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=@ =yu; "OvOQm xar=]t |OOa w |r}rLD VwQ x@ (Nd : YVO4) C=O=v=w %sw}Ow�v
|vwv=m pw] w VvD `} RwD '=tO `} RwD 'Qwr@ |Oa@ xU OwOLt <=RH= p}rLD R= xO=iDU=
"OvOQm xU}=kt |@ QHD G}=Dv =@ =Q OwN G}=Dv TBU w x@U=Lt =Q |}=tQo |oOW|UOa
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|oDN}ov=Q@ wVtOCLD [5]|}xWwo w [4]|rw] [3]'|[Qa VwQ u}OvJ x@ u=wD|t
Tr=BOvJ =} Tr=BlD 'xDUw}B pmW x@ u=wD|t =Q VtO 'QR}r O}rwD Ov}=Qi QO "O=O Q=Qk
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CQ=QL `} RwD '|Ur=B VtO CLD |=yQwr@ |t=tD |=Q@ u}W}B |=yC}r=ai QO "OwW
OwOLt <=RH= |=yQ=Ri=sQv R= xO=iDU= =@ w x} Qwi CQ=QL p=kDv= pOt T=U= Q@ VvD w
w x} QwiQ}e CQ=QL p=kDv= pOt R= xO=iDU= VywSB u}= |Qw;wv "CU= xDiQ}PB s=Hv=
|}xLiY |QR}r Qwr@ QO VvD w CQ=QL `} RwD u}}aD |=Q@ '\@DQt uw}UqwtQi x�=Q=
CQ=QL p=kDv= |U} QD=t CqO=at =OD@= Qw_vt u}O@ "CU= |Ur=B |=yVtO CLD
xOt; CUO x@ VtO CLD Qwr@ |=Q@ OwOLt <=RH= VwQ j} Q] R= xm 'x} QwiQ}e
|DQ=QL Q=@ uDiQo Q_v QO =@ TBU "OW Oy=wN x@U=Lt Qwr@ QO =tO `} RwD w 'u}}aD
x@U=Lt Qwr@ QO =yVvD `} RwD 'xR=U |=Q@ OwOLt <=RH= l}DUq=wtQD |Ov@pwtQi w
CUmW |=yu=wD 'xDiQo s=Hv= l}UqmQ}e C=@U=Lt T=U= Q@ C}=yv QO w xOW

"O};|t CUO x@ Qwr@

|R=UpOt "2
O=a@= "CU= xOW xO=O u=Wv 1 pmW QO |rw] VtO CLD |}xLiY Qwr@ |xUOvy
QR}r \UwD |Q=vm K]U R= VtO w CU= 12mm� 1mm� 10mm xa]k u}=
"CU=VtO wDQBCyH u=ty QR}r |HwQN wDQB Q=WDv= |=DU=Q "OQ}PB|t s=Hv= |Ow}O

"CU= uoty x QwLt O=ODt= QO VtO wDQB COW u}vJty
OQ=O |}q=@ CiQty ?} Q[ 'xLiY u}}=B w q=@ Kw]U |wQ CQ=QL p=kDv=
Q@=Q@ u}}=B w q=@ Kw]U |=tO xm CU= |}xvwo x@ u; QO |DQ=QL |RQt \}=QW w
Qwr@ |x}rw= |=tO "CU= QiY pO=at Qo}O Kw]U R= CQ=QL p=kDv= w T = 293K

|}=Hx@=H 'xR=U |}=Hx@=H |RQt \}=QW |=Q@ "CU= u} wrm |xHQO 293 Q@=Q@ R}v
pO=at K]U Qy QwLt Q@ Owta |=DU=Q QO �|HwQN K]U RH x@� Kw]U |t=tD

"CU= QiY
xOy=Wt 2 pmW QO u=wD|t =Q Qwr@ Q@ OQ=w |rw] VtO R= l}D=tW |=tv l}
C}i}m ?} Q[ =@ |Uwo ẁv R= |rw] VtO |=Q@ xOW xDiQo Q_v QO pOt "OQm
|rw] C}akwt |xrY=i hqDN= R= |a@=D CQwY x@ xmr |xR=Ov= "CU= M 2 wDQB
%OwW|t h} QaD 1 |x]@=Q CQwY x@ 'xmr xR=Ov= u} QDsm C}akwt w �z C}akwt�

w(z) = w0

s
1 +

�
M 2�p(z � z0)2

n�w20

�2
(1)

Qtm xrY=i z0 'Qwr@ CUmW ?} Q[ n 'VtO wDQB xm} Q=@ Qtm `=aW w0 u; QO xm
"CU= O=R; |=[i QO VtO Gwt pw] �p w VtO |OwQw |xLiY =D xm} Q=@

