and then the concentrations of the elements 

are calculated relative to one standard, such as Au, using published 

k0 and Q0 values. 

 The k0-factors are purely nuclear parameters independent of 

the neutron flux parameters as well as of the spectrometer 

characteristics and can be defined as the following: 
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  Thus, the concentration of an element is found from the 

following equation: 
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 In k0 convention, Au is proposed as comparator element (De 

Corte, 2003). The neutron flux parameters f and α must be 

measured in each irradiation facility to be able to determine the 

concentration levels in the unknown samples (Akaho and Nyarko, 

2002; Lin et al., 2006; Menezes and Jacimovic, 2006).  

Many methods have been used for characterization of the 

irradiation facility for k0-optimaization which were reviewed by De 

Corte et al. (1981) and Alghem et al. (2006). 

2.7 Detection Limits in INAA  

In analytical chemistry, detection limit (DL) is defined as the 

lowest concentration level that can be determined to be statistically 

different from the noise (Ripp, 1996). Concentrations below this 

limit may not be detected. Therefore, Not Detected (ND) indicates 

that the analyte may be present below the DL. Limits of detection 

are matrix, method, and analyte specific. In NAA, the detection 

limit relates to the ability of detection of gamma-ray peak in the 

presence of interference from other radioactivities (Bode, 1996). A 

peak is detected when it is distinguishable from the uncertainty in 

the noise due to the background level. The detection limit is often 

calculated using Currie's formula (IAEA, 2001): 

BDL 56.471.2 +=                                                         (2-31) 
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Where; B refers to the noise background 

Detection something from noise does not mean that we can 

necessarily know how much of the material there actually is. The 

limit at which we can reasonably tell the difference between two 

different values is defined as Quantification Limit (QL). The QL is 

defined simply as about 5 times the DL. 

There are several parameters which have effect on the net 

peak area to background ratio. As can be derived from Equation 2-

19, large net peak areas are attained at a high neutron flux and a 

large sample mass; the net peak area to background ratio depends 

on the nuclear constants of the target element and matrix 

components, and on the experimental parameters (detector 

efficiency, ti, td, tc, and energy of the photon) (Bode, 1996). 

The increase of neutron flux and sample mass result in an 

improvement in the detection limit by a net factor corresponding 

with the square root of the underlying increases, since both the 

signal and the noise are equally affected (Bode, 1996). 

A higher photopeak detection efficiency not only improves 

the signal to noise ratio but often more efficient detectors have 

better peak to Compton ratio which results in an additional decease 

of the noise level (Bode, 1996).  

The effect of nuclear constants can be illustrated by 

considering a radionuclide with half-life shorter than the half-life of 

an interfering nuclide which should be irradiated for short period. 

The counting should be performed as shortly as possible after 

irradiation. For determination of a radionuclide with a half-life 

longer than the half-life of the interfering radionuclide it may be 

advantageous to extend the irradiation and decay periods prior to 
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measurement for long time.  If only one element has to be 

determined, the optimum irradiation, decay and counting times can 

be chosen to attain the best net count to background ratio for 

gamma-ray(s) of related radionuclide. If several elements have to 

be determined simultaneously, either a compromise is required or 

results from measurements at decay times are combined (Bode, 

1996). Often in practice of INAA, a protocol is followed in which 

firstly the sample is subjected to short irradiation-counting scheme 

for the very short half-lives isotopes; then, the sample is irradiated 

for longer period and counted after different decay times, typically 

in order of 1 and 3 weeks respectively. The results of the three 

measurements are combined to the final analysis report (Mohamed, 

N. et al., 2010).    

 As can be driven from Equation 2-19, the low detection 

limits are set with respect to following parameters (IAEA, 2001): 

• The amount of material to be irradiated and to be counted. 

This is often set by the availability of the sample, 

encapsulation aspects and safety limits. For these reasons 

practically the sample mass is often limited to approximately 

150 mg; 

• The neutron fluxes. These are clearly set by the available 

irradiation facilities; 

• The duration of the irradiation time. This is set by practical 

aspects, such as the limitations in total irradiation dose of the 

plastic containers because of radiation damage. The 

maximum irradiation time for polyethylene capsules is 

usually limited to few hours; 
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• The total induced radioactivity that can be measured is set 

by the state-of-the-art of counting and signal processing 

equipment, with additional radiation dose and shielding 

considerations; 

• The duration of the counting time. A very long counting time 

may set limits to the number of samples processed 

simultaneously in case the radioactivity decays considerably 

during this counting time. Moreover, it reduces sample 

throughput; 

• The total turn-around time. Although sometimes better 

detection limits may be obtained at long decay times, the 

demands regarding the turn-around time often imply that a 

compromise has to be found between the longest permissible 

decay time and customer satisfaction; 

• The detector size, counting geometry and background 

shielding. The detector's characteristics may be set in 

advance by availability but several options exist. 

 It all emphasizes that a limit of detection for a given element 

by NAA may be different for each individual type of material, and 

analysis conditions. In Table 2-2 are given, as an indication, typical 

detection limits as derived from the analysis of a plant and a soil 

material. 

2.8 Accuracy in INAA 

Accuracy is defined as the closeness of the agreement 

between the results of a measurement and a true value of an analyte. 

The factors affecting the accuracy in INAA are briefly highlighted 

in the following paragraphs. 
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3.8.1 Accuracy of qualitative analysis 

The accuracy of the qualitative analysis of the target 

elements is governed by the quality of the catalogues of 

radionuclide-related gamma-ray energies and intensity ratios, and 

the knowledge of the nuclear transformations involved in the 

production routes (IAEA, 2001 b). The qualitative accuracy may be 

affected by several factors as: (1) peaks being assigned to erroneous 

radionuclides due to instrumental drift of the spectrometer from the 

calibration conditions, (2) gamma-ray spectrum interferences 

(including narrowly spaced peaks, sum-peaks and self-absorption 

phenomena) and (3) interferences due nuclear reactions. 

Corrections can be made for many of these effects, including the 

instrumental drift problem. Multiple peaks instead of single peaks 

can be used for nuclide identification. Multiple radionuclides can be 

considered for element identification and escape energies and 

coincidence sum-peaks can be employed and compared to the 

gamma ray catalogues. In principle, errors may be made by 

assigning a single gamma ray peak to one or more, wrong nuclides 

or wrong elements. However, the number of nuclides for which 

such a situation may occur is very small and is reduced to zero 

when also differences in half-life are taken into consideration. 

Additionally, errors in element assignment may occur due to 

interfering production reactions.  

The assignment of gamma-ray lines to radionuclides can be 

considered to be possible with a very high degree of accuracy. The 

accuracy of the final identification of the target elements depends 

on the knowledge of the production mechanisms, the interfering 

reactions, and the ability to discriminate between other potential 

target elements (Bode, 1996). 
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2.8.2 Accuracy of quantitative analysis 

 The degree of accuracy in the quantitative analysis has to be 

assessed by how closely the concentrations obtained by analysis 

approximate the true concentration values. Since the analytical 

results are in fact estimates of the true values, the results have to be 

accompanied by a statement of uncertainty. The sources of error 

contributing to this uncertainty can be rather completely assessed in 

NAA since many aspects of the procedure (activation, decay and 

measurement) are described by well defined physical laws. 

Traditionally, three types of errors can still be distinguished as 

affecting the final concentrations (Bode, 1996; 

EURACHEM/CITAC, 2000; Moreira, et al., 2006): 

1. Random errors. These vary in sign and magnitude and are 

unpredictable. Since they have a statistical character, they 

affect the precision of the analysis. Examples are differences 

in neutron flux between sample and standard caused by 

badly defined positions during irradiation, sample 

inhomogeneities and counting statistics; 

2. Systematic errors. Systematic errors are always of the same 

sign and magnitude, and produce bias between the obtained 

result and the true value. Systematic errors thus affect the 

accuracy of the analysis. Examples of sources of systematic 

error are contamination, moisture content, erroneous 

standardization, dead-time and pile-up losses, differences in 

geometry between sample and standard, errors in the 

photopeak efficiency of the detector, blank and natural 

background corrections, neutron self shielding, neutron self-

moderation and gamma ray self-absorption, as well as errors 

in half-lives; 



Theory of NAA 

٦٠ 
 

3. Additional errors. These may include the choice of the 

wrong method for drying with consequent loss by 

volatilization, erroneously entered sample weights, 

contamination, or errors made during spectrum analysis. 

These errors may either have a random or systematic 

character. 

 The type of errors related to sample preparation 

(contamination, element loss due to volatilization, incomplete 

drying) are not unique for NAA but are applicable to any method of 

chemical analysis. In this respect NAA (in its INAA mode) has the 

additional advantage that the samples do not require any pre-

treatment such as dissolution or mixing with an inert material for 

pelletizing, thus largely eliminating errors due to the blank, 

contamination and losses. Errors due to neutron- and gamma ray 

self-absorption as well as neutron self-thermalization can largely be 

allowed for and can even be neglected when processing small 

samples. Since the principles of INAA are based on effects taking 

place in the atomic nucleus, the results are not affected by the 

chemical or physical state of the elements. Errors made in 

standardization have often the largest effect on the accuracy of 

INAA. This source of error includes errors due to unknown purity 

and stoichiometry of chemical compounds, standard preparation 

errors (e.g. inaccuracy in pipetting and similar errors as mentioned 

with sample preparation). 

