JP 2004-520587 A 2004.7.8

(19) BFEHFEF(P) GERE - N ()] ()L EARES
153%2004-520587
(P2004-520587A)
43) ARE ERI1GETASH (2004.7.8)
(51) Int.CL." Fl F—va—F (BEF)
GO1N 29/10 GO1N 29/10 501 26047
GO1N 29/24 GO1N 29/24 502
BEFER B THREESHERE (®39H)
@) HEES FEE2002-550659 (P2002-559659) |(71) HEE A 503267168
(86) (22) HEER SERY132E11 B 28 (2001, 11.28) HAFwE TALNIVZwZA (WAL
85) BIFCTIRME  ERRISETA2SH (2003.7. 25) EL
(86) EIREHEEHS  PCT/GB2001,/005262 AFEYZE. S T4 THA F—ri—rx
87 EEAMBES  W02002/059593 wZ pO—2A FRTVzwik. 17
87 ERA&MA SERY14ZE8A 1 H (2002.8. 1) (74) {AIB A 100066692
(31) EREEEEE 0102118.7 HELT &I B
(32) E5%EH FRR1351 A 268 (2001, 1. 26) (74) RIE A 100072040
(33) IBEEEERE =E (GB) #HE+ &N =
(74) {RIB A 100072822
£EHY: F B
(74) (RIB A 100087217
#E+ =H %
BRI S
(54) [FEEADOEFR] MEVGEMBFREORE
GNHOO00D
& — REFLECTION
0000000000000000000000000 & FROM END
0000000000 00000000000000D 2 (DESIRED MODE)
D000000000000000000000000 &
00000000D0000000000000000
0000000000000000000000000 < , .
oooOoooDO00000oDOoooDOoooooooon ° k L ey > o

gooObOooooobbooooooboooooooo
gobObOooooobbooooooboooooooo
gooooooobbbobbooooooooooooo
goooooooobbobbooooooooooooo
ogooooooobobobooooooooooooo
ggoooooooboobobooooooooooooo
ugogoooobbooboboboodgagy
oooooon



e R ey [ s R s [y |

e e e e e e e e s |

Oo0oooooo0ooooooo4ogoooDooooggogoao
OOo0o0oooo4dUoooDooo4dUooDoooogogogaog
Oooooooooooooooooooooogoogoao
Ooooocooooooooooooooogogogoogoao

OoooooogooQooooao

OoooooooooDooooooooDoDooogogogoooao
Oo0o0ooooUogUoooDoDoDoUgUooDoDooogogooao
OooooooooooooooooooooogogoooOoao
Oooooooo0oooooooooDooooogooooao

OoooooogoQgg
Oooooooggg
OO0 oooooggg

O 0Ooo0oo0ooao

O
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
OJ

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

I Y [y
O 0o oo
I [
O 0o oo
O 0Ooogoo
O Ooogo
O 0o oo
I Y [
O 0o o0oo
O 0o oo
O Ooogo
O Ooogoo
I [ [
O 0o 0o o
O 0o oOoo
O 0o oo
O Oooo
O O oo
I ) [
O 0o oOoo
O Ooogoo
O Oooo
O O oo

O
O
O
O
O
O
O
O
O
O
O
O
(]
O
O
O
O
O
O
O
O
O

O
OJ
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O

O 0Ooo0ooao
O 0Ooooo
O Ooooo
O 0Ooooo
O 0Oo0ooOoao
O 0Ooo0ooao
O 0Ooooo
O Ooooo
O 0Ooooo
O 0Oo0ooOoo
O 0Ooo0ooao
O 0Ooooo
O oOoooo
O Ooooo
O 0OoOooo
O 0Ooo0ooo
O 0Ooooo
O Ooooo
O Ooooo
O 0OoOooo
O 0Ooo0ooOoao
O 0Ooo0ooo
O oOoooo
O 0Ooooo
O

(2)

|

|

O

O
O
O
O

JP

2004-520587

O
O
O
O
O
O

O
O
O
O
O
O

O
O
O
O
O

2004.7.8

10

20

30

40

50



e R ey [ s R s [y |

e e e e e e e e s |

e s e e e e e e e Y

Oooooogogaog
OO0 oooogogdg
OoooooooOgoad
OoooooooQgooQgQd
OoooooogogoaoQg

e A s e ) s e e s e e e e Y B

OoooooooDooooooo0 oo ooooooooDooooooDoDoooooooooao

Oooooooo0ooooooo00 oo oooo oD oo oDooooooDoDoDooooooooaog

oo o oooooogoQgog

O 0Ooo0ooooao
O 0O0Oooooao
O 0Ooo0oo0oooao

O
O
O
O
O
O
O
O
O
O
O
O
O
(]

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

Oo0oooooogoogog
OO0 oooooogogdg
OO0 oooooogogdg
Oooooooood
Oo0ooooooogodg

O Oooo

OOoo0ooooao
O0Ooo0ooooao
O O0Oo0ooooao
OO0Oo0oo0oo0ooao
OOoo0ooooao
OOoo0ooooao
OOoo0ooooao
O 0Oo0ooooao
OO0Oo0oo0oooao
OO0Oo0oo0oooao
OOoo0ooooao

O
O
O
O
O
O
O
O
O

O Ooogoo

O 0O oo

O O0ooo

O0Ooo0oooao

O O0ooo

O0Ooo0oooo

Ooo0oooogogQgoao
Oo0oooogQgoo
Oooooggogao
Oooo0ooogoo
Ooo0ooooogooQgoo
OoooooogogQgoo
Oo0oooogQgoo
Ooooooggoao
OooOoo0ooooogogoo
Ooo0ooooogoQgoao
OoooooogoQgoo
OoooooogogQgoao
Oooooggoao
Oo0oooogoQgogao
OoooooogoQgoao
Ooo0oooogooQgoo
Oo0oooogogQgoao
OooooogQgoao
Oo0ooogogogao
OooooooQgoao
Ooo0oooogoogoo
Ooo0oooogogQgoo
Oo0oooogQgoao
Oooooggogao
Oooo0oooogoao
Ooo0oooogoQgoo
Ooo0oooogogQgoo
OooooogQgoao
Oooooggogao

O 0Oooo

O0Ooo0oooao

O Oooo

O0Ooo0Ooooog

O Ooogo

O0Oo0oo0oo0oao

O O0ooo

O0Ooo0oo0ooao

O O0ooo

OOoo0oooao

O Oooo

O0Ooo0oooo
O OooOooo
O 0Oo0ooOoo

O Oooo

O0Ooo0oooao
O0Ooo0oooao
O0Oo0oo0ooao
O0Ooo0oooao
O0Ooo0oooao
OOoo0oooo
O0Ooo0oooao
O0Oo0Oo0ooao
O0Ooo0oo0ooao
O0Ooo0oooao
O0Ooo0oooao
OOoo0oooao
O0Oo0Oooo
O0Ooo0oo0ooao
O0Ooo0oo0ooao
OOoo0oooao
O0Ooo0oooao
O0Oo0oooaog
O0Ooo0oo0ooao
O0Ooo0oooao
OOoo0oooaoo
O0Ooo0oooao
O0Oo0oooao

