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This paper presents the genetic algorithm as an inverse analysis for non-destructive mea-

surement of a cross-sectional shape of an electron beam. There is non-linear relation

between a set of parameters, which provides the profile of the beam, and a set of obser-

vation data from detectors. Thus, it is difficult to determine that the problem is either

well- or ill-posed. We demonstrate that the use of a correlation chart between evaluation

functions and integral of errors, which are defined as differences of true and estimated

distributions, is useful for this purpose.
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yc : v�s�w(�"Tcg y o�N
ρ0 : ß�n�p�q�r�s�EhE�Ð½�Âg�/J�x�739O�
σ0 : p�qx�7��X{½�
θ0 : p�q�+\-�h���g17 ¨�Z\[hR � ºS@L�
v
∆θ: =�>���g,r����

���cm*s�t�l�u_v�c��{cm (6) òLkI@�Þi���S+.-�h��FlOn
p�qcr�s@���1�#�cg�w#x�~"]#1]»�m�Í�gOò@ºK Z"X�FÍ�Ol
∆Ei º ø «OÐ�Í��O��z�PLk1E���®a¡Xõ�Xm uLg��OöOqXl�m (4)

òCºSyC~Sz�{c���X��l�|@¬<��m�n�p�qLrs_} ∆Ei ~�1�2c�
��0�´�Ò ρiσi {Oß�¹Xgiâã (

� "�km�np�q�r�s��L{½��{�r
Þ � m°÷���ma�cg���g�h���{�ß�¹�g�âã ) ~�|Û�¾m�'�eXk9E
�����!"���®���~�g��OöOqC��ß�X�Þ(���~�l�m3��~ N º�]
^
��g
N�k�l�� � m (4) òcg,���¼»�{!¤�)Lk1E���®OÞF¬�~�m (5)

ò�%��_9�~Ol�����kLl��X�O®XÍa�]¬¦l�m c �Fg,��ØLk#E���®
3. �����W�� k���ö�q © »�Ð�xO´¼v°s�w�g"��¿OûCº�� � ®�ªX«�Ð��
âXl�mÂ¸¹���k�Ó�Ô�Þi�c��xÄ�k#E@� m�Ía��¬°l�A [¦¨����
q�ðOñ�òF~(��Î�Þ��c��®aé�np�q�rOsIEX�gS0�´�g"���Xl�+� n�p�q�r�sI��~(�����j�F�L�im���ß�np�qr�s�~�ì��X���
¿�û]º�ª�«�Ð
�@~�m�nXp�qcr�s�~����O�:XhL�F�FÍ��~��
�ÕmaxÄFº¦ªc«���Í��¦{kXú��O®� e

c g β ��g e � vz = βc k�� J �c�ixO´=v�s�w�lLm
ρ = ρ0g⊥(x, y)gz(t− z/vz) (7)

�? #"C¬o�c��®SA [�¨��"� q�ð�ñòcg��Lm�$��L~��L��h¥¦s
:on�6�&@»�Ðh¥��U�°ösLgix�Ã����Xg�ôI�L�X����A [¦¨��,�
q�� 7L§ Z s�qcg�ô���l�m

∇×E = jωµ0H (8)
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E(r0) =

∫∫∫
Su∗(r; r0) dx dy dz (15)
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4πr
ejkr , r = |r− r0| (16)
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√
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γ2
K0(∆kr⊥)ez

(21)

º(¤���®XÍ�g G l�ÊÀ�ËXÌ�x�´=v¦s�wXg����h�g��¿�û@º
@¼»°L����®°uOò��@� m����ðXtIx�h (z x�h ) � γ g þ�� ~� ��� ����Ð�«LmU~�n�p�q�r�sF~��X��Y9[ (γ {�J�ú � �c�
Y#[ ) m�����ðctIx�h (r x�h ) º°ÓCÔ�»�Ð�ðX{I'��Xk#EL��Í
��{����O®
¿ � g�����k���ù�Ð���Ú¦~�m�Í��=¬°g#¥� s�q"!���m�np