An estimate of the accuracy of INAA can be obtained by 

comparison of the results of an analysis of certified reference 

materials with the data in the certificates. However, for quite a few 

elements there are no reference materials available with certified 

concentrations. If this is the case for an element under 
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consideration, an indication of the degree of accuracy may be 

obtained by participation in laboratory intercomparison rounds or 

in proficiency testing (IAEA, 2001 b). 
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CHAPTER 3 

Experimental: Materials, Facilities and Methods 

3.1 Facilities and Apparatuses 

A short description of the irradiation and counting facilities 

available at neutron activation analysis laboratory at ETRR-2 

research reactor is given below. In addition, the designed and 

installed flowing sample neutron activation analysis set-up is 

described and discussed in the following. 

3.1.1 INAA facility at ETRR-2 

Egypt Second Research Reactor (ETRR-2) is an open pool 

nuclear reactor with nominal thermal power of 22 MW. ETRR-2 is 

provided with INAA laboratory. The laboratory is briefly described 

in the following subsections. 

3.1.1.1Neutron irradiation sites at ETRR-2 

For sample irradiation purposes, ETRR-2 has 23 manually 

loaded irradiation channels located in the irradiation grid (out-core) 

which can be utilized for long irradiation purpose. Figure 3-1 shows 

the configuration of the core and the different irradiation channels 

of ETRR-2 reactor. Sample holders were designated for manually 

loading of samples in the 23 irradiation channels located in the 

irradiation grid facility. The capacity of each sample holder (and 

hence irradiation channel) is 16 irradiation aluminum canisters 

arranged in 8 shells spaced by 9 cm. Normally, each Al irradiation 

canister can be filled with up to 12 samples capsulated in 

polyethylene vials. 
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Site No. 2  
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Site No. 1 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1. ETRR-2 core configuration showing the irradiation 

positions. 

A fast pneumatic rabbit system specifically designed for 

INAA of short-lived nuclides was installed and utilized to perform 

short irradiations up to 1h, in polyethylene rabbits. The fast 

pneumatic rabbit system consists of two sites, as shown in Figure 3-

1, each with a transfer time of approximately 200 ms. Each site 

consists of an arrangement of one sample loading/reception station 

connected to a terminal station (irradiation head) by means of a 

hose and air supply line. The packed sample(s) to be irradiated is 
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enclosed into a polyethylene capsule (rabbit) and fed into the 

loading/reception station then pushed to the irradiation terminal by 

the aid of compressed air. One of the irradiation heads (Site 1) is 

installed near the reactor core. The neutron flux at this site is 

expected to be a mix of thermal, epithermal and fast neutrons. The 

other irradiation head (Site 2) is installed in the thermal column; the 

thermal neutrons are expected to be the most predominant. 

3.1.1.2 Gamma-rays spectrometer 

The γ-ray detection and spectroscopy system consists of a p-

type HPGe  detector (model GEM-100210-P-Plus) housed in low 

radiation background lead shield of 12 cm thickness, associated 

electronics and a computer-based multi-channel analyzer. All the 

system components were provided by EG&G Ortec. The used 

HPGe detector has a relative efficiency and FWHM of the detector 

at 1.33 MeV of 100% and 2.1 keV, respectively.  The HPGe 

detector was cooled by liquid nitrogen to about 77 Ko by mounting 

the germanium crystal in a vacuum cryostat, thermally connected to 

a copper rod or "cold finger" to limit the thermal excitation of 

electrons into the conduction band, which would otherwise 

introduce noise into the system. The operation parameters (energy 

calibration, detection efficiency, energy resolution (FWHN) and 

radiation background) of the detector were checked periodically to 

be sure that the detector is working properly. 

3.1.2 Flowing Sample NAA (FSNAA) set-up 

A new FSNAA system was design and constructed for 

analysis of liquid sample. Figure 3-2 shows the schematic diagram 

for the new system. The developed system consists of five 
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components. These components are described briefly in the 

following sections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2. Schematic drawing (not to the scale) of Flowing Sample 

Neutron Activation Analysis set-up 

3.1.2.1 Irradiation cell  

The neutron irradiation cell consists of 100 µg 252Cf 

encapsulated in welded stainless steel cylinder (1cm diameter and 5 
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cm height). Californium-252 neutron source has a half-life of 2.65 years, 

during its decay emits neutrons with energy vary from thermal neutron up 

to 12 MeV, and of mean energy ≃2.5 MeV.  The neutron emission rate 

of the used source was 2.3x108 n/s (on June 2001). The stainless 

steel cylinder was placed in the center of pure paraffin wax cylinder 

with outer dimensions of 20 x 20 cm to reduce the neutrons energy, 

where most of elements have high cross-sections for low-energy 

neutrons (thermal and epithermal neutrons). 

The irradiation processes were carried out inside the paraffin 

cylinder. The paraffin cylinder containing the neutron source and 

the irradiation hose was housed in the center of a large stainless 

steel cylinder of 80 x 100 cm outer dimensions. The space between 

source containing inner cylinder and the outer stainless steel 

cylinder was filed with borate paraffin to minimize the radiation 

dose to a level at which the users are working safely.   

3.1.2.2 Detection system    

The same γ-ray spectrometer system used at the laboratory 

of NAA-ETRR-2 was utilized in the newly developed FSNAA 

system. 

3.1.2.3 Mechanical pump  

A diaphragm pump was used to circulate the liquid sample 

between irradiation and measurement components. The technical 

data of the pump are listed in Table 3-1. The pump has inlet and 

outlet opining with diameter of 0.6 cm and it is provided with a 

flow gate to control the flow-rate.  
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3.1.2.4 Reservoirs 

Two polyethylene reservoirs of the same dimension were 

constructed and connected to the system. Each reservoir has 8 cm 

diameter and 20 cm height. The fresh samples were added to the 

system through reservoir No. 1 and radioactive waste samples 

were collected in reservoir No. 2.   

Table 3-1. Technical data of the pump 

Parameter Specifications 

Mark  Deng Yeng 

Volte 24 V 

Ampere 0.7 A 

Open flow-rate 1.5 l/min 

Maximum pressure 120 PSI 
 

3.1.2.5 Pipeline 

To avoid the cross contamination of the samples, the 

pipelines in the system were made from polyethylene. Hoses of 0.6 

cm outer diameter and 0.1 cm thickness were connected to the 

mechanical pump through its suction and discharge openings. The 

detection limits in NAA is direct proportional to the quantity of the 

sample and the irradiation and measurement times (Bode, 1996). 

Therefore, hoses were rolled in helical form around the neutron 

source and the HPGe detector. Consequently, the amount of the 

sample in the irradiation and counting stations and the irradiation 

and counting times increased. The desired decay time can be 
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adjusted by controlling the pump flow-rate and/or by changing the 

length of pipeline between irradiation and counting stations. 

Unless otherwise stated, the following distances: sample 

tank (reservoir No. 1) to pump, pump to start of the irradiation 

position, irradiation hose, decay hose (from end of the irradiation 

station to the HPGe detector), counting hose and waiting line (from 

end of the counting station to reservoir No. 1) were set to 30, 150, 

273, 150, 530 and 120 cm, respectively. 

The system is flexible and can be operated in two different 

modes to satisfy the demands of different analysis parameters: 

• Cyclic mode in which the sample is returned back after 

irradiation and counting to the fresh sample reservoir and 

then re-irradiated and counted for n cycles. 

• One-way mode in which the sample is irradiated and counted 

once and then send to the waste reservoir. 

 The samples can be circulating at varying flow-rates; fast for 

very short-lived radionuclides, intermediate for medium-lived 

radionuclides and slow for long-lived radionuclides.  

3.2 Materials and Reagents 

 Materials for monitoring neutron flux and standard gamma-

ray sources for calibration of the spectrometer are given and 

discussed bellow. 

3.2.1 Radionuclides standard sources 

Standard γ-ray point sources of 133Ba, 60Co, 137Cs, and 152Eu 

provided by Isotope Products Laboratories were used for energy, 
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resolution and efficiency calibrations of the gamma-ray 

spectrometer. Important nuclear data of these standard 

radionuclides are listed in Table 3-2. 

Table 3-2. Some important nuclear parameters of calibration γ-ray 

standard point sources  

Isotope half-live, year γ-ray energy, keV (branching ratio, %) 

133Ba 10.54 276.4 (7.16); 302.9 (18.31); 356.0 

(62.0); 383.9 (8.92) 

60Co 5.271 1173.2 (99.89); 1332.5 (99.98) 

137Cs 30.0 661.7 (85.2) 

152Eu 13.54 121.8 (28.4); 244.7 (7.51); 344.3 

(26.58); 444.0 (3.12); 778.9 (12.96); 

964.1 (14.62); 1085.9 (10.14); 1112.1 

(13.54); 1408  

 

3.2.2 Neutron flux monitor 

A set consisting of approximately 20 mg of a 0.127 mm 

thick Zr foil (Braunschweig, purity 99.5%) together with about 2 

mg of the CRM IRMM-530 ‘Al–0.1%Au’ (1.0 mm wire) was 

packed both in a polyethylene capsule. The nuclear data of the three 

nuclear reactions 197Au (n, γ) 198Au, and 94,96Zr (n, γ) 95,97Zr are 

summarized in Table 3-3 (De Corte and Simonits, 2003). 