O Ooogo

O 0ooo

O

O O0ooo

O O0ooo

O Oooo

O Oooo

O o0ood

O O0ooo

O Oooo

JP

O Oooo

O Oooo

2004-520587

O 0O oo
O O0ooo
O O0ooo
O Oooo
O Oooo
O O oo

O O0ooo

2004.7.8

O O0ooo

O 0Oooo

O Oooo

O

10

20

30

40

50



e R ey [ s R s [y |

e e e e e e e e s |

e e [ e e e e s e s s [ [ |

e e A s e e e e e s [ |

Oooooooo0 o0 oo oooo0 oo oDooo o0 oo oDo oo o0 oo oDooo0oo0 oo ooooooDoDoooQgooQgaoo

e [ ey e [ s [y [ |

O oOooo
O Oooo
O 0Ooo
O 0ooo
O O0ooo
O 0Oooo
O Oooo
O Oooo
O 0Ooo
O O0ooo
O 0Oooo
O 0Oooo
OO oo
O 0o o
O 0Oooo

OooooooogoQgdg
OooooogoQgdg
OO0 oooogogdg

O 0Oo0ooO0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Ooo0oooao
O Ooo0oooao
O 0Oo0oo0oo0oao

O 0OooQgoooo
O OooQgooo
O O0OoQgogoao
O 0OooO0oo0ooao
O 0oo0goooo
O 0OooQoooo
O Ooogooo
O Ooogogoao
O 0Oo0oo0ooao
O 0Ooo0oooo
O 0Ooo0gooo
O Ooogoooo
O Ooogooao
O 0Oo0oo0ooao
O 0Ooo0gooao
O 0Ooo0oooo
O 0OooQgoooo
O Ooogooo
OO oQgogoao
O 0Ooo0goooao
O 0Ooo0oooo
O 0OooQgoooo
O Ooogooo
OO oQgogoao
O 0Ooo0goooao

O
O
O
O
O
O
O
O
O
O
O
O
O
(]
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O

O
O
OJ
O
O
O
O

O Oooo
O Oooo
OO oo
O 0ooo
O 0Oooo
O Oooo
O Oooo
O Oooo
O 0Ooo
O 0Oooo
O Oooo
O Oooo
O Oooo
O 0O oo
O 0Oooo
O Oooo
O Oooo
O Oooo
O 0O oo
O 0ooo
O Oooo
O Oooo
O Oooo
OO oo
O 0ooo
O 0Oooo
O Oooo
O Oooo
O 0Oooo
O 0ooo

O Oooo

O Oooo

O Oooo

O Ooogoo

O 0Ooogo

O 0O oo

O
O
O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
(]
O
O
O

O 0Oooo

O O0ooo

O 0Oooo

O O0ooo

O Oooo

O 0Oooo

O Oooo

O Oooo

O Ooogoo

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O
OJ
O
O
O
O

O 0ooo

I [y |
I [ |
[ Y |
OO ogogog
I [y
I [ |
I [ |
O 0OoogogooQg
O Ooogogoog
OO ogogog
I [ |
I [y |
I [ I |
O Ooogogoog
OO ogogog
O 0oo0oogoo
Iy |
I [ |
O Ooogogoog
O

O 0Oooo

O Oooo

O Oooo

O Oooo

(4)

O 0oo o

O 0Oooo

O
O
O
O
O
O
O
O

O Oooo

O Oooo

O Oooo

O

O Oood

O 0Oooo

O Oooo

JP

O Oooo

O Oooo

2004-520587

O
O
O
O
O
O

O Ooooo
O Ooooo
O Ooooo
O OooOooo
O 0Oo0ooOoo
O 0Ooo0ooo
O OooOooo
O Ooooo
O OooOooo

O
O
O
O
O
O

O 0Ooogo
O 0ooo
O Oooo
O Oooo
O Oooo
O Oooo

O d
O O
O O
O O
O O
O d

O
O
O
O
O

O 0ooo

O
O
O

O
O
O
O
O

2004.7.8

O
O
O
O

O 0Oooo

O Oooo

O
O

10

20

30

40

50



e R ey [ s R s [y |

Ooooooo0oooooooo00 oo oDooooooDoooogogo-g
OOo0Doooo4oUoooooooo0 oo oDoooooooDooogogog
Oo0o0oooo4dUoooDoooUdUoooDoDooogoDUooDoooggaog
OooooocoooooooooooDooooooooooaoo

OoooooooooooQgdg

O Ooooo
O Ooooo
O 0OoOooo
O 0Oo0ooOoao
O 0Ooo0ooao
O 0Ooooo
O Ooooo
O 0Ooooo
O 0Oo0ooOoao
O 0Ooo0ooao
O 0Ooooo
O Ooooo
O 0Ooooo
O 0Oo0ooOoo
O 0Ooo0ooao
O 0Ooooo
O oOoooo
O Ooooo
O 0OoOooo
O 0Ooo0ooo
O 0Ooooo
O Ooooo
O Ooooo
O 0OoOooo
O 0Ooo0ooOoao
O 0Ooo0ooo
O oOoooo
O 0Ooooo
O 0OooOooo
O 0Oo0ooOoo
O 0Ooo0ooo
O 0Ooooo
O Ooooo
O 0Ooooo

Ooooooooooooooooooodg
OoooDoooooooooogoooooodg
OO0 o0ooDoogogUooooDooo4gogUogooood

O 0Ooo0ooOoo

O

OOo0ooooooooooood
Ooooooooooooodg
O O
O O
O O

O Ooo0oooo
O Oooooao
O Oo0oooao
O 0Oo0ooO0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Ooo0oooao
O Ooo0oooao
O 0Oo0oo0oo0oao
O 0Ooo0oooao
O Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O O0Oo0oo0oo0oao

O
OoOoo0ooooaoo

O

oo
oooao

O O
O O
O O
O O

O

OooooooogoQgg
OoooooogoQgg
Oooooooggg
OO0 oooooggg
OoooooooQgodg
OooooooogooQgodg
OooooooogoQgg
OoooooogoQgg
OO0 oooooggg
OoooooooQgodg
OooooooogooQodg
OooooooogQgdg
OooooooogoQgdg
Oooooooggdg
OoooooooOoadg
OooooooogoQodg
OooooooogoQgdg
OooooooogoQgg
OoooooogoQgg
OO0 ooooogogdg
OooooooogoQgodg
OooooooogoQgdg
OooooooogoQgg
OoooooogoQgg
OO0 ooooogogg
OoooooooQgodg
OooooooogoQgdg
OooooooogoQgg
OoooooogoQgg
OO0 oooooggg
OoooooooQgdg
OooooooogoQgodg
OooooooogoQgg
OooooooogoQgg
Oooooooggg

OOoo0ooood
O0Ooo0ooood
OO0Oo0ooood
O0Ooo0o0oood
OOoo0oood
OOoo0oooodg
OOoo0ooood
OO0Oo0ooood
O0Ooo0Oo0oo0ood
OoOoo0oood
OOoo0ooood
OOoo0ooood
O0Oo0oooodg
O0Oo0Oo0oo0ooad
OoOoo0o0oood
OOoo0ooood
OOoo0ooood
O0Ooo0oooogod
OO0Oo0ooood
O0Ooo0o0oood
OOoo0oood
OOoo0oooodg
OO0Ooo0ooood
OO0Oo0ooood
O0Ooo0o0oood
OOoo0ooood
OOoo0ooood
O0Ooo0ooood

