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 THz Å±Ï59-y�9D�nØ�.; }Á|^�Å��ì (�Å+ backward wave oscillator, BWO)�â[


é�¬%n�Ä.áÅæ��?1±Ï5 THz 9-y, ù	9�¤ëY*ÿÚP¹Á�L¡§|Cz, Canny>�

�{?n9ã�w«"�; uÿ(J�ð1�óÀ-y�(J?1'�, ?Ø
�â[Å-yù	9ÅuÿEâ�

U�`³. ¢y
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1 Ú ó

ù	9ÅÃ�uÿEâ´ÏL�«9-y�

ªÌÄéÔN�\��9-y, ¦ÔNSÜ�É5

(� (ÉÔ!©�!øÅ�) ±L¡§|Cz��

É/ªLyÑ5 [1,2]. CAc5, �XÊ�ÊUE

Üá�Eâ±9#á�Eâ�×�uÐ, ù	9Å

¤��{3k?#.EÜá�"�Ú�ú�uÿ

Úµ�¥äkÙ¦�{Ã{'[�nÜ`³ [3,4],
��Xuÿ+��*�, DÚ�9-y�ª (ð1

�!�(!µ6�) ¿ØU÷v¤ká��uÿ.
pUð1�9-yäk¯�!��>�`:, �¬

é1¯aá�E¤�gÀ/ [5]; �(9-y´|^

�(UþÚå"�Ü �Þ)95��uÿ�8

�, cÙ·Üu4Ü�«�uÿ, �-yL§¥I

��(lÞ�Á��>, 3�½�Øåeò�ÄU

þÍÜ?Á�, Ø·uuÿ�
´��á� [6]; µ
6ù	9¤��·^u�>á��uÿ [7]. Ïd,
uÐ#�Ã��9-y�ªéíÄù	9ÅÃ�

uÿEâ�2�A^äk��¿Â.

�â[ (Terahertz½ THz, 1 THz=1012 Hz) ÅÏ

~��´ªÇ3 0.1—10 THz��S�>^Ë�.

Ùü1fUþ$, 1 THz éA�Uþ�k 4.1 meV,
Ø¬��)Ô|�>l, nØþ3é,
L¡��,
�95UÐ�á�½�*(��uÿk�½�`

³. �Å��ì (�Å+, backward wave oscillator,
BWO) �â[
´�«ëYÅ�â[Ë�
, §´

|^>få�Î/~�(��p�^�)�Å�

���Å>f+, 8c�k�Å��ìÚgd>f

-1ì3 0.1 THz ±þäk°�N�Ú�õÇÑ

Ñ�Uå. �Å+ (BWO) ���â[Ë�
, äk

ÕA�`³, XÑÑõÇp!Åc5�ûÐ!­½

5Ð, 
�NÈ�!ö�{B!1´|¤��{ü

� [8−11].

�©}Á|^�Å+ (BWO) �â[Ë�
�

�9-y
, éýî<ó"��%n�Ä.áÅæ

�á�?1ªÇ� 0.1 Hz�±Ï59-y, ù	9

�¤¢�&ÿÁ�L¡§|�Cz, Canny>��

{?n9ã�w«"�. uÿ(J�ð1�óÀ-

y�(J?1'�, ©Û THz -yù	9ÅEâ�

U�`³.

2 THz±Ï59-yù	9Åuÿ�n

2.1 ���ÅÅÅ+++���)))���âââ[[[ÅÅÅ���nnn

ã 1 �� Å + � ) � â [ « ¿ ã. � Å

+ (BWO) S�3r^|!9Ò4!�4!Î/

~�(�±9ÍÜÅ�. d9Ò4u�Ñ>f, >

f3r^|¥ÉâÔ[å�^à�. à���>
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f²LÎ.~�(��Ýeü, �����4. >

f�Ý�UC¬Ë�Ñ>^Å, Ù���>f$Ä

����. >^Å�Å�ÍÜ±ÑÑ�gd�m.
ÑÑªÇ�ûu>f��Ý, ����3 (0.05—
1.5 THz), >f��Ýd\13>4m�>Øû

½ [12,13].