qrOs�~�ìO����:h�~��@�ÕªX«�¬o�c�i{Lm ¿OP�QXg�À�Á��»
��� d�eOf �män�p�qr�s�{ 45MeV(γ ' 90) mª��¿Å�©�Ò
ω { 2.86GHz k#E@� m r⊥ ' 0.1[m] ñ�¼��»�Ð�â�ã�m 10% ñ
�XgOnpOq�r�s��c{8�Âg"�¿Oû¼~� ("L��#�$%� 1% &�z�k#E
�Õm?+�'LkXú��_%�g���»¦Ð�®
4. (*),+ 	�-�.
µ�¶�·�sO¸Fº°��ÚÂÐ«L~�m�Å�Æ�~�ÑÒLg�7�§�/
0X��mäß��
g,132i§ R ��4�¥ÂsLº�5OÏ�����®��U���g�êO¸�{ f %�mt¥� s
q6!�g��
��º�mª��¿Å
£c�@�87�h�9���$O¹�Ò�k�:hC»�Ð�%ig
k! ("��3%�g��¦�c�O®
7§�/
0
��m d�e�f g�5�s�:�I�!��@� 0.03[m] g<;�çF~�5

ÏC»�m (20) ò�k�@�Þ��c�¦x�ÄXgI����x�h�ºaÓ�Ô�»im°Þ�¬�~>=
t�oCº"'L���k%�gXº'�h"L��®
7L§�/?0Okcg�Ó�Ô�@�� SA �Xm
�Lgi¸�¹���g�A6BO§°z�%DCFE?G�H�I�J?K3L AA MONQP,R?SUTV
W L eA X�YUZ%X M�[�\�]�^U_6`ba Z�c

SA = AAeA ·
∫∫

g⊥G(r; r0) dx dy (22)

d�e M 1f2�g*hji
4Qk�l T
P�m � Mon �%p�L>q�r Y%Z R�s
T,t
u W?v ]�^U_f`ba Z�c

SJ = AJ

∫∫
g⊥ dx dy (23)

w g
/�0
x MDy�z�{F]�^F_"`Da Z R�s W?|F} `<T ;�~����� X M��%� �3��� Z���� � �
� T,� e L N3P�]�� Z T �>�� Mo�f� g*hji
�Qk�l�� M d
� T%� l�� W�| T,��� ��� Y%Z��� L>� ZU��X � ]%���
M<� l�� T��
�
� ρ0 Xb� x¡  σ2
0 T

uUT�¢ L>£�J YUZ ( � a¤` �,¥�K T w g�¦?§ �
�?¨b©Qª�«U¬

Genetic Algorithm

profile parameter

pseudo 
measurement

system

Genetic Algorithm

Parallel Distributed 

Genetic Algorithm

measurement data
+noise

measurement data

Selection of 
suboptimal

solution
in P-GA

Control of P-GA

suboptimal
 solution
in each GA

suboptimal
solution
in P-GA

control information

noise filter

(Kalman filter)

profile parameter

Profile

measurement
system

antennas
current monitor

Genetic Algorithm

Genetic Algorithm

monitoring
system

Fig. 1 System Configuration:

Each box shows the process on PC UNIX.
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���QT'�(�QT r�Ù ] � M ¥%K T�)(* } `�+ V ä a Z�,.-
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1�1D L�P ��Q�R>��]%MÄ[14�5 x �?¢�P ä a Z�c?� T�2
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,�- x + V ]%��° Á ° ¨b© � U Ç c�� a � M 
1�&D T�[&\�V] ���?¨b© {�½ ä a3M ,^- T`_&a � x�b&cQä a Z�c
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��� Z � l���¸�J íFî�ï L � T r�Ù ��d�© � ¬ Z%X M