O O

O
O

O
O

O 0Ooo0oo0oo0oao
O0Ooo0oo0ooao
OOoo0oooao
OOoo0oooao
O OoO0oooao

O
O

I B Ry |
I Ry |

O
O

O Ooo0oooao

ooao
ooao

ogoao
ooao

O 0Oooo

O 0Ooogooo
O Ooogoo

O

JP 2004-520587 A 2004.7.8

O
O
O
O
O
O
O
O

oooooooao
gboobogobao
gbooooooad
ooooooao
gooooooan

O

O o0Ooo0gooo

O
O
O
O
O
O
O
O
O

oo oo OooOoao
gooog 0oogao
goooo oo
ooooooooao
gooooboonboao

O O0Oo0ogooao
O 0Oo0oo0ooao
O 0Ooo0oooao
O 0Ooo0oooo
O Ooo0oooo
O O0Oo0gooao

10

20

30

40

50



e R ey [ s R s [y |

e e e e e e e e s |

e e [ e e e e s e s s [ [ |

e e A s e e e e e s [ |

Oooooooo0 o0 oo oooo0 oo oDooo o0 oo oDo oo o0 oo oDooo0oo0 oo ooooooDoDoooQgooQgaoo

e [ ey e [ s [y [ |

O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O oOooo
O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Oooo
O o0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Ooo
O o0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O o0Oooo
O o0Oooo
O 0Oooo
O 0Oooo

O
O
O
O
O
O
O
O
O
]
O
O
O
O
(]
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

Ooooooogdg

O 0Ooo0oooo
O Ooo0oooao
O O0Oo0gooao
O 0Ooo0oo0ooao
O 0Ooo0oo0ooao
O 0Ooo0oooo
O Ooo0oooo
O O0Oo0gooao
O 0Oo0oo0ooao
O 0Ooo0oo0ooao
O 0Ooo0oooo
O Ooo0oooo
O Ooo0gooo
O 0Oo0oo0ooao
O 0Ooo0oo0ooao
O Ooo0oooo
O Ooo0oooo
O Ooo0oooao
O O0Oo0gooao
O 0Ooo0ooOooao
O 0Ooo0oooao
O Ooo0oooo

OooooooooooooogogoQgdg
OoDoooooooooooogogdg

O 0Ooo0oooo
O Ooo0oooao
O O0Oo0gooao
O 0Ooo0oo0ooao
O 0Ooo0oo0ooao
O 0Ooo0oooo
O Ooo0oooo
O O0Oo0gooao
O 0Oo0oo0ooao
O 0Ooo0oo0ooao

O
O
O
O
O
O
O
O
O
O

OOoooooogdg

OOooooogdg

OO0 oDooDooogoggoooooao
Oo0oooooooooooooao
Oo0ooooooooooooaoo
Oo0ooooooooooooao
OO0 oooooogoooooao
OO0 oooDooogoooooao
Oo0oooooooooooooaoo
Oo0ooooooooooooaoo
Oo0ooooooooooooaoo
Oo0oooooogooooooao
OO0 oooDooogoooooao
Ooo0oooooooooooooaoo
Oo0ooooooooooooao
Oo0ooooooooooooaoo
Oo0ooooooogooooooao
OO0 oooDooogoooooao
OO0 o0DooDooogogggoooooao
Oo0ooooooooooooao
Oo0ooooooooooooao
Oo0ooooooogooooooao
OO0 oooooogogoooooao
OO0 oDooDooogog4goooooao
Oo0ooooooooooooao
Oo0ooooooooooooao
Oo0ooooooogooooooao
OO0 oooooogoggogoooooao
OO0 oDooDooogoggoooooao
Oo0oooooooooooooaoo
Oo0ooooooooooooao
Oo0ooooooooooooao
Oo0oooooogogoooooao
OO0 oooDoooggoooooao

OOoo0ooooOod

OoOoo0ooooao
OOoo0ooooao
OOoo0ooooao
O O0Ooo0ooooao
OO0Ooo0ooO0oo0ooao
OOoo0oo0oooao
OOoo0ooooao
OOoo0ooooao
O Ooo0ooooao
OO0Oo0oo0oo0ooao
OOoo0oo0oo0ooao
OOoo0ooooao
OOoo0ooooao
O Ooo0ooooao
O 0O0o0OooOoooao
OOoo0oo0oo0ooao
OOoo0ooooao
OOoo0ooooao
O Ooo0ooooao
O O0Oo0ooooao
OOoo0oo0oo0ooao
OOoo0ooooao
OOoo0ooooao
OOoo0ooooao
O 0Oo0ooooao
OO0Ooo0oo0oo0ooao
OOoo0oo0oooao
OOoooooao
OOoo0ooooao
O O0Oo0ooooao

O 0Ooooo
O Ooooo
O 0Ooooo
O 0Oo0ooOoo
O 0Ooo0ooao
O 0Ooooo
O oOoooo
O Ooooo
O 0OoOooo
O 0Ooo0ooo
O 0Ooooo
O Ooooo
O Ooooo
O 0OoOooo
O 0Ooo0ooOoao
O 0Ooo0ooo
O oOoooo
O 0Ooooo
O 0OooOooo
O 0Oo0ooOoo
O 0Ooo0ooo
O 0Ooooo
O Ooooo
O 0Ooooo

(6)

|

JP

O Ooooo
O 0OoOooo
O 0Ooo0ooOoao
O 0Ooo0ooo
O oOoooo
O 0Ooooo
O 0OooOooo
O 0Oo0ooOoo
O 0Ooo0ooo
O 0Ooooo
O Ooooo
O 0Ooooo

2004-520587

O d
0O O
[ |
O O
O O
O d

O
O

O
O

2004.7.8

uond

O

O

O

10

20

30

40

50



e R ey [ s R s [y |

e e e e e e e e s |

e e [ e e e e s e s s [ [ |

s e A e e e s e e e e e s Y Y Y
OoOooooocoo0oooooooo0o oo oDooo o oo oDoooo0oooDoooogogooao

OoooooooooDoooooooooao

O Ooooo
O Ooooo
O 0OoOooo
O 0Oo0ooOoao
O 0Ooo0ooao
O 0Ooooo
O Ooooo
O 0Ooooo
O 0Oo0ooOoao
O 0Ooo0ooao
O 0Ooooo
O Ooooo
O 0Ooooo
O 0Oo0ooOoo
O 0Ooo0ooao

OO0 oooDoooggogodg
Oooooooooogogoao
OoooooooooQgogooQm

OO0 oo oooooooooooQgg

I Y [y
O 0o oo
I [
O 0o oo
O 0Ooogoo
O Ooogo
O 0o oo
I Y [
O 0o o0oo
O 0o oo
O Ooogo
O Ooogoo
I [ [
O 0o 0o o
O 0o oOoo
O 0o oo
O Oooo
O O oo
I ) [
O 0o oOoo
O Ooogoo
O Oooo
O O oo
O O g o
O 0o oOoo
O 0o oo
O Ooogoo
I [ [y
I Y o [
O OO o
O 0o oo
O 0o oo
I [ [
I Y [

OoooooogogoaoQg
OooooogogoQg
Oooooogogdg
Ooooooooogoad
OooooooQogoQgQd
OoooooogogoaoQg
OooooogogoaoQg
Oooooogogodg
OoOooooooogoad
Oooo0oooOgooQgaQg
OoooooogogooQg
OooooogogaoQg
Oooooogogodg

O 0Ooo0oooo
O Ooo0oooao

O Oooo

O Oooo

Ooooooogdg

O Ooogoo

O Oooo

OOoooooogdg

O 0OoOooo
O 0Oo0ooOoao
O 0Ooo0ooao
O 0Ooooo
O Ooooo
O 0Ooooo
O 0Oo0ooOoao
O 0Ooo0ooao
O 0Ooooo
O Ooooo
O 0Ooooo
O 0Oo0ooOoo
O 0Ooo0ooao
O 0Ooooo
O oOoooo
O Ooooo
O 0OoOooo
O 0Ooo0ooo
O 0Ooooo
O Ooooo
O Ooooo
O 0OoOooo
O 0Ooo0ooOoao
O 0Ooo0ooo
O oOoooo
O 0Ooooo
O 0OooOooo
O 0Oo0ooOoo
O 0Ooo0ooo
O 0Ooooo
O Ooooo
O 0Ooooo