NS

(0.05-1.5 THz)

ã 1 �Å+�)�â[«¿ã

�Å+�)� THz ÅÏLà¯Lßºà�3

áÅæ�Á�L¡,áÅæ�áÂ THz Uþ/¤L

¡9
, 9þ±9Å�/ª�Á�SÜD4. ��

�Å+±Ï5�ÑÑ THz, �:?�9þ��±Ï

5�Cz, Á�SÜ"�?��"�?¬kØÓ�

9Å�A.

2.2 ±±±ÏÏÏ555999---yyyùùù			999ÅÅÅuuuÿÿÿnnnØØØ���...

9D��§� [14]

∇ · [κ∇T (r, t)] − ρcv
∂T (r, t)

∂t
= −f(r, t), (1)

T (r, t) ´ u r ? t ���§Ý, f(r, t) ´9
�

§, κ(W/m·K) ´9D�Ç. �Ý ρ (kg/m3) �'9 cv

�¦È´N9N, 9D�Ç κ �N9N�'�½Â

�9*ÑXê α (m2/s),=

α =
κ

ρcv
, (2)

)�§ (1) �÷vü�>.^�, =>.§ÝëY

^� T1 = T2, Ú>.UþÅð^�:

κ1∇T1 · n = κ2∇T2 · n. (3)

�?Ø��9D�, ¿b½�uÿL¡Ã9��,
>.�§ (2) �{z�

[

∂T (x, t)

∂x

]

x=0

x=d

= 0. (4)

éuü�ªÇ�±Ï9
, �§ (1) ¥ f(r, t)

�±��

f(r, t) = f(r) e−iωt, (5)

�uÿÔL¡§Ý T (r, t) �äk�Ó�/ª. Ï

d, �§ (1) {z�

∇2T (r) − q2T (r) = −f(r), (6)

Ù¥ q ½Â�

q =

√

iω

α
= (1 + i)

√

ω

2α
. (7)

?�Úb½9
´��^u�Ã��ÔNL¡

= x = 0 ?��u²¡9
, @o�§ (6) �)�

T (x) = T0 e i(qx−ωt). (8)

§Ý©Ù¼ê�Ù¢êÜ©

T (x) = T0 cos

[
√

ω

2α
x − ωt

]

e−
√

ω

2α
x. (9)

�±À�üÜ©, �Ü©´{uÅ, Å��

λ = 2π

√

2α

ω
. (10)

�Ç�

v =
√

2αω. (11)

,�Ü©��êP~Ü©, �9Å30�¥D

Â�±�ê/ª¯�P~, 9*Ñ�Ý µ ½Â�9

Å�Ìü��5� 1/e�Bß�ål, Ïd,

µ =

√

2α

ω
. (12)

(10),(11),(12)ª`²3ü�ªÇ±Ï9Å3�½0

�¥�DÂ�, 9ÅªÇ�p, DÂ�¯, rÝP~

��¯, Bß�Ý��. Ïd, 3¢Suÿ¥, AT

�â"��Ý, ÀJÜ·�9-yªÇ, ¦9-y

U
Úå"�?�ªÇ�A, ��uÿ�8� [15].

�u9
�nØ�.��{ü, �3¢Suÿ

¢�¥�J¢y, Ï~æ^�Å�O.

2.3 uuuÿÿÿXXXÚÚÚ���ïïï���nnn

uÿXÚ�ï«¿ãXã 2 ¤«, ^ BWO X

Ú�� THz 9-y
, du�) THz õÇ�, ^à

¯Lßºé THz Åà�, éÁ�L¡"�?Ú�"

�?©O?1±Ï59-y, '�uÿ(J, �±

¢yéÔNSÜ"�?1½5�uÿ9µ�.
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3 THz -yù	9¤�uÿXÚ

T¢�XÚÌ�dnÜ©|¤:THz Å�)X

Ú, THz Å9-yXÚ, ù	9Å¤�XÚ.
��ª BWO ¤�XÚæ^ 550—710 GHz�

Å��ì
. 1ål�Å��ìÑ�, k²ªÇ

� 10 Hz �ÍÅìN�, ,�ÏL7¡, ��å

� 20 cm!�»� 30 cm�à¯Lßºà��Á

�þ, l
¢yéÁ��9-y. ù	9�¤´

�e.9�¤, §Ý©EÇ� 0.02 K, ã���

� 320×240 ��, ¯aÅã� 3.7—4.8µm, æ8ª

Ç�æ8�m�±¢�N�. XÚ��¢Ôì¡X

ã 3 ¤«.