 



Chapter 3 

٧٠ 
 

Table 3-3. Nuclear data used for neutron flux characterization 

Nuclear 

reaction  0Q  
−

rE  (eV) 2
1t  

γE (keV) Auk ,0  

94Zr (n, γ) 95Zr 5.31   6260 64.02 d 724.2+756.7 2.00E-4 

96Zr (n, γ) 97Zr 251.6  338 16.74 h 743.4 1.24E-5 

197Au (n, γ ) 198Au 15.7  5.65 2.695 d 411.8 1 

 

3.2.3 Standard solutions 

 For testing the developed FSNAA, standard solution  were 

prepared. These solutions and their preparation methods are listed 

below. 

3.2.3.1 Dysprosium standard 

 Stock standard solution of dysprosium was prepared by 

dissolving dysprosium oxide (Dy2O3), provided by Sigma company, 

in nitric acid. 

3.2.3.2 Silver standard 

 Silver nitrate (AgNO3) provided by Windsor Laboratories 

Limited was dissolved in distilled water to prepare a stock solution 

of the silver. 

3.2.3.3 Indium standard  

Indium metal 99.99% was obtained from Goodfellow, 

England was used to prepare stock standard solution of indium. The 

metal was dissolved in aqua regia.  
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3.2.3.4 Vanadium standard  

 Stock solution of vanadium was prepared by dissolving 

ammonium mono-vanidate (NH4V2O3), purchased from Merck, in 

distilled water. 

3.2.3.5 Manganese standard  

 Manganese chloride (MnCl2.4H2o) was purchased from El-

Naser Co, Egypt and was dissolved in water to prepare a stock 

solution of manganese. 

 The elements, their target isotopes, cross-sections, half-lives, 

product radionuclides and emitted photon energies used for analysis 

are summarized in Table 3-4 (Ismail, 1996). 

Table 3-4. Some important nuclear data of the elements used for 

preparation of standard solutions 

Element Target 

isotope 

Abundance  Cross-

section, 

b 

Formed 

isotope 

Half-

live, 

sec. 

Energy, 

keV 

Dy 164Dy 0.282 1700 165mDy 75 108.2 

Ag 109Ag 0.481 89 110Ag 24.6 657.7 

In 115In 0.957 92 116m2In 2.2 164.0 

V 51V 0.997 4.9 52V 225 1434.2 

Mn 55Mn 1.00 13.3 56Mn 9288 846.8 
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3.2.4 Miscellaneous 

Reference materials Coal SRM NIST 1632c and IAEA-Soil 

7 were used as control materials to verify the determined f and α-

parameters as well as the detectors performance. The important 

nuclear data of the elements, constituting the two reference 

materials, to be used for in k0-standardization are listed in Table 3-5 

(De Corte and Simonits, 2003).  

Pure nitric acid and 36% hyderochloric acid were obtained 

from Merck. Aqua regia solution was prepared by freshly mixing of 

nitric acid and hydrochloric acid in volume ratio of 1 : 3, 

respectively. 

All aqueous solutions were prepared using double distilled 

water to eliminate the possibility of cross-contamination of the 

prepared solutions. 

3.3 Methods 

The various methods and procedures used in the presented 

work are described in the following subsections. 

4.3.1 Method applied for characterization of irradiation facility  

 Triple-bare monitor method (De Corte et al., 1981; Alghem 

et al., 2006) was used for estimation of f and α parameter in each 

irradiation position. In this method, three different (n, γ) reactions 

with well-known nuclear data are necessary to determine the three 

neutron flux parameters; thφ , f and α (Verheijke and Jansen, 

1988). The Zr-Au set is commonly used as a flux monitor and 

provides acceptable precision and accuracy (Verheijke and 

Jansen, 1988). Two set of Zr-Au flux monitors were package in 
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polyethylene capsules and irradiated in the desired irradiation 

position for proper irradiation time. For data verification, reference 

materials were irradiated simultaneously with the neutron flux 

monitor sets.   

The flux monitors and reference materials were allowed to 

decay for desired time prior starting the counting process. The k0-

method was applied to determine the concentration levels of the 

reference materials irradiated with each flux monitor set to verify 

the determined neutron flux parameters. 

3.3.2 General procedure for FSNAA of liquid samples 

The liquid sample to be analyzed was purred into sample 

reservoir of the analysis set-up described in Section 4.1.1 of this 

chapter. The system was then running and the γ-rays spectrum was 

recorded and analyzed in terms of radionuclide, associated elements 

and their concentration levels.  

The investigated analysis parameters include the effect of 

number of cycles, pump flow-rate decay time, limits of detection, 

sensitivity and effect of presence of interfering or masking 

elements.  

 After each experiment, the pipeline was well washed with, 

double distilled water, concentrated nitric acid and then rinsed 

several times with double distilled water. Pipettes and all other 

glassware were soaked in detergent solution before treatment in the 

same way as the analysis set-up. 

 



Chapter 3 

٧٤ 
 

Table 3-5. Recommended nuclear data of elements constituting 

Coal SRM NIST 1632c and IAEA-Soil 7 reference 

material analyzed by k0-method. 

Element Target 

isotope 
Q0 ,

−

rE eV 
Formed 

isotope 

Half-

life 

Energy, 

keV 

k0-factors 

Al 27Al 0.71 11800 28Al 2.24m 1778.9 1.75x10-2 

Ti 50Ti 0.67 63200 51Ti 5.76m 320.1 3.74 x10-4 

Mn 55Mn 1.053 468 56Mn 2.57h 846.8 4.96 x10-1 

V 51V 0.55 7230 52V 3.75m 1434.2 1.96 x10-1 

K 41K 0.87 2960 42K 12.36h 1524.7 9.46 x10-4 

Na 23Na 0.59 3380 24Na 14.96h 1368.6 4.68 x10-2 

Mg 26Mg 0.64 257000 27Mg 9.46m 1014.4 9.8 x10-5 

Sm 152Sm 14.4 8.53 153Sm 46.5h 103..2 3.52 x10-2 

Ce 140Ce 0.83 7200 141Ce 32.51d 145.2 3.66 x10-3 

Th 232Th 11.5 54.5 233Pa 26.97d 311.9 2.52 x10-2 

Cr 50Cr 0.53 7530 51Cr 27.7d 320.2 2.62 x10-3 

Hf 180Hf 2.52 115 181Hf 24.39d 482.2 4.56 x10-2 

Ba 130Ba 24.8 69.9 131Ba 11.5d 496.3 6.48 x10-5 

Cs 133Cs 13.2 9.27 134Cs 2.065y 795.9 3.92 x10-1 

Sc 45Sc 0.43 5130 46Sc 83.83d 889.3 1.22 

Rb 85Rb 14.8 839 86Rb 18.63d 1077 7.65 x10-4 

Fe 58Fe 0.975 637 59Fe 44.5d 1099.3 7.77 x10-5 

Co 59Co 2 136 60Co 5.271y 1332.5 1.32 

Zn 64Zn 1.908 2560 65Zn 344.3d 1115.5 5.72 x10-3 

Eu 151Eu 1.2 0.445 152Eu 13.54 1408 9.36 
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3.3.3 Monte Carlo simulations 

 MCNP is short for ‘A general Monte Carlo N-particle 

transport code’. It can deal with neutrons, electrons, gammas and 

combinations thereof. The code treats an arbitrary three-

dimensional configuration of materials in geometric cells bounded 

by first- and second-degree surfaces and fourth-degree elliptical 

tori. In order to obtain quantitative results from FSNAA, the 

experimental data need to be evaluated for gamma-rays counting of 

the bulk circulating sample. The Monte Carlo code MCNP, version 

5, was used in order to model the gamma counting configurations 

and derive the required correction factors. Since these factors 

depend on the geometry and material of the sample, a close 

approximation of the liquid sample flowing in the helical form 

rolled surrounding the detector was required. Moreover, the HPGe 

detector was modeled in detail. 

3.3.3.1 Gamma ray detection model 

For determination of the amount of each radioactivity 

produced from activation of different elements present in the 

sample, the photopeaks detection efficiency of the spectrometers 

must be calibrated using standard radioactive sources with similar 

geometry of the unknown sample to be measured. The unknown 

samples in the present case were rolled (inside the polyethylene 

pipe) in a helical form around the HPGe crystal, as shown in Figure 

3-2. 