O 0O oo

O 0Ooogo

OOooooogdg

O O0ooo

O 0Oooo

OOoo0ooooOod

O O0ooo

O 0Oooo

Ooo0oooQgodg

O 0Oooo

O Oooo

Ooooooogdg

O Oooo

O Oooo

OoOoooooogdg

O Ooogo

O Ooogoo

OOooooogdg

O O0ooo

O 0ooo

OoOoo0ooooOod

O O0ooo

O 0Oooo

Oooo0oooOodg

O Oooo

O Oooo

Oooooogdg

O Oooo

O Oooo

Ooooooogdg

O Ooogo

O Oooo

OOooooogdg

~
R
~

OoOooOoooood
Ooooooood
Oooooooodg
Oooooooog
OOooooood
OO0 oooood
Ooooooood
Oooooooodg
Ooooooodg
Ooooooodg
OO0 oooood
Ooooooood
Oooooooodg
Oooooooodg
Ooooooodg
OO0 ooooodg
Ooooooood
Oooooooodg
Oooooooodg
Ooooooodg
OO0 oooood

O 0ooo

O 0oo o

OOoo0oooood

O O0ooo

O 0Oooo

Oooo0oooOodg

O O0ooo

Ooo0oooQgdg O Oooo

O 0Oooo
O Oooo
OO oo
O 0Ooo
O 0Oooo
O 0Oooo
O Oooo
O Oooo
O 0Oooo
O 0Oooo
O Oooo
O Oooo
O Oooo
O 0Oooo
O 0Ooo
O 0Oooo
O Oooo
O Oooo
O Oooo

O Oooo

O Oooo

Ooooooogdg

O Oooo

O Oooo

OoOooooogdg

O o0ood

O Oood

Ooooogoood

O O0ooo

O 0Oooo

OoOoo0oooOodg

O Oooo

O Oooo

OooooooQgdg

[
e}

O Oooo

O Oooo

Oooooogdg

O Oooo

O Oooo

OOooooogdg

2004-520587

O 0O oo
O O0ooo
O O0ooo
O Oooo
O Oooo
O O oo

O 0Ooogo
O 0ooo
O Oooo
O Oooo
O Oooo
O Oooo

Oooooogdg
OoOoo0ooooOod
OoooooQgodg
Ooooooogdg
OOoo0ooooao
O 0Oo0ooooao
OO0Ooo0oo0oo0ooao
OOoo0oo0oooao
OOoooooao
OOoo0ooooao
O O0Oo0ooooao

O O0ooo

O 0ooo

2004.7.8

O O0ooo

O 0Oooo

O 0Oooo

O
O
O

O
O

10

20

30

40

50



e R ey [ s R s [y |

Oooooooooooog
Oo0oooogogooooodg
OO0 oDooo4gogooooodg
Oo0ooooooooood
Oo0oooooooooodg
OoooooogooQooooao
Oooooogogogoooao
OO0 oDooogogogoooao
Oooooooogooooao
Ooooocooooooao
Ooooooogooooao
Ooooooogooooao
OO0 oooogogoooao
OoooooooOooOoooao
Oooooocooooooao
Oooooooooooao
Ooooooogogogoooao
Oooooogogogoooao
OoooooooOooOoooOoao
Ooooocooogooooao
Oooooooooooao
Ooooooogogooooao
OoDooooogogogoooao
OO0 oDooogogooooao
Oooooooooooao
Ooooocooooooao
Oooooooooooao
Ooooooogogoooao
OO0 oDooogogoooao
Ooooocooooooao
Oooooooooooao
Ooooooogoooooao
Ooooooogogogoooao
OO0 oooogogoooao
OooooooooOoooao
Ooooocooooooao
Ooooooogooooao
Ooooooogogogooooao
OoDoooogogoooao

OoOooooooo0oooooo oo oDoDooooo oo oDooDoooooooog
e 1 Y Y

e s e e s e e e e O R v
Ooooooooooooooo oo oDoDooooooDoDoooooooooodg
Ooooooooo0oooooo oo oDoDoooo0o oo oDoDoooooooooog

Ooooooooooooogodg
OoooDooogoooooogd
OO0 ooDoogoooooogd
Ooo0ooooooooood
Ooooooooooooogodg
Ooooooooooooogodg
OoooDooooooooogdg
OO0 ooDoogogogogooooogd
OOooooooooooood
Ooooooooooooogodg
Ooooooooooooogodg
OoooDooooooooogdg
OooDoDoogogoooooogd
OOo0ooooooooooood
Ooooooooooooogod
Ooooooooooooogodg
Ooooooooooooogodg
OoooDooogogoooooogdg
OO0 OoDoDoogogoooooogd
Ooooooooooooogod
Ooooooooooooogodg
Ooooooooooooogodg
OoooDoogogoooooogod
OO0 oDoDoogogoooooogd
Oooooooooooood
Ooooooooooooogodg
Ooooooooooooogodg
OoooDooooooooogdg
OO0 ooDoogogoooooogd
Oooooooooooood
Ooooooooooooogodg
Ooooooooooooogodg
Ooooooooooooogdg
OO0 oDoDoogogoooooogd

OOoo0ooooao
O0Ooo0ooooao
O O0Oo0ooooao
OO0Oo0oo0oo0ooao
OOoo0ooooao
OOoo0ooooao
OOoo0ooooao
O 0Oo0ooooao
OO0Oo0oo0oooao
OO0Oo0oo0oooao
OOoo0ooooao
OO0Ooo0ooooao
O O0Oo0ooooao
OO0Oo0oo0oo0ooao
O0Ooo0oo0oooao
OOoo0ooooao

oo oooooogogooo
OO0 o ooooogogoo
OO0 ooooDooogogogo
Oooooooooogogooo
oo oooooogogoo

Oooooooogogogogoao
Oooooooogogoao
Ooooooogogoao
OoooooooogooOooOoo
Ooooooooogogogoao
Oooooooogogogoao
Oooooooogogogoao
Ooooooogogoao
OoOoooooooOoogooOoao
Ooooooooogogogogoao
Oooooooogogooao
Oooooooogogogoao
Oooooooogogoao
OO0 ooDooogogogao
OO0 oDooOoooo>>00
Ooooooooogogooo
Oooooooogogooao
Oooooooogogoao
OOoDooooogogoao
Ooooooooogoogooao
Oooooooogogooo
OO ooooo>>o0oaono
Oooooooogogooao
OoooDooogogooao
Ooooooooogoogooao
Ooooooooogoogooao
Oooooooogogogooao
Oooooooogogogoao
Ooooooogogoao

(8)

OOoo0oooo
O0Ooo0oooao
O0Oo0Oo0ooao
O0Ooo0oo0ooao
O0Ooo0oooao
O0Ooo0oooao
OOoo0oooao
O0Oo0Oooo
O0Ooo0oo0ooao
O0Ooo0oo0ooao
OOoo0oooao
O0Ooo0oooao
O0Oo0oooaog
O0Ooo0oo0ooao
O0Ooo0oooao
OOoo0oooaoo
O0Ooo0oooao
O0Oo0oooao

JP

2004-520587

2004.7.8

10

20

30

40

50



I s e e e s I [ A A
e s e e s e e e A
e e s e e s e e e e s s [ A v
e s ) e e s e e s e e s e R v

O 0Ooo0oo0oooao

Oooooooooogogoao
OoooooooooQgogooQm
OooooooogogQgogooQg
Oo0ooooooggogooQg
OO0 oooDoooggogog
Ooo0oooooooOoogoo