 

THz

f

f
 BWO 

 

ã 2 THz 9-y�ù	9ÅuÿXÚ

ã 3 XÚ��ì¡

4 ¢ �

4.1 ÁÁÁ���000���

Á��%n�EÜá�Ä.æCáÅæ�, X

ã 4 ¤«, Tæ�¥¹k�þ��%�¥. �%�

¥´�«ÕA
5U­½�¥��âá�, duä

k�â[!¥�!��!pr!F�!Fp§!

�§ý9!ý�{-�õ«5U, ~��EÜá�

�W�, 3ïá!�7!Ê�ÊU!Å�!Ôn!

zÆ!>ý�9�¯�+�2�A^. �%�¥g

�¿ØäkáÅA5, %´��áÅá��ûÐÄ

á. æ�eîk<ó"�. Á�º�ÚÄ.!æ�

þÝ�L 1.

L 1 %n�Ä.áÅæ�Á�º�!Ä.þÝÚ�æ���þÝ�

º�/cm2 Ä./mm
æ�þÝ

�� 1/mm �� 2/mm �� 3/mm

15 × 14 12 0.2 1.2 2.2

2.2 mm 

1.2 mm 

0.2 mm 

5
6
.9

5
m

m

 

3
7
.5

m
m

 

5
6
.5

5
m

m

 

1
5
0
 m

m

140 mm

(a)

(b)

ã 4 %n�Ä.áÅæ�Á� (a) ¢Ôã; (b) (�ã

4.2 ¢¢¢���(((JJJ999©©©ÛÛÛ

�Å+ (BWO) æ^ QSI-370.Òu�
, ��

u�õÇ� 17 mW,rÁ��u�â[Å�:?,

éÙ?1ªÇ� 0.1 Hz�±Ï59-y.
du�guÿ¡È�, À�é<ó"� �?

Ú�"�?©O?1 THz 9-y, '�¢�(J.

Äk, é 0.2 mmþæ�?1uÿ. �
Bu'

�"� �?Ú�"� �?9&Ò, À��â[

9-y�m�Ó�üÌ~�µ9ã�, Xã 5 ¤«.

lã (a) �"�?Ú (b) "�?�9ã��±wÑ,
3 THz -ye, "�?�9&Ò�&D'�pu�

"� �, `²"�?�9*ÑXê�, é9þ�

��pu�"�«�.
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(a) (b)

ã 5 17 mW THz-y~�µ9ã (a) �"�?¶(b) "�?

(a) (b)

ã 6 Canny�{?n�9ã (a) �"�?; (b) "�?

é¢�(J�?�Ú?n, ¡."��uÿ,
Ì�´ÿ�"��>�, l
�ä"����! 

��&E. |^ Canny>��fÈÅ, ?n9ã�.

T�{�âé&D'�½ ¦È?1ÿÝ, ���

`z%C�f.

Canny>�uÿ�{L§�):

1) ^pdÈÅì²wã�;

2) ^�� ��k��©5O�FÝ�Ì�

Ú��;

3) éFÝÌ�?1�4��³�;

4) ^VK��{uÿÚë�>�.

æ^ matlabóä, ¢y Canny�fÈÅ���

�9ãXã 6 ¤«, �±w�?n��9ã�"�

?��"�?�3²w�O, `²éu±Ï5 THz
9-y, "� �kØÓu�"� ��9Å�A.

þ ã ´ é 0.2 mm þ æ � e " � � u ÿ (

J©Û. uÿ(J`², �â[Å��9-y


é 0.2 mmþáÅæ�e"�?1ù	9¤�uÿ

äk�½��15.