Due to unavailability of standard sources in that geometry 

and the unavailability of standard radioactive liquid sources and/or 

handling difficulties of it (if available), gamma-ray detection 

efficiency factors were derived using Monte Carlo code MCNP, 
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version 5 (MCNP5),  (Mohamed, N., 2007; Stamatelatos et al., 

2010). MCNP5 code was used to predict full energy peak efficiency 

for the reference point source at distance equal to the radius of the 

pipe in which the sample was circulating beside the detector (at its 

height center) and for the actual helical source configurations in 

order to derive the efficiency transfer factor. This was used to 

transfer the measured detection efficiency for point source into 

actual helical source geometry. 

Pulse height tally (F8 tally) was used to predict the 

detector’s response in terms of energy deposited in the active 

volume of the crystal in the specified energy bin and thus estimate 

the full energy peak efficiency of the detector. 

Table 3-6. The geometrical characteristics of the HPGe detector 

used in the MCNP model.  

Parameter Specifications 

Crystal diameter  81.6 mm 

Crystal length  99.5 mm 

Dead layer thickness  0.7 mm 

Window material Al 

Window thickness 1 mm 

Crystal-to-window distance 4 mm 

 

3.3.3.2 Neutron irradiation model 

 Monte Carlo simulation was used to define the best thickness 

of paraffin between the source and helical irradiation hose. Flux 
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averaged over a cell tally (F4 tally) was used to predict the average 

neutron fluxes at different paraffin thickness within the cylinder 

containing the neutron source  

3.4 Analysis and Data Presentation 

In this section, the terms and methods used for data analyses and 

presentation are defined. 

3.4.1 Estimation of neutron flux parameters 

 Triple-bare method was used to estimate the neutron flux 

parameters, f and α (Verheijke and Jansen, 1988; Alghem et al., 

2006). In triple-bare monitor method, the activation formula for any 

ith (n, γ) reaction can be rewritten in the following form: 

  ε
θγασφ

SDC
M

wNQf
A

Avth

p

))(( 00 +
=                               (3-1) 

Using the notation of De Corte et al. (1989), Q0 is a function 

of the energies of the resonances (actually the effective resonance 

energy in eV, 
−

rE ) and of the shape of the epithermal spectrum. 

This "effective resonance energy" was defined by Ryves 

(Verheijke and Jansen, 1988) and its significance is that it 

represents a single effective or average energy which replaces all 

the resonance energies. Q0 can be calculated by: 
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and  

αα
α

55.0)21(

429.0
)(

+
=C                                               (3-4) 

With, 0.55 is cadmium cutoff energy, eV. 

 Solving Equation 3-1 for α using the three (n, γ) reactions  

and introduction of the k0 notation (Verheijke and Jansen, 1988; 

Alghem et al., 2006) leads to: 

 0)()()()( 030201 =+−− ααα bqaqqba                                 (3-5) 
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The specific count rate, spA , can be defined as: 

m

p

sp
SCDwt

N
A =                                                                   (3-8) 

The subscript i (i= 1, 2 or 3) denotes arbitrary chosen (n, γ) 

reaction. 

 The parameter α can be solved from Equation 3-5 by 

substituting Equation 3-3 for each iq0 into it and performing the 

iterations. The value of α always lies between -0.2 and + 0.2 

(Verheijke and Jansen, 1988). 
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 Once α is calculated, it is easy to find f using any two of the 

three (n, γ) reactions as the following equation: 
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3.4.2 Concentration level 

 The concentration levels of elements analyzed using NAA 

facility at ETRR-2 were calculated using k0-method as described in 

Equation 2-30. On the other hand, experimentally determined 

calibration factors (Equation 2-26) were utilized for estimation of 

the elemental contents using FSNAA facility. 

3.4.3 Method sensitivity 

From the net peak area pN in the γ-rays spectra, the 

sensitivity, eS , of the method for any measured element was 

calculated base on the following equation: 

 
w

N
S

p

e =                                                                           (3-10) 

Where w represent the element weight. 

3.4.4 Detection limits 

The detection limits presented in this work were calculated 

based on the Currie’s formula (IAEA, 2001): 

 BDL 65.471.2 +=                                                         (3-11) 
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3.4.5 Repeatability of the system  

 The standard deviation (SD) between n numbers of 

independent experimental values Xexp was used to express the 

repeatability ( rσ ) of the developed system (Hibbert, 2007). 

1

)( 2
exp

−

−
==

−

n

XX
SDrσ                                                  (4-12) 

Where 
−

X is the mean value. 

3.4.6 Accuracy evaluation  

 The accuracy of the analysis results was expressed in terms 

of ζ -score and bias, where; 

 
22

exp

exp

ref

ref

uu

XX

+

−
=ζ                                                               (4-13) 

 100exp ×
−

=
ref

ref

X

XX
Bias                                                   (4-14) 

In which 
ref

X
,exp is the experimental and certified concentration, 

respectively, and refuexp, is the combined standard uncertainties of 

the experimental and certified mass fraction, respectively. 
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CHAPTER 4 

Implementation of k0-Standardization Method 

 The objective of the work presented in this chapter is to 

assess the applicability of the k0-INAA method using the 

experimental system and irradiation protocol applied in the selected 

irradiation sites of the ETRR-2 research reactor. A careful and 

complete characterization of the neutron flux parameters in the 

selected irradiation positions is needed in order to optimize their 

utilization for k0-INAA standardization method.  

4.1 Calibration of Gamma-ray Spectrometer 

 For a new set of measurements using a gamma-ray 

spectrometry, the spectrometer parameters must be determined. 

These parameters include the energy calibration, energy resolution 

and efficiency. A brief description of the spectrometer calibration is 

given below. 

4.1.1 Energy calibration 

 Before using the gamma-ray spectrometer for identifying the 

radioactivities of unknown sample, their energy scales must be 

calibrated. The usual method used for performing energy 

calibration is to use radioactive calibration sources with well-

known gamma ray energies.  The 152Eu standard source provides a 

useful range of energies. The sources were placed on the detector 

and counted for approximately 20 minutes. The channel number was 

noted for each photo peak. As it is shown in Figure 4-1, the plot of 

channel number against the energy of gamma-ray line is a straight 

line. The energy calibration was checked before each experiment to 
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be sure that there is no energy shift in the spectrometer. The 

specific equation relating the channel number of the data 

acquisition system to the recorded energy of the gamma-rays was 

given by the following equation: 

 

 03.19*37.0 −= channelEnergy                                           (4-1) 

4.1.2 Energy resolution calibration 

The resolution of the peaks can be established after the 

energy to channel relationship is quantified. Using 60Co, the Full 

Width at Half Maximum (FWHM) of 1.33 MeV energy line was 

quantified and  was found to be 2.25 keV. Before each experiment, 

the value of the FWHM was measured to verify that it is within 

operation limit. 

 

 

 

 

 

 

 

 

Figure 4-1. Energy calibration of the γ-ray spectrometer 
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4.1.3 Efficiency calibration 

 The knowledge of the full-energy peak efficiency (ε) is 

essential to the k0-method since it must be known for calculation of 

the elements concentrations. The HPGe detector was calibrated and 

the efficiency curve was fitted using several suitable point sources, 

which were placed at position about 20 cm far from the detector 

end-cap. Figure 4-2 shows the full-energy peak efficiency curve for 

the coaxial HPGe detector fitted using Gamma Vision software. In 

general, the probability of photoelectric process, and hence the 

detector efficiency, decreases by 
3

1

γE
with increasing the photon 

energy, γE (Kahn, 2007). However the detection efficiency curve 

has a knee at about 150 keV , as shown from Figure 4-2. The 

drastically decrease of detection efficiency below the knee can be 

attributed to the absorption of low-energy photons by the detector 

covering materials (Dung and Hien, 2003). 

4.2 Determination of the flux parameters 

For the determination of the neutron flux parameters in the two 

Sites of the rabbit system, two neutron flux monitor sets, one in 

each site, were irradiated for 30 min. The induced radioactivities 

were measured using the well calibrated HPGe detector after about 

3 days for Zr foils and after about 4 days for Al–0.1% Au wires. 

The measured values of f and α in both sites of the rabbit system 

were calculated from the bare Au–Zr flux monitor sets and are 

given in Table 4-1. 

It is clear, from Table 4-1, that the neutrons at the irradiation 

Site no. 2 of the rabbit system was found to be well thermalized 

with f = 255 ± 12 and α = 0.206 ± 0.07. Highly thermalized 
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neutrons are advantageous to k0-INAA from three point of view 

(Lin et al., 2006):  

1. A reliable k0-INAA is expected because the Q0-values 

can play a little role in the estimation of concentration 

level of elements of interest; especially for (n, γ) 

reactions with large Q0-factor which may have larger 

uncertainties. 

2. The k0-INAA will have a large uncertainty reduction of 

the flux parameters α and f. 

3. Fast neutron induced reaction interferences in INAA are 

negligible or much reduced. 

 

 

 

 

 

 

 

 

 

Figure 4-2. Point source efficiency calibration of the gamma-ray 

spectrometer 
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On the other hand, it is very difficult to perform epithermal 

or fast neutron activation analysis at this site. The neutron flux in 

Site no. 1 of the rabbit system is less thermalized than Site no. 2, 

with average f = 69 ± 3 and average α= 0.109 ± 0.03. This means 

that epithermal and fast neutron activation analysis can be carried 

out to small extend. 