O

OooooooogooQoogoo
OoooooogoQgogoaoQg
OoooooogQgogooQg
Oo0oooooggogog
OoooooooOooOoo
OooooooogoQoogoo
OoooooogogQgogoog
OoooooogQgogooQg
Oooooooggogaog
OoooooooOooOono
OooooooogoQooOgoo
OoooooogogQgogooQg
OoooooogQgogooQg
OooooooggogaoQg
OO0 oooogQgogog
OoooooooOooOgoo
OooooooogogQgogooQo
OoooooogoQgogooQg
OoooooogQgogoQg
Oo0DoDooooggogog
OoooooooOooQgoo
OooooooogogoQoogoo
OoooooogoQgogoog
OoooooogQgogooQg
Oo0ooooggogog
OoooooooOoogood

~
©
~

[
e}

2004-520587

2004.7.8

OooooooQogoQgQd
OoooooogogoaoQg
OooooogogoaoQg
OOooooogogdg

10

20

30



(10) JP 2004-520587 A 2004.7.8

Oooogaod Oooogaod
10 — L— LB
ol » 5 ORE
~ (2% LWE— F)
81 %
] 2 "
2
t 9
E 5]
E 0 7 P 3 4 5 6
- BEF (ms)
# 5
2
14
0 :
0 5 10 15 20
A (kHz)
O0oo0oano

L — LS b 5 DR AT RES
(EELWE—F) (Ex L BHEWVWE—F)

270y AMES
(ZELLEWVWE=F)N,

g (8377)

4 5 6



L T e T e T e T e T e T s T T T e T e T s T e T e T e T e T e T e T e T e B e R T e T e T e T e T e R e T e B e

ugbooobooodoboado

(11)

{12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Tntell I Property Or
Intcrnational Burcau

(43) International Publication Date

1 August 2002 (01.08.2002) PCT

(10) International Publication Number

WO 02/059593 A2

(51) International Patent Classification:
{21) International Application Number: PC1/GB01/05262

(22) International Filing Date:
28 November 2001 (28.11.2001)

{25) Filing Language: Bnglish
(26) Publication Language: linglish

{30) Priority Data:
0102118.7 26 January 2001 (26.01.2001) GB

(71) Applicant for all designated States except US): GUIDED
ULTRASONICS (RALL) LTD |GB/GBJ: Ravenshead, 17
Doverbeck Close, Nottingham NG15 LR (GB).

(72) Taventor; and

{75) Inventor/Applicant (for US only): ALLEYNE, David,
Nathaniel [GB/GB; 565 Rayners Lanc, Middlesex TIAS
SHP (GB).

GOIN 29/00  (74) Agents: ROBINSON, Nigel, Alexander, Julian ¢t al; D

Young & Co, 21 New leler Lane, I.ondon EC4A 1DA
(GB).

(81) Designated States (national): Ali, AG, AL, AM, AT, AU,
A7, BA, BB, BG, BR, BY, BZ, CA, CH.CN. CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD. GE, GII,
GM, IR, 11U, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL, P'L, RO, RU, SD, SI, SG,
ST, 8K. SL. TI, TM. TR, TT. TZ, UA, UG, US, UZ. VN,
YU, ZA, ZM, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, 1., MW, M7, SD, SL, 87, T7, UG, 7M, 7W),
Burasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
Buropean patent (AL, BE, CI1, CY, DE, DK, ES, FI, FR,
GB, GR, L, I'l, LU, MC, NL, PT, SL, TR), OAPI patent
(B, BJ, CLI, CG, C1, CM., GA, GN, GQ. GW, ML, MR,
NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

[Continued on next pagej

{54) Title: INSPECTION OF NON AXI-SYMMETRIC ELONGATE BODIES

& - REFLECTION
5 FROM END
u OF RAIL
3 (DESIRED MODE)
w A
a W
— 2
= E
I ]
o
=
~ <
< 0 1 2 3 4 5 6
[ae) TIME (ms)
(=)
uw
N
g (57) Abstract: There is described apparatus for inspecting 2 non axi-symmetric clongate body comprising: a1 least one exciter
h array having a plurality of wave exciters operable to couple to an exterior surface of said clongate body; a driver unit operable to

& senerate driving signals to excite said plusality of wave exciters wherein each driving signal to a respective wave exciter of said aray
is weighted with respect to driving signals to other wave exciters in said array such that a guided acoustic wave mode is excited;

4 receiving unit having a plurality of wave excilers in suid array such thal a guided acor

tic wave mode is exciled; a receiving

B unit having « plurality of wave reecivers capable of recciving reflected guided acoustic waves; an analysis unit operable 1o analyse
roceived waves fo assess a condition of said non axi-symmetric clongare body.
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Inspection of Non Axi-Symmetric Elongate Bodies

The present invention relates generally to the inspection of non axi-symmetric
elongate bodies, such as, for example, the rails of a railway track for cracks, fatigue,

weaknesses in welds or any other structural deformation.

Regular inspection of the condition of rails is imperative to ensure the safety of
arail network. The large distances of rail involved and the need to avoid interruptions
to train services make inspection of rails difficult to implement. Known techniques for
the inspection of rails include ultrasonic inspection. A wave exciting element such as
a transducer is placed on a specific section of rail and is used to induce bulk waves that
can be longitudinal or shear to travel through the rail. These bulk waves are be used to
inspect the portion of rail immediately adjacent to the transducer location. This
technique has the disadvantage that only small lengths of rail can be tested at a time
and the section of rail being tested is out of use by trains during the test process. The
inspection may be carried out by sliding one or more ultrasonic transducers along the

rail by mounting them on a cart or on a special inspection train.

Figure 1 illustrates schematically a cross-section of a railway rail. The rail
comprises 2 head 10 with curved upper corners 20; a stem-like web 30 extending from
the head down to a broad toe section 40 that supports the head and web. The rail is
secured onto a sleeper 60 by a clip 50 on either side of the toe 40. The rail has a

vertical plane of symmetry through the centre of the web 30, but is non axi-symmetric.

The geometry of the rail makes it difficult to inspect all regions of the structure
and, in particular, conventional ultrasonic techniques make it difficult to inspect the
toe region 40 because the clips 50 restrict the access of transducers in this area. The
sides of the head region are also difficult to inspect due to the curvature of the corners
20 which means that the transducers will be unlikely to sit flush on this region of the

head. Inspection of the “thermit” welds that join adjacent sections of rail is difficult

JP 2004-520587 A 2004.7.8
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using the standard ultrasonic test equipment because these welds are castings which

attenuate strongly at the ultrasound frequencies typically used, such as 1 to 5 MHz.

It is known from International Patent Application WQ-A-96/12951 to use
guided acoustic waves that propagate along pipes to test those pipes for defects. The
axi-symmetric nature of the pipes allow control over the particular guided wave modes
excited by applying axi-symmetric excitation, thereby dealing with the complication of
the large number of closely related possible guided wave modes. This solution does

pot work in non axi-symmetric systems.

The invention provides an apparatus for inspecting a non axi-symmetric
elongate body comprising:

at least one exciter array having a plurality of wave exciters operable to couple
to an exterior surface of said elongate body;

a driver unit operable to generate driving signals to excite said plurality of
wave exciters wherein each driving signal to a respective wave exciter of said array is
weighted with respect to driving signals to other wave exciters in said array such that a
guided acoustic wave mode is excited;

a receiving unit having a plurality of wave receivers capable of receiving
reflected guided acoustic waves; and

an analysis unit operable to analyse received waves to assess a condition of

said non axi-symmetric elongate body.