� l�� T`egf&S lfk�x 
1�1D ]�Ì   M � T 
1�1D�h ò�*�] d
> T�?�±1* Y °�i	jQ� l%� W?| L`C Y,c ?�±1* ( )�* ) x1C
Y � l�� W�|�} ` � M ë?ì�l éGk x Û�l ä aUM ä ` �>á £*ä
a Z ]�Ì&m ÇEn1o3L «�¬ ZU��X x ]�� Z�c Ú�p�T á £1n1o X
� T «3¬ É1n�o X T'q L ð
ñ � K ( r�� h � K ) X � M � a
x�s%ä ³&t	u 8�9&: T=;?² � x �F��°`)�* X ¢�° YQ��X x ]
� Z�c7v T íUî�ï { � (3) Ì Z ³ � �1;1� � X T,�F��°'w3³
� M ¥?K T`?
±�* Y °�i�j>{3Tyx? L�Ü���¦�Ý	z � b�c � ©
Í   MO{*T`{�| Ly} h*� � ¬ Z�~ � Ì Z�c
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	 � T X ²FM "�$ T r
Ù ]��� ³��� �UL���� á £ � lfk�x��Â �� U a É�X ²UME@%T�Û�l
� ¹ ¬�} `��  �� Y���� x Ì Z�c ª � �� � T����?] d Õ?¯��á £ � lfk�x� ¨ É�X ² � � M"!�T�Û�l$#�% � M �Q��&�©
`Oa © � U ¨b© Í   M('�· YUZU��X � ]���°�³ c @?a �>� �© M GA ] � D&H L=I Y'K�L x1s%ä"Á ° Z ª T?T�M()3³ á £
� lQk �>� � © Ê�* °<{&x? � M ,�- z � �,+ ` Áj��b1c3ä
a © Í   MO��¹ } `oÛ�l L � � Y$�$� � ° Á MoÚ�Õ�Ö�Û £ �
��Ê$* ° ¸�J � X"- _6`ba Z�c.
/ � R D10 l�Ý�ù � ë,2 �oé : T�;�· e � L43 Y�c 
���D��� � M�5 2 6 ] � ô É M 6 egf1S l*k (xc, yc, ρ0, σ0, θ0,∆θ)

L ·F³ Z�c�� a"` � ò © Ú K ]�Ì   M J$7�8QL>Ê:9<; Ö�]�=
9 � © ³ ©3ª M � K T C$> � L>Ê Y�Z�c?� a"`�T 6 egf&S l
k,��?A@ ]3Ì   M < A L�B Ò�C X � É 6 [<D�{FEFÖ%T d ~
x Mbn�G p � l�� W�| f L ^%_ Z�c�� T�{:E�Ö p � � M < 4
5�÷ � ¥�K T ~ ( ?�±&* ) x �<H � M � T p T�Ì Z`~ j T,N
P<Ë i

��� YUZ ¸?J á £ � l6k Seij � M ¸�J {�x? fej
�   M

(22),(23) \ L ·F³ © Û�l ä a Z ( � TJI&l L M £i [ ] X>Y%Z ) cU É M�Ú £ � lµk Smi � ��K T�{ f0 x�L Z ë�ì l é k � Þ
ß ni x�â?ã3ä a Z�c

Seij = £i
[
fej
]
, Smi = £i

[
f0
]

+ ni (24)

°�ÍUM £i [ ]
� � 121× 121 T
M D T K �?u W L ·3³ © ³ Z�c

Ú £ � lQk Smi X ¸?J á £ � lQk Seij T=q � M ð�ñ � K Ej

X � © [
\%] JN7 YUZ�c

Ej =

√√√√ 1

N

N∑

i

(
Seij − Smi

)2
(25)

8�9�: T�;�Ó ��Y °�i&j�[�4�5 : T D&H L�I Y É ¬ T�O X °
Z /&0 K(L pj � M � T,ð�ñ � KQL ·3³ © M < 415?÷ �

pj =
max (Eth−Ej , 0)∑
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(26)

Eth = αmin
j
Ej (27)
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(�&D B T 
���D6�
s�YAZ T[$� �3L>ö _ Z�c
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¯ � [&415 � I Y�c

• [(\�V ] : d	> T'O(??±&*3T d(> T 
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��D L �NaFT X?K � VNb YUZ�c
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n R ��X L Ñ�¯ X>Y
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x M��$� R:S L�Ê YUZ ~A��i � é L ¶?· YUZ�c
• �<� : ) A T�Û1l<| � Ú�� ä a É GA

� � M d	> T
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Fig. 2 Temporal convergence process:

This is an example of results. The true parameters are drawn as

thick solid lines in the figures. Each point denotes a sub-optimal

solution. The thin lines show the best solution of the parallel GA.