Table 4-1. Experimentally determined f and α values in the               

irradiation position to be used in k0-INAA 

Irradiation 

facility 
f Α thφ , cm-2 s-1 

Rabbit system 

Site No. 1 
69 ± 3 0.109 ± 0.03 (4.5±0.1)x1012 

Rabbit system 

Site No.  2 
255 ± 12 0.206 ± 0.07 (4.0±0.12)x1011 

Position G3 1-S 21.4 ± 1.2  0.037 ± 0.009 (8.77±0.2) x1013 

Position G3 1-N 27.8 ± 1.5 0.0068 ± 0.0009 (9.12 ± 0.4) x1013 

Position E5 1-S 28.2 ± 1.5 -0.025 ± .0.007 (7.55 ± 0.3) x1013 

Position E5 1-N 24.6 ± 1.2 0.0197 ± 0.006 (7.95 ± 0.2) x1013 

  

Due to different locations relative to the reactor core, the 

available neutron fluxes in the pneumatic irradiation positions differ 

substantially, so that different irradiation parameters can be 

satisfied. 
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For estimation of the neutron flux parameters as well as their 

vertical distribution in the selected positions of irradiation grid 

facility, one side (north or south) of each sample holder was 

completely filed with the irradiation Al cans (containing the Au–Zr 

sets) and irradiated for one hour. The other side was left empty 

except shells no. 1 and 4 to be compared with the totally filed side. 

The vertical distribution of f parameter in the two irradiation 

positions was investigated over the whole length of the sample 

holders. Figure 4-3 shows that the f parameter has a minimum value 

near the center of the sample holder length and then increases 

(neutrons be more thermalized) with further moving up or down. 

This can be attributed to the effect of the path length of neutrons in 

the moderator medium. The longer path of the neutron in the 

medium is, the more losing of energy. Since the neutrons which 

reaching the top and bottom positions of the holder are traveling 

more distance in the medium than that reaching the middle part, 

they are expected to be more thermalized. 

 

 

 

 

 

 

Figure 4-3. Vertical distribution of f in two irradiation channels 

located in the irradiation grid 
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At the higher part of the sample holder, a sharp decrease in 

the values of f parameter was occurred. This pattern can be 

attributed to the material composition and partial insertion of the 

control rod 

To be more conservative in avoiding the effect of the control 

rods, the shell no. 1 (north and south) of each sample holder was 

chosen for irradiation purposes in k0-INAA. The neutron flux 

parameters of these selected irradiation positions are summarized in 

Table 4-1. 

4.3 Analysis of Reference Materials  

Table 4-2 shows the result obtained in the two Sites of the 

rabbit system of analysis of Soil-7, which was used as a control 

material to verify the determined f and α-parameters. The samples 

were irradiated for short period. The irradiation times were 3 min in 

each site. The induced gamma-activities were then measured using 

the same calibrated gamma-ray spectrometer after cooling times of 

about 5–10 min and 1 h. 

To verify the derived values of the  f and α-parameters in the 

selected irradiation positions located in the irradiation grid, coal 

SRM 1632c has been used for this purpose. The samples were 

irradiated for about 1 h and the radioactivities were measured after 

3 days and 1 week. The analysis results of SRM 1632c are 

represented in Table 4-3. As shown from Tables 4-2 and 4-3, the 

maximum difference of the experimental results and the certified 

values is less than 5%, or expressed as zeta score: 2<ζ . Large 

deviation which was observed with Eu can be attributed to the fact 

that the 151Eu isotope of Eu does not obey 1/v behavior. 
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Table 4-2. Analysis result obtained by k0- method for IAEA-Soil-7 

irradiated in the two irradiation sites of the rabbit 

system. 

Measured value, ppm 

Site No. 1 Site No.2 

E
le

m
en

t 

Reference 

value, ppm 

Xexp ζ  Bias 

% 

 ζ  Bias 

% 

Ti 3000 ± 275 2900 ± 210 -0.3 3.3 3120 ± 312 0.3 4 

Na 2400 ± 25 2450 ± 123 0.4 2.1 2500 ± 175 0.6 4.2 

K 12100 ± 350 12200 ± 488 0.2 0.8 11900 ± 714 -0.3 -1.7 

Mn 631 ± 12 650 ± 26 0.7 3 632 ± 38 0.03 0.16 

Mg 11300 ± 200 11500 ± 575 0.3 1.8 11100 ± 620 -0.3 -1.7 

Al 47000 ± 1750 44800 ± 3140 -0.6 -4.7 45184 ± 3163 -0.5 -3.9 

V 66 ± 3.5 68 ± 6 0.3 3 63 ± 6 -0.4 -4.5 
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CHAPTER 5 

FSNAA System Set-Up and Analysis Results of 

Liquid Samples  

The disadvantages of the cyclic mode of the NAA and the 

problems of liquid sample analysis clearly indicate that the 

technique should be modified to allow the simple, fast, sensitive 

and accurate determination of elemental constitutions in liquid 

samples. 

Analysis of liquid samples by the developed FSNAA method 

based on measurement of short-lived radionuclides was 

characterized and tested for its repeatability, limit of detection, 

accuracy for analysis of synthetic aqueous solutions of single and 

mixed elements. Due to recently unavailability of irradiation site in 

ETRR-2 to accommodate the developed system, a 252Cf neutron 

source was used to perform the irradiation process in the developed 

FSNAA system. Large amounts of test elements were used to 

compensate the low neutron intensity of the 252Cf neutron source. 

5.1 Characterization of the FSNAA System 

 The FSNAA system consists of three main components ; 

mechanical tools for sample flowing, neutron irradiation facility anf 

gamma-ray spectrum measuring devices. In the following 

subsections, fully characterizations of detection system, mechanical 

pump and neutron source parameters which may affect the quality 

of the analysis are presented.  
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5.1.1 Characterization of the detection system 

The different geometrical parameters that may affect the 

detection efficiency were investigated. The obtained results are 

presented in the following subsections.   

5.1.1.1 Selection of the counting geometry 

The radioactive liquid samples were running in a pipeline 

rolled around the HPGe detector in helical form. This geometry is 

not available in MCNP5. With a good approximation, the helical 

form can be represented by circular tori.  This geometry can be 

characterized by the inner diameter of the pipeline and the radius of 

the torus. These two parameters affect the detection efficiency of 

the HPGe detector and their effects must be investigated in order to 

define the best counting geometry before carrying out the efficiency 

calibrating of the detector. 

5.1.1.1.1 Selection of the pipeline diameter 

The variation of detection efficiency with pipeline diameter 

was studied based on Monte Carlo simulations. MCNP input files 

were created to calculate full- energy peak efficiency for liquid 

sample placed in pipeline. For simplicity, the pipeline was 

represented by one circular torus closed to the detector at its height 

center using 0.1 cm wall and different pipeline inner radii varied 

from 0.2 to 0.5 cm. The obtained detection efficiency curves are 

plotted in Figure 5-1 (solid lines) for different inner radii of the 

pipeline. This Figure indicates that the detection efficiency 

decreases with increasing the pipeline diameter, i.e. deleteriously 

affect the detection limits. This result can be attributed to the 

increase in photon attenuation within the sample material with 

increasing the pipeline diameter.  
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Figure 5-1. Full-energy peak efficiency (solid lines) of the HPGe 

detector and ω factors (dashed lines) for one circular 

torus closed to the detector at different pipeline radii. 

On the other hand, the volume of radioactive liquid sample 

around the detector increases with increasing the pipeline diameter. 

This tends to improve the counting statistics of the photo peak and 

hence decreases the detection limits (Bode, 1996). The selection of 

pipeline diameter depends strongly on the combination of these two 

above-mentioned factors that can be expressed by the ω  factor 

which is given by the following equation: 

vεω =                                                                               (4-1) 
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Where ε  and v represents the detection efficiency and sample 

volume inside the helical rolled around the detector, respectively. 

The diameter with the highest value of ω  gives the best detection 

limits and vice versa. However, the ω  value increases with 

increasing the diameter of pipeline as shown in Figure 5-1 (dashed 

line). The pipeline with inner diameter of 0.6 cm was selected to 

minimize the amount of eddies created by the difference in sizes 

between the decay and counting hose.  

5.1.1.1.2 Selection of the torus diameter 

 The effect of torus radius on detection efficiency was 

investigated at different torus radii and the obtained results are 

presented in Figure 5-2. The relations presented in this figure is a 

plot of ω  for gamma-ray of low energy (100 keV), intermediate 

energy (661 keV) and high energy (1332 keV) versus the diameter 

of the torus with a pipeline of 0.3 cm inner radius. The presented 

relations show that the ω  factor decreases with increasing the tours 

radius. This behavior can be attributed to the increase in the volume 

of the sample due to the increasing of the tours radius was 

insufficient to compensate the reduction in the detection efficiency 

due to increasing the torus radius and hence increasing the distance 

between the radioactive sample and the HPGe detector. 