é 1.2 mm, 2.2 mmþæ�e"��uÿvk

uy9É~.

4.3 ���ððð111���óóóÀÀÀ---yyyuuuÿÿÿ(((JJJ???111'''���

ã 7�éÁ�?1ð1�óÀ-y 1.2 s��

��9ã�, ¢�¤^�ð1�Uþ� 9.6 kJ,óÀ

°Ý� 2 ms.

lð1�óÀ-y�uÿ(J¥�±w�, n

�ØÓæ�þÝ (0.2 mm,1.2 mmÚ 2.2 mm)�Ä

."�Ñwy
Ñ5, Ù¥, 0.2 mmþæ�e"�

�>�Ó+���ß, 2.2 mmþæ�e"�du9

*Ñ, >����
. 
�â[-y9Åuÿ, du

ÉõÇ���, vkuÑþ 1.2 mm, 2.2 mm�æ�

e"�.

4.4 ??? ØØØ

�â[Å��9-y
é%n�Ä.æCá

Åæ�e"��ÐÚuÿ(J`², �Ük��ã

�?nÃã, �â[-y9ÅEâU
uÑ 0.2 mm
þ�æ�e"�, duõÇ���,�UuÑ�þ

æ�e�"�. 3uÿUåþ, �Eâ��¤Ù�

ð1�óÀ-y�'�ké���å. ��X THz
Eâ�uÐ, THz u�
�U?, ±Ù��9
�

ù	9ÅEâ�ò?�ÚJp. nØþ^ THz ��
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9-y
, kXe`³:

0.2 mm

1.2 mm

2.2 mm

ã 7 ð1�óÀ-y9ã�

1) L¡���ù	9Åuÿ, XJL¡\9U

þLp, ¬òÙ�¤
»��uÿ�. 
 THz ��

Uþ3Ø���uÿ��cJeUk�uÿÑL

¡½SÜ"�.

2) 3uÿ,
é��1¯a�á��, ^ THz

9-yU
;�éÁ�E¤�gÀ/.

3) ��1-y�óÀ°Ý°, �Î¦þ?, l

L¡éC�(�&E  duó°�°
�ùî

K. 
 THzóÀ°ÝÄ,��¦þ?, X^�õÇ�

â[óÀ9-y, ÄóÀU
�&ÿCL¡(�&

EJø�U (X��æ��þÝÿþ).

5 ( Ø

�©}Á|^�Å��ì (�Å+, BWO) �

â[
, é�¬ýî"��%n�Ä.áÅæ�

�?1±Ï5�â[Å9-y, ù	9�¤ëY

*ÿÚP¹Á�L¡�§|Cz, Canny>��

{?n9ã�, ¤õuÑ 0.2 mmþÝæ�e�

"�, ÐÚ¢��y
 THz ù	9ÅuÿEâ�

�15. �du�â[
õÇ���, vUuÑ

þ 1.2 mm,2.2 mmæ�e"�, uÿUå��é

¤Ù�ð1�óÀ-y�'k�½��å. ��

X THz Eâ�¯�uÐ, THz 
õÇ�ØäJp,
9-y�ÇÚuÿUå�¬k¤Uõ, ÙÕA�`

³7Uÿ°ù	9ÅÃ�uÿEâ�A^��.
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Abstract

This work aims at developing a new excitation method for thermal wave nondestructive test(NDT)–Terahertz excitation.In the

paper we introduce a theoretical model of heat conduction for periodical THz excitation. BWO (backward wave oscillator) terahertz

source is employed to heat a carbon fiber plate with wave absorbing coating, surface temperature variations and distributions are

captured by an infrared camera, and Canny edge algorithm is used to process thermal images to show the defects. Result of flash pulse

thermography serves as comparison, and the advantages of THz thermal wave NDT are discussed. The combination of THz technology

and infrared thermal wave NDT is realized.

Keywords: thermal wave imaging, THz excitation, backward wave oscillator (BWO), nondestructive testing
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