The invention provides a technique whereby guided wave inspection may be
employed for non axi-symmetric elongate bodies by using appropriate weighted
driving signals to a plurality of wave exciters coupled to the surface of the elongate
body. Analysis of the guided wave modes of the elongate body performed in advance
yields information regarding the relative displacements at different points on the
surface of the body for different modes. By adopting approptiate weightings matched
to these calculated mode specific displacements, a selected guided wave mode can be

excited and used to inspect the elongate body.

JP 2004-520587 A 2004.7.8
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In order to improve performance by helping suppress unwanted guided wave
modes and/or suppressing propagation in a reverse direction, preferred embodiments
of the invention employ a plurality of arrays of wave exciters to give additional control

over the mode excited.

It will be appreciated that separate exciters and receivers could be provided.
However, an advantageous gain in efficiency and simplicity is achieved when the
exciter array is operated in a pulse-echoing mode whereby the exciters also serve as

receivers.

The ability to analyse reflected s‘ignals is improved by the use of a technique
whereby the signals from each receiver are multiplied by a respective weighting factor
appropriate to a particular reflected guided wave mode to determine the strength of

signal in that reflected gnided wave mode.

Whilst information regarding defects or the general condition of the elongate
body can be recovered from a wide variety of guided modes, preferably the excited
mode is a symmetric mode with respect to the clongate body and the particular
received wave mode is either a predetermined non-symmetric or the mode
corresponding to the excited mode. It is preferred to analyse both received symmetric

and received non-symmetric modes.

The non axi-symmeiric nature of the elongate body whilst it introduces a
difficulty compared to axi-symmetric pipes, does allow for the possibility of particular
excited guided wave modes to concenirate on particular areas of the non axi-
symmetric elongate body to reveal more information regarding those particular areas.
As an example, different excited guided wave modes can be used to concentrate upon

the head, web and toe of a railway rail.

Whilst the exciters could be fixed to the elongate body in a variety of different
ways, in a preferred embodiment the exciter array is secured to the elongate body by a

clamping mechanism. Such a clamping mechanism may be either temporarily or

JP 2004-520587 A 2004.7.8
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petmanently fixed to the clongate body. In a further preferred embodiment the

transducers are bonded to the rail.
It is particularly convenient to form the exciters using piezoelectric transducers.

‘Whilst the technique of the present invention could be used to examine a wide
variety of different non axi-symmetric elongate bodies, such as structural members
within bridges or buildings, the invention has particular utility in the testing of railway

rails.

Whilst the exciters may be simultaneously driven, preferred embodiments
sequentially drive different exciters. In this case synthetic aperture processing
techniques (synthesised transmission and synthesised reception respectively) may be

used to analyse the received waves.

Viewed from another aspect the present invention provides a method of
inspecting a non-axi-symmetric elongate body comprising the steps oft

driving a plurality of wave exciters coupled to said elongate body with driver
signals, each driver signal to a respective wave exciter being weighted with respect to
driving signals to other wave exciters such that a guided acoustic wave mode is
excited;

receiving reflected guided acoustic waves; and

analysing said received waves to assess a condition of said elongate body.

Embodiments of the apparatus for inspecting non axi-symmetric elongate
bodies will now be described, by way of example only, with reference to the
accompanying figures, in which:

Figure 1 is a schematic diagram of a transverse cross section of a rail;

Figure 2 illustrates the dispersion curves of a rail.

JP 2004-520587 A 2004.7.8
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Figure 3 illustrates a symmetric mode of a propagating guided wave in which

the motion of the head section of the rail is dominant;

Figure 4 illustrates a symmetric mode of a propagating guided wave in which

the motion of the toe section of the rail is dominant;

Figure 5 illustrates a symmetric mode of a propagating guided wave in which

the motion of the web section of the rail is dominant;

Figure 6 illustrates an anti-symmetric mode of a propagating guided wave in

which the motion of both the head section and the web section of the rail are dominant;

Figure 7 schematically illustrates a typical transducer array according to a first

embodiment of the invention;

Figure 8 is a linear plot of amplitude against time showing experimental results
for propagation modes detected as a result of exciting guided waves in the rail using a

single wave exciter;

Figure 9 is a linear plot of amplitude against time showing experimental results
for propagation modes detected as a result of exciting guided waves in the rail using

multiple wave exciters with independent driving voltages;

Figure 10 illustrates a clamping mechanism according to a second embodiment
of the invention used for operable attachment of an array of wave exciters to a rail;

and

Figure 11 schematically illustrates a plurality of transducer arrays spaced along

the rail.

The guided wave modes that can propagate in a rail at a given frequency are

identified using a technique similar to that described by L. Gavric ‘Computation of

JP 2004-520587 A 2004.7.8
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propagative waves in free rail using a finite element technique’, Journal of Sound and
Vibration, Vol 185, pp531-543. This is based on the finite element method, but only a

cross section of the rail is modelled.

Figure 2 shows phase velocity dispersions curve for a rail that were obtained
using the technique referred to above. These dispersion curves can be used to identify
the guided wave modes that will propagate in the rail at a given frequency. It can be
seen from Figure 2 that the different modes present at a given frequency typically have
different propagation velocities. Figures 3 to 6 are examples of mode shapes for
the rail corresponding to guided waves propagating at a frequency of about 17kHz.
These mode shapes are calculated using a method similar to that of Gavric. These
mode shapes are a representative sample and are not the only mode shapes propagating
at the specified frequency. Each of Figures 3 to 6 shows a two dimensional finite
element mesh model of the rail. The x axis runs vertically and parallel to the web of
the rail; the y axis runs horizontally and parallel to the toe; and the z axis runs parallel
to the length of the rail. In each case the deformed web corresponding to the particular
propagation mode is plotted alongside the undeformed mesh in which no waves have

been excited.

Figure 3 shows the rail displacements for a mode in which the head motion is
dominant. Figure 3A shows a view of the mesh looking directly between the y and the
z axes. The displacement 100 of the head along the z-axis is characteristic of this
mode. The upper portion of the web also undergoes some displacement along the z-
axis in the same direction as the head. Figure 3B is a view along the y-axis that
illustrates the displacement with respect to the vertical. The lower portion of the web is
displaced by a small amount from the vertical in the opposite direction with respect to
the head. Figure 3C is a view along the z-axis and this shows that there is some
displacement of the web which deforms upwards in the middle and at either extremity.
Figure 3C also illustrates that this head-mode is symmetric with respect to an axis of

symmetry running through the centre of the web and parallel to the x-axis.

JP 2004-520587 A 2004.7.8
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Figure 4 shows the rail displacements for a mode in which the toe motion is
dominant. Figure 4A shows a view of the mesh looking directly between the y and the
z axes. The displacement of the toe is characteristic of this mode. The extremities of
the toe along the y-axis both undergo displacements in the positive x direction. The
displacements are almost completely confined to the toe region. Figure 4B is a view
along the y axis that illustrates the displacement of the extremities of the toe with
respect to the vertical. Opposite extremities of the toe are displaced in opposite
directions along the z axis such that the rectangular strip corresponding to the
undisplaced toe is twisted. Figure 4C is a view along the z axis and this shows more
clearly the upwards x displacement that increases gradually towards the extremities of
the toe. Figure 4C also illustrates that this toe-mode is symmetric with respect to an

axis of symmetry tunning through the centre of the web and parallel to the x axis.