5.1.1.2 Efficiency calibration for point source 

The spectrometer efficiency calibration for point source 

geometries was carried out using standard point sources of 133Ba, 
60Co, 137Cs and 152Eu placed at a reference position 0.3 cm beside 

the detector at its height center. Each point source was measured 

individually at this position for about 1 h and the net count 

corresponding to each photo peak was recorded. The full-energy 
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peak efficiency was obtained according to Equation 2-15. The 

obtained efficiency curve is shown in Figure 5-3. 

 

  

 

 

 

 

 

 

 

Figure 5-2. Variation of  ω  with the pipeline diameter for different 

energy lines. 

5.1.1.3 Derivation of the efficiency transfer function 

MCNP input files were created to calculate full energy peak 

efficiency for a point and actual geometries. The MCNP gamma-

ray detector and helical source geometry model is shown in Figure 

5-4. The relation between the MCNP-calculated full energy peak 

efficiency and photon energy varies from 80 to 1400 keV, for the 

point and actual helical shaped sources are given in Figure 5-5. This 

figure also shows the relation between the efficiency transfer 

function, fγ, (right side) and photon energy of the same energy.  

ω 
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Figure 5-3. Measured efficiency calibration of the HPGe detector 

obtained using standard point sources. 

5.1.2 Characterization of the transport system 

 A brief description of the transport system and the different 

parameters that may affecting the sample transportation between 

the different FSNAA components are described in the following 

subsections.  

5.1.2.1 Measuring the total volume  

After switching the pump on, distilled water was added step-

wise into the sample tank maintaining the water height in the tank 

at about 2 cm. The measured volume required to completely fill the 

system with water was 240 ± 5 ml. 
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Figure 5-4.  MCNP model of the HPGe detector crystal and helical 

form: a is a vertical cross-section; b is a 3D view. 

  

 
 
 
 
 
 
 
           HPGe detector crystal 



FSNAA  

٩٧ 
 

 

 

 

 

 

 

 

 

Figure 5-5. Predicted Full Energy Peak Efficiency for the point and 

helical sources and efficiency transfer factor (fγ). 

5.1.2.2 Determination of pump flow-rate. 

 To determine the range of flow-rates of the pump, the screw, 

which controls the flow-rate of the pump, was switched to the 

maximum flow-rate position and the time required to collect 1000 

ml of distilled water was recorded. To measure the minimum flow-

rate of the pump, the screw was turned to the minimum flow-rate 

position and the time required to collect 1000 ml of distilled water 

was recorded. Based on triplicate measurements, the pump can 

work with flow-rate ranges from 150 ± 3 to 750 ± 10 ml/min. 

Therefore, irradiation, decay, counting and total cycle periods can 

be varied from 6, 1.5, 12 and 22 sec to 30, 7.4, 58.7 and 109 sec, 

respectively. 

The stability of the flow-rate over the time of operation was 

estimated by measuring the flow-rate at different time intervals. 
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The plotted results, presented in Figure 5-6, shows that the pump 

could be operated with constant flow-rate for long period (1 hour or 

more). 

 

 

 

 

 

 

 

 

 

Figure 5-6. Effect of operation time on the stability of flow-rate 

5.1.2.3 Effect of water head in the sample tank on pump flow-rate 

The effect of water head in the sample reservoir on the flow-

rate of the pump was tested at flow-rate of 350 ml/min. The height 

of water in the reservoir 1 was varied from 2 to 20 cm. The 

obtained results are presented in Figure 5-7 which indicates that the 

flow-rate remains constant with changing the water height in the 

sample reservoir.  This allows the addition of the sample 

completely in one time without any effect on sample quantity 

irradiated or counted per unit time.  
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Figure 5-7. Effect of water height in sample reservoir on flow-rate. 

5.1.3 Characterization of the neutron source 

To define the best paraffin thickness surrounding the neutron 

source, an MCNP input files were created to predict the output 

thermal and epithermal neutrons of 252Cf with changing the 

thickness of the paraffin layer between the neutron source and the 

irradiation pipeline. The relations plotted in Figure 5-8 show that 

the intensities of thermal and epithermal neutrons have maximum 

value near the neutron source and then decrease with increasing the 

thickness of the paraffin layer. This can be attributed to the increase 

of neutron absorption effect of paraffin with increasing the paraffin 

thickness. Therefore, to irradiate the examined sample with high 

slow neutron flux, the sample should be irradiated as close as 

possible to the neutron source. 
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Figure 6-8. Variation of neutron intensity with thickness of paraffin 

layer placed between the neutron source and the 

sample tube. 

On the other hand, rolling the irradiation pipeline around a 

cylinder of paraffin with small radius reduces the amount of sample 

to be irradiated in unit time and consequently deleteriously affects 

the detection results. This means that the detection limits are 

improved by increasing the amount of irradiated sample. So, the 

selection of the paraffin layer thickness must be carried out based 

on a combination factor (ψ ) between the neutron flux and sample 

volume. The ψ  factor can be expressed as: 

vΦ=ψ                                                                              (4-2) 

Figure 5-9 shows the relation between ψ  and the thickness 

of paraffin layer. The relation indicates that the ψ factor increases 

with the increase of the paraffin layer thickness up to 4 cm to attain 
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a maximum value then decreases with further increase of paraffin 

layer thickness. Based on this results the paraffin thickness was 

chosen to be 4 cm. 

 

  

 

 

 

 

 

 

Figure 6-9. Effect of paraffin layer thickness placed between the 

neutron source and the irradiation tube on the ψ factor. 

5.2 Testing of System Repeatability 

 The repeatability of the developed system was tested using 

20 separately measurements of indium standard solutions. 250 ml 

containing 1250 mg of In was transferred to the sample tank of the 

analysis system and allowed to flow at flow-rate of 750 ml/min 

between the irradiation facility and the detector. The whole process 

is repeated for 15 cycles. The activity of the 164 keV γ-ray emitted 

from the product isotope 116m2In was recorded for each 

measurement. The obtained results are represented in Figure 5-10. 

It can be noticed from obtained data that less than 3 % repeatability 
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was achieved when the developed analysis system is used. 116m2In 

was chosen because it is sensitive to any change in the system due 

to its very short half-life, 2.2 sec. 

 

 

 

 

 

 

 

 

Figure 5-10. Repeatability of the developed system expressed by 

measurement of 1250 mg In. 

5.3 Testing the Stability of Dead Time 

The stability of dead time during the measurement period 

was investigated for one-way mode of the system by irradiation of 

1250 mg of In and notice the change of dead time with time. The 

relation plotted between the dead time and the analysis period is 

given in Figure 5-11. This relation shows that the dead time 

remains constant during the whole time of analysis. This result 

means that the complicated dead time corrections in the 

conventional CNAA can be eliminated by using the developed 
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procedure. Hence, more accurate results can be achieved when 

liquid samples are analyzed using the developed system.    

 

 

 

 

 

 

 

 

 

Figure 5-11. Stability of dead time during the analysis period using 

the developed system. 

5.4 Analysis of Single Element Standards  

 The test parameters that may affect the detection limits and 

sensitivity of the FSNAA system are presented and discussed 

bellow. 

5.4.1 Effect of number of cycles 

 Experimental analysis of single-element standards 

containing 100 mg Dy, 1580 mg Ag, 2000 mg V, 2000 mg Mn and 

1250 mg In were performed at pump flow-rate of 460 ml/min and 

varied number of cycles. The results presented in Figures 5-12 to 5-
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16 show that the limits of detection significantly decrease and 

subsequently the sensitivities increase with increasing the number 

of cycles. This can be attributed to following two parameters:  

1. The increase of radioactivity of the sample with increasing 

the number of cycles, and 

2. The increase of the total counting time. These parameters 

allow the detector to collect more counts per unit mass of the 

analyte, i.e. improve the detection limit and sensitivity.  

 

 

 

 

 

 

 

 

 

Figure 5-12. Effect of number of cycles on the detection limit and 

sensitivity of FSNAA system for Dy. 
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Figure 5-13. Effect of number of cycles on the detection limit and 

sensitivity of FSNAA system for Ag. 

 

 

 

 

 

 

 

 

Figure 5-14. Effect of number of cycles on the detection limit and 

sensitivity of FSNAA system for In. 
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Figure 5-15. Effect of number of cycles on the detection limit and 

sensitivity of FSNAA system for V. 

 

 

 

 

 

 

 

 

Figure 5-16. Effect of number of cycles on the detection limit and 

sensitivity of FSNAA system for Mn. 
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5.4.2 Effect of flow-rate 

The effect of flow-rate on the detection limits and method 

sensitivities for determination of individual standard solutions 

containing100 mg Dy, 1580 mg Ag, 2000 mg V, 2000 mg Mn and 

1250 mg In was investigated for three different pump flow-rates 

150, 460 and 750 ml/min. As shown from the curves presented in 

Figures 5-17 to 5-21, the detection limits and sensitivities are 

improved with decreasing the pump flow-rate for all tested element 

except for In.  This trend can be attributed to the half-life of the 

product isotope. 116m2In has a very short half-life (2.2 s) and this 

make it very sensitive to the irradiation, decay and counting times.   