The migration strategy is applied in GA-3 and GA-4.

6. 798;:=<?>@7BADC;EGF
} h GA T í%î<ï6X � © T Ê�* � L ð�ñ Y%Z É ¬�� M K TW�|
f0 L�r ¬ ^U_�M ¸�J #$% X T HIH*L>Æ ¨ É cJ J � É<K T1e f�S l k�� M (xc, yc) = (0.004,−0.002),

ρ0 = 1, σ0 = 0.007, (θ0,∆θ) = (−0.5, 1.5) ]UÌ Z�c
{�Å<#<%QT d I X � © M (25) \U]?^3_µ`�a Z ð�ñ � K X

¸�J {fT < eGf(S l6k T
Õ�Ö�V&� L Fig. 2
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f1S lfk�x�C Y E?Ö W�| L Fig. 3
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� `�a © Í   M @FTUZfM\[ A � K T�{ � hG] ³ © ³ Á c
∆θ L ç �?M 200 Ø ]�tMW "1$ � © ³ Z�c
�_^ T IU�a`=R ¯�° I ]�Ì Z x M J v ¯
° ��X � � a } `

�cbId ]���°�³ c @ � ]%M K T W�| f0 X ¸?J { fe TYe1q L
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N.I.E. =

∫∫
|fe − f0| dx dy
∫∫

f0 dx dy

(29)
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Fig. 3 Estimated profiles:

This is an example of results that corresponding to Fig. 2. The

top figure shows the true profile assumed firstly. The estimated

best solutions in the parallel GA at the elapsed time are shown

in the bottom figures. The plus marks(+) denote the position of

antennas, and the lines from these marks show the directivity of

the antennas.
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Fig. 4 Histogram of the normalized integral of error:

Series of figures in the left and right side are the result with

and without the migration strategy, respectively. The ordinate

axis shows the normalized frequency by the number of trials 100.

The abscissa axis in each figure shows normalized integral of

error(N.I.E.) defined by Eq. (29). The calculation was stopped

at 200 seconds.

� F _�`U���I� 100 �=� Û'l ���   «�¬ É N.I.E � �=�=�| � Õ�Ö`V��9� Fig. 4
� 3G� c�� � � x �$� R<S �;�
· � É

X ²B��� � � x ��· � °�³ X ² � #�%�]�Ì � c,� � #�% } `;�
Õ�Ö�� 6 � N.I.E. x�sUä¤Á ° � a D x i } � c t = [0, 200]

� #�% } ` � ���$� R<S xU¡I¢¤£ Ì � x�Ê�* @ Ç�£ Ì � c ä



�

��� �

�

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

	



��� ����� ���

� ��! �"� !�!�� � ��!$#%�'&)(�* * � ! �+��, ! � ��, *
- � ��./��� 0 *1� ��� , !- � �".�, ( �+��� 0 *1� ��� , !

�

��� �

�

� ��� ����� ����� �+����	
�
�� ��
� ��
��
�
 	�
�

	



��� ����� ���

2���! �"� !�!�� � ��!$#%�3&)(�*1* � ! �+��, ! � �", *
- � ��.��/� 0 * � �"� , !- � �".�, ( �+�/� 0 * � �"� , !

�

��� �

�

� ��� ����� ����� �+����	
�
�� ��
� ��
��
�
 	�
�

	



�"� �/��� ���

4%��! �"� !�!�� � ��!5# �3&)(�* * � ! �+��, ! � �", *
- � �".���� 0 * � �"� , !- � ��.�, ( �+��� 0 * � �"� , !

Fig. 5 Statistical convergence process:

These figures show the convergence process of the normalized integral of errors(N.I.E). The abscissa axis in each figure shows elapsed

time, at which the N.I.E. was estimated, in seconds. The evaluation times are 50, 100, 150, and 200. The cross marks(×) and the circle

marks(◦) denote the average and the median, respectively. The error bars show the standard deviations. Their line types, that are solid

and dashed, identify the result with and without the migration strategy.
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Fig. 6 The correlation chart between the normalized integral of errors and the evaluation function:

A point in figures is corresponding to the sub-optimal solution, which has the best value of evaluation function during t = [0, 200] in each

trial.
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