Figure 5 shows the rail displacements for a mode in which the web motion is
dominant. Figure 5A shows a view of the mesh looking directly between the y and the
z axes. The large displacement of the web along the z-axis is characteristic of this
mode. The toe also expetiences some displacement in this mode. Figure 5B is a view
along the y axis that illustrates the large displacement of the extremities web with
respect to the x-axis. The displacement has a maximurn at the centre of the web and
this decreases gradually towards the extremities of the web. The head is displaced by
a small amount in a direction opposite to the displacement of the web. Figure 5C is a
view along the z axis and this shows more clearly the displacement of the toe. Figure
5C also illustrates that this web-mode is symmetric with respect to an axis of

symmetry running through the centre of the web and parallel to the x axis.

Figute 6 shows the rail displacements for a mode that is anti-symmetric with
respect to an axis of symmetry running through the centre of the web and parallel to
the x axis. Figure 6A shows a view of the mesh looking directly between the y and the
z axes. The web is subject to considerable curvature in the x-y plane and the head
undergoes displacement in the z direction such that opposite extremities of the head
along the y-axis are displaced in opposite directions along the z-axis. Figure 6B is a

view along the y-axis that illustrates the twisting of the web along the x-axis. Figure

JP 2004-520587 A 2004.7.8
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6C is a view along the z-axis and this shows more clearly the dominant displacements

of the head and web together with small displacements in the toe.

The modes that can be excited are either symmetric or anti-symmetric with
respect to the plane of symmetry of the rail that runs vertically through the centre of
the web along the length of the rail. If a symmetric wave such as that of Figure 3 is
incident on a feature such as a weld that is also symmetric with respect to the plane of
symmetry then it is unlikely that any modes excited in the rail will mode-convert to
anti-symmetric modes such as the mode illustrated in Figure 6. However defects in the
rail such as cracks are highly unlikely to be symmetric, so when a symmetric mode
reflects at a crack it will typically be at least partially mode-converted to an anti-
symmetric mode having the same frequency as the symmetric outgoing wave. In this
case, the reflected signal will include both symmetric and anti-symmetric modes.
Analysing the properties of the reflected waves provides a way of distinguishing
between the presence of structural defects that induce mode-conversion from good
welds that are typically substantially symmetric therefore they do not induce mode
conversion. In this embodiment only symmetric modes are excited by the wave
exciter array. Alternatively only anti-symmetric modes could be excited that would
only mode convert to symmetric modes at a non-symumetric feature. Regardless of
whether the excited mode is symmetric or anti-symmetric, the receivers should be
capable of detecting both symmetric and non-symmetric modes in the reflected waves.
If the defect from which an excited mode reflects is symmetric then only the mode-
type of the excited wave will typically be received. Thus, the absence of the anti-

symmetric mode-converted wave indicates that the reflector is likely to be symmetric.

Figure 7 shows a cross-section of a rail 70 with an array of transducers
according to a first embodiment of the invention deployed at fourteen positions on the
surface of the rail. In this embodiment a total of fourteen transducers are arranged
around a single cross section of the rail such that six are disposed on the head, four are
disposed on the web and four are disposed on the toe of the rail. The number of

transducers required increases with the number of unwanted modes to be suppressed
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and with the complexity of the mode shapes to be excited. The transducers could be

bonded to the rail, although alternative clamping arrangements are described later.

In an alternative embodiment the transducers arranged in a linear array along

the length of the rail.

Each transducer is formed from a piezoelectric element (electro-magnetic
acoustic transducers (EMATS) may also be used and may be preferred in
embodiments in which the transducers are mounted on a moving train rather than
being clamped to the rail} that is polarised to deform when a voltage is applied across
its faces. Thus, each transducer can act as a wave exciter. The voltage applied to each
transducer can be adjusted independently according to the amount of deformation
required at the corresponding point on the rail surface. Each transducer can also act as
a wave receiver by converting the deformations due to the propagation of waves along
the rail to electrical signals. The transducer array is provided with a driving
mechanism that is capable of supplying a different driving voltage to each transducer.
The driving mechanism consists of a multi-channel signal generator and a power
amplifier capable of adjusting each output channel independently. The output from the
power amplifier is used to supply excitation signals to high impedance piezoelectric
transducers that serve as wave exciters. The input voltage to each transducer in the
array is weighted with respect to the other transducers of the amray such that the overall
pattern of excitation corresponds to the desired mode shape. The weightings required
1o excite a particular mode are calculated using a method similar to that of Gavric as

previously discussed.

EMATSs may also, be permanently attached to the rail at strategic points to

detect defects at welds.

The transducer array can be used to excite several modes in turn. This can be
used to specifically target defects occurring in the particular parts of the rail
preferentially displaced by a given mode. For example the mode shown in Figure 3 is

largely confined to the head, the mode shown in Figure 4 is largely confined to the toe
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and the mode shown in Figure 5 is largely confined to the web hence these modes can

be used to identify defects in the head, toe and web of the rail respectively.

Figure 8 is a linear plot of amplitude against time in milliseconds
corresponding to guided wave signals induced by a single wave exciter and detected
by a single wave receiver. The signal comprises two large amplitude signals
corresponding to unwanted excitation-modes and a signal of smaller amplitude
corresponding to a reflection from the end of rail. The smaller amplitude signal

corresponds to a desired mode.

Figure 9 is a linear plot of amplitude against time is milliseconds
corresponding to guided wave signals induced using an array of transducers with
weighted driving signals and detected using a pulse-echo mode of operation and
synthetic aperture techniques. The same weightings were used in transmission and
reception. In this case the amplitude of the desired mode reflected from the end of the

rail is significantly larger than disturbances due to any unwanted modes.

The advantage of using an array of transducers rather than a single transducer
is demonstrated by comparing the signal of Figure 8, that is characterised by spurious
modes of larger amplitude than the desired mode, with the signal of Figure 9 where the
spurious signals have amplitudes which are small relative to the amplitude of the
desired mode. Thus using an array of transducers makes features such as defects and

welds easy to identify.

Figure 10 shows an array of transducers according to an embodiment of the
invention. In this case the transducers are securely attached to a section of rail using a
clamping mechanism. The clamping mechanism of this embodiment comprises two
arms pivotally attached to each other close to half way along their length. Beyond the
pivot, the arms cross over and are attached to 2 serew mechanism comprising a screw
and a rotatable handle. The clamp has an open position and a closed position. The
clamp is engaged by rotating the handle of the screw mechanism such that the pivoted

arms are drawn together. The clamp is closed such that the transducers are operatively
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engaged on the surface of the rail in the positions shown. There are many possible
alternative clamping mechanisms and it is also possible to permanently attach the

transducers to the rail.

If the testing system is to be deployed while the rail is still in use by trains it
will not be possible to deploy any transducers on the upper surface of the rail head.
Although this makes mode control by weighting inputs to the transducer array more
difficult, it is still possible to suppress undesired modes without using transducers to
apply force over the upper surface of the rail head. The wave exciter array need not

apply force at points distributed across the whole of the rail surface.

The mode control achievable using a single array of transducers with
independent driving frequencies can be improved by using two or more wave exciter
arrays separated by predetermined distances along the length of the rail (as illustrated
in Figure 11). Multiple exciter arrays can be used both to suppress unwanted
excitations and to increase the amplitude of desired symmetric modes. Multiple arrays
can be used to excite particular guided acoustic waves in a single direction along the
rail. The use of more than one array is particularly suitable in the case where the

transducers cannot be operably engaged on the upper surface of the rail head.