 

 

 

 

 

 

 

 

 

Figure 5-17. Effect of pump flow-rate on the detection limit (empty 

marker) and sensitivity (solid marker) for Dy. 
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Figure 5-18. Effect of pump flow-rate on the detection limit (empty 

marker) and sensitivity (solid marker) for Ag. 

 

 

 

 

 

 

 

 

Figure 5-19. Effect of pump flow-rate on the detection limit (empty 

marker) and sensitivity (solid marker) for In. 
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Figure 5-20. Effect of pump flow-rate on the detection limit (empty 

marker) and sensitivity (solid marker) for V. 

 

 

 

 

 

 

 

 

Figure 5-21. Effect of pump flow-rate on the detection limit (empty 

marker) and sensitivity (solid marker) for Mn. 
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The timing factor τ ( SDC=τ where S, D and C terms are 

described in Equation 2-19) has the values 0.026, 0.25 and 0.31 for 

flow-rate of 150, 460 and 750 ml/min., respectively.  

The situation is reversed for determination of elements 

through relatively long-lived isotopes (Dy, V, Mn, Ag), where the 

low flow-rate is more efficient than high flow-rate operation mode 

for measurement of relatively long-lived isotopes. The timing 

factors for the tested elements at various flow-rates are represented 

in Table 5-1. 

Table 5-1. The timing factor for the tested elements at 

different flow-rates value. 

             Flow- rate                    

Element 

150ml/min 460ml/min 750ml/min 

Dy 0.04 0.006 0.0023 

Ag 0.19 0.045 0.019 

In 0.026 0.25 0.31 

V 0.0056 0. 0007 0.0003 

Mn 0.000004 0.0000005 0.0000002 

 

Under the optimum experimental conditions, the detection 

limits obtained for the tested elements in single-element standard 

solutions are summarized in Table 5-2. These obtained detection 

limits can be decreased by a net factor corresponding to the square 

root of the increase in the neutron flux (Bode, 1996).  
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Table 5-2. Comparison between the DLs (ppm) obtained by the 

developed method and those obtained by conventional 

INAA. 

DLs of this work Reported DLs Element 

M N FAAS ICP-AES ICP-MS INAA 

Dy 12 0.000025 0.15 0.054 0.0001 0.000001 

Ag 41 0.000089 0.006 0.00032 0.00032 0.001 

In 30 0.000065 0.12 0.126 0.00026 0.0001 

V 95 0.0002 0.15 0.015 0.00016 0.00001 

Mn 250 0.0005 0.006 0.0028 0.00029 0.00001 

 

Therefore, the obtained detection limits are expected to be 

improved by a factor of 4.6x105
 if an irradiation facility in a nuclear 

reactor with thermal neutron flux of 1x1014 n.cm-2.s-1 is used with 

the developed system instead of the irradiation facility with thermal 

neutron flux of 4.7x104 n.cm-2.s-1, which was used in this work. 

Irradiation facility with a high neutron flux may be available at 

ETRR-2 after doing some proper modification to accommodate the 

developed set-up. The detection limits obtained in this work were 

normalized to irradiation facility with thermal neutron flux of 

1x1014 n.cm-2.s-1. The obtained values are compared with those 

published in the literature (Parry, 1991) for single-element 

standard by conventional INAA methods at the same neutron flux 

and other main analytical techniques including FAAS, ICP-AES 

and ICP-MS (Table 5-2). The limits of detection noticed for Dy, 
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Ag, V and Mn can be improved more by decreasing the flow-rate of 

the pump. On the other hand, the detection limits achieved for 

indium can be lowered by increasing the pump flow-rate. This 

behavior can be attributed to the difference on half-lives of the 

produced radionuclide of each element as illustrated in Table 5-1. 

Though these data cannot be correlated directly to the DL 

achieved by the developed method for determination of the tested 

elements in single-element standards due to differences in form and 

mass of the sample. In addition, they clearly reveal that the results 

obtained by the developed method compare favorably with those 

obtained by conventional INAA methods and other analytical 

method. Moreover, the developed method seems to have many 

advantages as compared to conventional INAA methods. These 

include: 

� Ability to analyze liquid samples without preconcentration 

processes. 

� Low detection limits 

� Simplicity (no need for complicated sample capsulation 

procedures). 

� No need for blank correction since the sample move from 

the irradiation site to counting station without moving the 

irradiation tube. 

� Ability to analyze inhomogenous solutions (like colloidal or 

suspended solutions) without pretreatment processes, if total 

elemental content is required (as shown in the sections 

bellow). 
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� No precautions are required to avoid the build-up of pressure 

produced from radiolysis of water molecules since the 

samples are not capsulated.  

5.5 Analysis of Multi-Element Standard Solution  

  The applicability of developed set-up to analyze solution-

containing many elements was investigated in order to see to what 

extend it can be adjusted to realistic samples. Mixed standard 

solutions were prepared by mixing the desired amount from each 

mono-standard solution described in Chapter 3. The new formed 

mixed solutions were unclear. This can be attributed to the 

formation of white precipitate of AgCl. The Ag+ interacts with the 

excess HCl and form white precipitate of AgCl according to the 

following chemical equation: 

 Ag+ + Cl-                     AgCl 

The formation of the precipitate made the mixed solutions 

inhomogeneous. In such case, the analysis of these solutions by 

conventional analytical methods requires some pretreatment steps 

to separate the precipitate from the solution prior carrying out the 

analysis procedures. This may be followed by the dissolution of the 

precipitate to convert it into solution form available for analysis (if 

total elements concentrations are required).  In this work, the 

developed FSNAA system was tested for analysis of such 

inhomogeneous solutions. 

Before starting the analysis of multi-elements solution, 

calibration factors ( k ′ -factors), have to be experimentally 

determined by the analysis of single element standards. Equation 2-

24 can be rewritten in the following form: 
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Where k ′ was defined before in Equation 2-26. 

The above equation shows that the calibration factors are 

independent on the flow rate. So, the calibration factor for any 

element can be driven straightforward from Equation 5-3 by the 

analysis of a solution containing a well known quantity of the 

element of interest.  

Single element standard solutions of Dy, Ag, In, V and Mn 

were analyzed at flow-rate of 460 ml/min. and the obtained 

corresponding calibration factors are listed in Table 5-3.  

Table 5-3. Experimentally determined calibration factors. 

Element k ′   

Dy 2800 

Ag 50 

In 1730 

V 215 

Mn 180 

 

After determining the calibration factors for the element of 

interest, the next step was to test the capability and efficiency of the 

developed set-up for the analysis of multi-element solution. 250 ml 

of standard solution containing a mixture of Dy, Ag, In, V and Mn 
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was analyzed using the developed FSNAA method at different flow 

rates and at 17 min total analysis time. The gamma-ray spectra of 

the irradiated sample are shown in Figures 5-22 to 5-24. 

The displayed spectra show that the photo peak of 165mDy at 

108 keV is immersed in the Compton continuum of the other 

radionuclide especially of 116m2In (at 164 keV). In order to minimize 

the masking effect of In on Dy, the solution was allowed to flow 

very slowly with flow-rate of 150 ml/min and the length of the 

decay line was increased to provide the 116m2In with a sufficient 

time to decay out. The effect of decay line length on the peak of 
116m2In and detection limit of Dy are presented in Table 5-3. Figure 

5-25 shows the gamma-rays spectrum of the irradiated solution 

flowing with 150 ml/min flow-rate after 33 s (6.75 m decay length). 

This indicates that the changing of pump flow-rate could be utilized 

to eliminate the spectral interferences.  

The data obtained of analysis of the multi-element standard 

solutions are presented in Table 5-4. The tabulated data show that 

the maximum difference of the measured results and the reference 

values is less than 5%, or expressed as zeta score < 2.  These results 

indicate that FSNAA has unbeaten opportunity for analysis of 

inhomogeneous solutions with high accuracy. This niche of the 

developed system can be atributted to the well mixing of the 

solution components by the mechanical pump during sample 

circulation. 

Difference in detection limits observed for tested elements 

analyzed in single element standard and those determined in multi-

elements standard can be attributed to Compton effect from the 

radioisotopes in the irradiated sample on each other.



Chapter 5 

١١٦ 
 

16
5m

 D
y 

165m Dy 

11
6m

2  I
n 

11
0  A

g 

56
 M

n 

52
 V

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E
ne

rg
y,

 k
eV

 

F
ig

ur
e 

5-
22

. G
am

m
a-

ra
ys

 s
pe

ct
ru

m
 o

f 
th

e 
ir

ra
di

at
ed

 f
lo

w
in

g 
w

at
er

 s
am

pl
e 

(f
lo

w
-r

at
e 

=
 1

50
 m

l/
m

in
) 

 



FSNAA  

١١٧ 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F
ig

ur
e 

5-
23

. G
am

m
a-

ra
ys

 s
pe

ct
ru

m
 o

f 
th

e 
ir

ra
di

at
ed

 f
lo

w
in

g 
w

at
er

 s
am

pl
e 

(f
lo

w
-r

at
e 

=
 4

60
 m

l/
m

in
) 

 

165mDy 11
6m

2 In
 

11
0 A

g 

56
M

n 

52
V

 



Chapter 5 

١١٨ 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

52

F
ig

ur
e 

5-
24

. G
am

m
a-

ra
ys

 s
pe

ct
ru

m
 o

f 
th

e 
ir

ra
di

at
ed

 f
lo

w
in

g 
w

at
er

 s
am

pl
e 

(f
lo

w
-r

at
e 

=
 7

50
 m

l/
m

in
) 

 

165mDy 

56
M

n 
11

0 A
g 

11
6m

2 In
 

52
V

 

165mDy 



FSNAA  

١١٩ 
 

Table 5-4. Effect of decay time on the sensitivity of the developed 

set-up for 116m2In and the detection limit of 165mDy. 

Decay length, 

cm 

Decay time, 

s 

Count/mg of 
116m2In 

DL of  165mDy, 

mg 

150 7.4 36 70 

300 14 3.2 40 

450 22 0.5 25 

675 33 0.05 15 

 

5.6 Analysis of Sea Water Sample  

Sea water sample collected from Mediterranean Sea (from 

Alexandria region) was analyzed using the developed FSNAA 

procedure to investigate its elemental composition levels. For full 

scan of the sample, the system was operated at different flow rates. 

The obtained gamma-ray spectra at different flow-rates (150, 460 

and 750 ml/min) are presented in Figures 6-26 to 6-28. The 

displayed spectra show that only sodium and chlorine could be 

detected due to their high concentration levels. Other elements 

could not be detected due to the low neutron flux emitted from the 

neutron source (4.7x104 n.cm-2s-1). More elements can be detected 

with low limits of detection when irradiation facility with high 

neutron flux is available (like a nuclear reactor). Moreover, the 

results confirm the fact that the long lived radionuclides are best 

determined at low flow-rate. 
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Table 5-4. Analysis data of synthetic multi-elements standard 

solution 

Element Dy* Ag In V Mn 

Ref. value, mg 90±3 1600±25 1002±20 1750±24 1825±25 

Xexp  93±5 1670±80 995±30 1790±20 1860±25 

Bias% 4.4 4.4 -0.7 2.3 1.9 

ζ  0.4 0.8 -0.2 1.2 1.0 

   
   

   
   

  Q
p=

 1
50

m
l/

m
in

 

DL, mg 20 50 100 50 300 

 

Xexp 94±11 1650±85 990±30 1770±30 1850±27 

Bias% 4.4 3.1 -1.2 1.1 1.4 

ζ  0.4 0.6 -0.3 0.5 0.7 

  
  

  
  

  
  

Q
p
=

46
0m

l/
m

in
 

DL, mg 30 65 50 90 400 

 

Xexp 89±15 1620±90 1015±25 1780±40 1830±35 

Bias% 1.1 1.3 -1.3 1.7 0.3 

ζ  0.1 0.2 -0.4 0.6 0.1 

E
xp

er
im

en
ta

ll
y 

m
ea

su
re

d 
va

lu
es

 

  
 Q

p
=

75
0m

l/
m

in
 

DL, mg 55 70 30 130 480 

*Data were taken at 675 cm decay length. 
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CHAPTER 6 

General Conclusions and Recommendations  

 

 Studies of the analytical methods and techniques which are 

based on neutron activation and the results obtained by the new 

designed and developed system which applies the flowing sample 

neutron activation analysis method are clearly described and 

discussed in the previous chapters. Accordingly, the following 

conclusions and recommendations can be derived. 

1. Neutron activation analysis has established a firm place in 

the whole range of analytical techniques. The method is very 

valuable for standardization purposes and certification of reference 

materials. The technique is effectively applied using neutrons of 

different energy emitted from various types of neutron sources. 

2.  Neutrons of certain energy and neutrons of selected energy 

range are chosen by different techniques for more precise data and 

to emphasize some elements in the presence of others. Thermal 

neutrons are particularly suitable to achieve the job because of high 

interaction cross-section of many elements. Although, high energy 

neutrons have relatively very low interaction cross-section for most 

elements, they are the best to detect elements in big size objects due 

to their high penetrating power.  

3. Neutron emitted from research and multipurpose nuclear 

reactors are the most appropriate, mainly for neutron activation 

analysis with thermal neutrons. However, neutrons from isotopic 

sources or sealed neutron generators are the only proper way for 
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portable analytical systems used in real field work such as bore hole 

logging. 

4.  The drawbacks of the relative method of NAA 

standardization used for routine multi-element analysis at ETRR-2 

laboratory can overcome by applying the k0-method. This method 

produces results comparable to the accurate and precise relative 

method without tedious preparation and analysis of the standards.  

The k0-method also requires less time and materials to carry out the 

analysis process.  

5. The k0-NAA procedure established at the ETRR-2 research 

reactor can be regarded as a reliable standardization method of 

NAA and as available analytical method for multi-elemental 

analysis of samples especially those for which are difficult to find a 

proper reference material.  

6. Due to different locations relative to the reactor core, the 

available neutron fluxes in the pneumatic irradiation positions differ 

substantially in the ratio of thermal to epithermal neutron fluxes, so 

that different irradiation demands can be satisfied. For example, 

some elements (like Cd and Zr) can be detected effectively if it 

were irradiated in epithermal neutrons and vice versa. 

7. The analysis of reference materials indicates that, under our 

experimental conditions, the results may have maximum biases of 

less than 5% from the true values for elements analyzed using their 

so-called 1/v nuclei. The obtained data made clear that the k0-

method has several advantages over the classical relative method. 

These advantages include multi-elemental analysis capabilities, fast 

analysis procedures (preparation and analysis of reference materials 

are omitted) and low workload. 
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8. Further improvement for the analysis of elements (like Eu 

and Lu) with non 1/v nuclei can be attained by using the k0-INAA 

method according to Westcott’s formalism. This may be carried out 

in future work. 

9. NAA is not effectively applicable for analysis of liquid 

samples without extensive pretreatment or post irradiation chemical 

processes. Further, NAA of liquid samples by irradiating a 

relatively large volume of the sample is not possible by 

conventional and cyclic mode of NAA. This is attributed to the 

unavailability of irradiation facility suitable for irradiation of such 

large volume and the impossibility of rapid transportation of huge 

irradiated sample between the irradiation and detection positions. 

10. Cyclic NAA, which is based on the repetition of irradiation 

and measurement steps to enhance the analysis precision and 

sensitivity, entails systematic losses due to sudden change of the 

dead time. This may affect the accuracy of the analysis results.  

11. The new designed and developed method in this work, 

named Flowing Sample Neutron Activation Analysis (FSNAA), 

possesses the following main features: 

a. FSNAA is a powerful technique for analysis of liquid 

solution without pretreatment steps. The analysis procedures 

involve no chemical treatments of the unknown samples; 

hence the cross-contamination during the sample treatment 

(usually take place in almost all analytical techniques) is 

avoided. 

b. Eliminate the effect of sudden change in the dead time 

during the radioactivity measurement of the irradiated 

sample. The continuous flowing of the examined sample 
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between irradiation source and detector tends to 

continuously feed the detector with fresh radioactive 

materials. This maintains the radioactivity level at constant 

value during the whole period of measurement.  

c. The obtained detection limits for the test elements in single-

element solutions compare favorably with those published in 

the literature for conventional INAA and other analytical 

techniques (ICP-AES, ICP-MS and FAAS). 

d. The developed system has a potential ability to eliminate the 

spectral interference by controlling the flow-rate of the pump 

and the length of decay line. 

e. FSNAA has the ability of analyzing the inhomogeneous 

solutions, like colloidal solution and industrial wastewaters 

containing suspended maters, with high accuracy. 

f. Accurate results with Bias <5% can be achieved with 

FSNAA set-up. 

12. Accordingly, the FSNAA can be considered as accurate, 

reliable, fast and low cost neutron activation technique which can 

be used for analysis of liquid samples from different areas of 

interest. Moreover, the developed technique does not produce long-

lived radioactive waste.  This make FSNAA a promising technique 

for monitoring the levels of toxic and essential elements in 

environmental liquid samples (ex: seawater, fresh and potable 

water) and industrial wastewater before discharges the 

environment. 

13. The developed FSNAA system should be installed and tested 

at an irradiation position of a nuclear reactor to take the benefit of 
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high flux. The system can also be tested with 14 MeV neutrons 

emitted from neutron generators to determine elements which are 

activated only with14 MeV neutrons like oxygen and nitrogen. A 

program can be prepared for investigation of trace and ultra-trace 

elements of nutritional and toxicological significance in potable, 

irrigation, industrial wastewater and seawater. The program may be 

extended to study the elemental content of other liquid samples 

(human urine, animal urine and bloods, petroleum fuels, oils,…). 

14. Monitoring the air pollution by direct analysis of compressed 

air samples instead of collecting the air particulate on filters is 

expected to be a niche of the FSNAA technique. 
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