Because the wavelengths of alternative modes propagating at a given frequency
are typically different it is possible to apply forces to the rail surface via at least two
exciter arrays such that certain modes are reinforced while other modes are suppressed.
Consider, for example, that the wavelength of a desired mode is A and the wavelength
of an undesired mode is 2A. If two exciter arrays are places a distance A apart along
the length of the rail and if an identical excitation signal is applied to both arrays then
the excitation will effectively be applied at points of equal phase on the desired mode
but at points of opposite phase on the undesired mode. Thus the desired mode signal
will be reinforced, however the undesired mode will be suppressed. In situations
where the wavelengths of the desired and undesired modes are not simple multiples of
each other the enhancement of desired modes and suppression of undesired modes can

be achieved by suitably adjusting the phases of the excitation signals in respective
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exciter arrays. The selectivity of guided wave modes propagating in the rail can be
improved by employing more than the minimum number of exciter arrays that is

required for the mode selection and direction of propagation selection.

The wave exciter arrays can be operated in pulse-echo mode such that each
array acts as both an exciter and a receiver of reflected waves. When acting as
receivers, the transducers of the array convert the mechanical displacements in the
surface of the rail detected by each transducer to elecirical signals. The electrical
signals arising from the displacements detected at each fransducer can be
independently amplified according to a predetermined set of weightings. By
appropriately adjusting the set of amplification weightings and summing the resulting
electrical signals, a signal proportional to the amplitude of any propagating mode of
interest may be obtained. The receiver weightings could be adjusted to obtain a signal
proportional to the transmitted and reflected mode ot to an anti-symmetric mode-
converted reflection. In an alternative embodiment the displacements detected at each
transducer can be amplified by the same amount and a weighted sum of the resultant
signals is performed in computer software. This test is repeated for each. transmitted
mode-received mode combination, A first test to detect the presence of any anti-
symmetric reflected wave and a second test to detect reflections of the initially
transmitted mode will typically be performed to obtain an indication of the geometry
of a feature of the rail such as a weld or a defect. The reception of a pure guided wave
mode which is achievable by the performing the weighted sum of the transducer
displacements as described above is just as important as the selective excitation of a

pure guided wave mode to the effectiveness of the defect detection technique.

According to a further embodiment of the invention many transmitted mode—
received mode combinations can be analysed simultaneously. In this case each
transducer of the exciter array is used in turn to force excitations in the rail and the
resulting reflections are received at each element of the receiving amay, ie.
transmission using single transducer and reception using all transducers of the array.
If separate transmitting and receiving transducers are used, sending is on one element

of the transmitter array with receiving on all elements of the receiver array. If pulse-
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echo is used with the same transducers, receiving is on all elements including the
transmitter (it is also possible to get reasonable (though somewhat degraded)
performance by using a single array without pulse-echo — in this case sending is on one
and receiving is on all the others. The first mentioned technique is similar to synthetic
aperture techniques often used in ultrasomics. A synthetic aperture is a process in
which different signals are measured and recorded one after the other and subsequently
combined. Synthetic aperture focusing typically considers a single propagating mode
and uses the combined measurements to inspect a particular region in space. In the
case of the present invention the displacement amplitude as a function of time is
measured at different positions of the transmitting and receiving transducers and a
software addition process is used to isolate the behaviour of particular transmitted
mode-received mode pairs. The advantage of this embodiment is that multiple pairs
can be analysed using a single test. Although this process can result in the requirement
to process a large volume of data for a given test, it is possible to reduce the number of
excitations required by driving combinations of elements simultaneously rather than
individually in a sequence. For example, if it is known that it is only necessary to
examine transmitted mode — received mode combinations in which the transmitted
mode is symmetric then an excitation can be applied simultaneously to two transducers
of the exciter array that are symmetrically arranged with respect to the plane of
symmetry. Two sets of processing will typically be required in the synthetic aperture
configuration: a first set to detect the received mode corresponding to the symmetric
excitation mode and a second set to detect the received mode corresponding to a non-

symmetric mode to which the excited wave mode-converts.
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CLAIMS
1. Apparatus for inspecting a non axi-symmetric elongate body comprising:

at least one exciter array having a plurality of wave exciters operable to couple
to an exterior surface of said elongate body;

a driver unit operable to generate driving signals to excite said plurality of
wave exciters wherein each driving signal to a respective wave exciter of said array is
weighted with respect to driving signals to other wave exciters in said array such that
a guided acoustic wave mode is excited;

a receiving unit having a plurality of wave receivers capable of receiving
reflected guided acoustic waves; and

an analysis unit operable to analyse received waves to assess a condition of

said non axi-symmetric elongate body.

2. Apparatus according to claim 1, comprising at least two exciter arrays located
at predetermined distances with respect to each other along said elongate body wherein
said wave exciter arrays are operable in co-operation to suppress the propagation of

unwanted guided wave modes.

3. Apparatus according to any one of the preceding claims, wherein at least one of
said exciter arrays is operable in a pulse-echo mode whereby said wave exciters also
serve as wave receivers to excite a single guided wave mode and to receive a

predetermined mode in a reflected wave.

4. Apparatus according to any one of the preceding claims, wherein said analysis
unit is operative to perform a weighted sum of received signals from each wave
receiver to obtain a signal indicative of an amplitude of said particular received wave

mode.
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5. Apparatus according to claim 4, wherein said excited mode is a symmetric with
respect to a plane of symmetry of said elongate body and said particular received wave

mode is a non-symmetric mode arising from mode conversion of said excited mode.

6. Apparatus according to claim 5, wherein a received symmetric mode wave is

also analysed by said analysis unit.

7. Apparatus according to claim 1, wherein said at least one wave exciter array is
operable to excite in a sequence a plurality of guided wave modes such that each

excited mode assesses a different region of said non axi-symmetric elongate body.

8. Apparatus according to claim 1, wherein said at least one wave exciter array is
operable to excite a single guided acoustic wave mode that is symmetric with respect
to a plane of symmetry of said elongate body and said analysis unit is operable to
identify a defect in said elongate body by detecting in the received waves at least one

of a non-symmetric mode and a symmetric mode.

9. Apparatus according to claim 8, wherein said analytic unit is operable to
identify a defect in said clongate body by detecting one non-symmetric mode in the

reflected waves.

10.  Apparatus according to any one of the preceding claims, wherein said at least
one wave exciter array is secured to said exterior surface of said elongate body by a

clamping mechanism.

11. Apparatus according to any one of the preceding claims, wherein said at least
one wave exciter array is permanently secured to said exterior surface of said elongate

body by a bonding mechanism.

12. Apparatus according to any one of the preceding claims, wherein said at least

one wave exciter array comprises one of a plurality of electromagnetic acoustic
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transducers mounted on a moving train; and a plurality of electromagnetic acoustic

transducers fixed to said elongate body.

13.  Apparatus according to any one of the preceding claims, wherein said wave
exciters are transducer comprising a piezoelectric element that is polarised to deform

when a voltage is applied across its faces.

14.  Apparatus according to any one of the preceding claims, wherein said elongate

body is a railway rail.

15.  Apparatus according to any one of the preceding claims, wherein said plurality

of exciters are sequentially driven.

16. Apparatus according to claimx 15, wherein said analysis unit uses synthetic

aperture processing to analyse received waves.

17.  Apparatus according to any one of the preceding claims wherein said exterior
surface to which said wave exciters couple is around a transverse cross-section of said

elongate body.

18. A method of inspecting a non-axi-symmetric elongate body comprising the
steps of:

driving a plurality of wave exciters coupled to said elongate body with driver
signals, each driver signal to a tespective wave exciter being weighted with respect to
driving signals to other wave exciters such that a guided acoustic wave mode is
excited;

receiving reflected guided acoustic waves; and

analysing said received waves to assess a condition of said elongate body.
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