"|rw] VtO CLD Qwr@ |xUOvy "1 pmW

w xOQm |UQQ@ 'OQ=O Q=Qk |@v=H VtO CLD xm 'C=O=v=w %sw}Ow�v |}xLiY Qwr@ Q@
wDQB wO uDiQo Q_v QO =@ "Ov=xO=O s=Hv= 2|UwoQB wU wDQB hrDNt ?D=Qt u}@ |}xU}=kt
CQ=QL w VvD [13]u=Q=mty w O}rN 'xiQ]wO |rw] VtO w 4|yqmQU w 3|Uwo
OwOLt <=RH= VwQ R= xO=iDU= =@ =Q (Nd:YAG) n =} %sw}Ow�v |}xr}t Qwr@ l} QO
"OwW s=Hv= |Q=m lvN C=}rta =D OW x]=L= ?; \UwD |}xr}t Qwr@ &OvOQm p}rLD
x@ =yxQo QO =Q VvD w VvQm '|}=Hx@=H xOt; CUO x@ |DQ=QL `} RwD j} Q] R= =yu;
x@ '|Uwo x@ |yqmQU Cr=L R= S=BtB Q}}eD xm OvO}UQ xH}Dv u}= x@ w OvOQw; CUO
C}akwt QO |v=OvJ C=Q}}eD 'q=@ ?PH CQOk w u}}=B S=BtB `=aWC@Uv QO XwYN
x@ VvD xv}W}@ C}akwt 'AtB `=aW V}=Ri= =@ u}vJty "Ovm|tv O=H}= VvD xv}W}@
C=QF= [14]u=Q=mty w |}=@=@ '|Ur=B VtO |xv}tR QO "OwW|t C}=Oy =yxQ=vm CtU
x@ n =} %sw}Ow�v |}xLiY Qwr@ |wQ =Q |rw] |xDUw}B w |Ur=B VtO |m}v=mtwtQD
p=ai \}Lt QO =Q =tO `} RwD [15]u=Q=mty w nv=S "OvOQm |UQQ@ OwOLt <=RH= VwQ
"OvO=O Q=Qk |UQQ@ OQwt x} Qwi |x} Q_v uDiQo Q_v QO =@ |rw] |Ur=B VtO CLD
|}=tO C=Q}}eD 'OwOLt <=RH= VwQ =@ w '|DQ=QL |Oa@xU pOt l} R= xO=iDU= =@ =yu;

"OvOQm |R=Ux}@W =Q p=ai \}Lt QO
u=tR xJv=vJ '=QPo |D}=Oy CQ=QL p=kDv= |UQQ@ QO xm OyO|t u=Wv C=ar=]t
|@U=vt CkO =@ Ov=wD|tv x} Qwi |x} Q_v 'OW=@ xHwD p@=k Ot=H \}Lt V}=U;
C}=Oy |x} Q_v R= CU= sRq wQu}= R= "Ovm x@U=Lt =Q xOW `} RwD |=tO xv}W}@
l} [16]u=Q=mty w nv=S xv}tR u}ty QO "OwW xO=iDU= �x} QwiQ}e� l}UqmQ}e
xt}v |xLiY |=Q@ x} Qwi Q}e C}=Oy CQ=QL p=kDv= pOt T=U= Q@ |r}rLD pL
p=kDv= |xrO=at |=v@tQ@ |m}v=mt pOt "OvO=O x�=Q= |QR}r VtO CLD C}=yv|@
|=tO `} RwD w |DQ=QL |RQt \}=QW |=Q=O w xOt; CUO x@ x} QwiQ}e C}=Oy CQ=QL
x@ pmvy w TqBq Cq}O@D R= xO=iDU= =@ MU=B p}O@D "CU= K]U QO CN=wvm}
"CU= xOW x@U=Lt |}=yv MU=B '|Q}oTwmat VwQ j} Q] R= TBU w xOt; CUO
|yHwD p@=k Cw=iD xm xO=O u=Wv x} QwiQ}e VwQ w x} Qwi VwQ R= xOt;CUO x@ G}=Dv
|yvsyQ@ VwQ R= xO=iDU= =@ [17]u=Q=mty w |Q@m = "OQ=O OwHw VwQ wO u}= u}@
l} QO |wrwrPy CQ=QL p=kDv= |xrO=at |=Q@ |r}rLD pL l} 'Q=DN=U |x} Q_v w
p=kDv= ZQat QO Qo}O CtU R= w j}=a CtU l} R= xLiY "OvO=O x�=Q= xLiY
R= xO=iDU= =@ [18]u=}Dty w OQi |v=wQUN "OQ=O Q=Qk \}Lt =@ |}=Hx@=H CQ=QL
xO=iDU= =@ =Q |QoxDN} Q Ov}=Qi QO l}UqmQ}e CQ=QL p=kDv= 'wv=D=m � pwUm =t \@=wQ
p=kDv= Q@ =Q V}=U; u=tR Q}F-=D =yu; "OvO=O Q=Qk xar=]t OQwt 5xm@W uwO@ p}rLD R=
x} QwiQ}e w x} Qwi |=yx} Q_v u}@ |}xU}=kt w xO=O Q=Qk xar=]t OQwt \}Lt CQ=QL

"OvO=O s=Hv=
QO CQ=QL `} RwD 'x} QwiQ}e C}=Oy pOt uDiQo Q_v QO =@ [19]u=Q=mty w wHWv=O
ZQat QO xm =Q (FGM) |a@=D GQOt O=wt |r=NwD OwOLt=v |Oa@ wO QOvr}U l}
|v=tR Q}N-=D pOt |Q}oQ=m x@ =@ "OvOQm u}}aD 'OQ=O Q=Qk u=tR x@ xDU@=w |DQ=QL `@vt
C}=Oy p=kDv= |UQQ@ x@ [20]|tqe w |t}_a '|OOa |=yVwQ R= xO=iDU= w OQivt
VywSB QO "OvDN=OQB |a@=D GQOt |xO=t R= pmWDt xv=wDU=l} QO x} QwiQ}e |DQ=QL
'uotyQ}e |=yQDt=Q=B Q}F-=D w xOQm Q}}eD xDUw}B w |v=wD CQwY x@ O=wt X=wN QwmPt

"CU= xDiQo Q=Qk |UQQ@ OQwt |v=tR Q}N-=D w |QUm x@DQt
CQ=QL p=kDv= |x} Q_v R= xO=iDU= =@ |QR}r |=yQwr@ |m}v=mtwtQD Q=DiQ QDV}B
u=Wv '|DQ=QL AD CLD w =QPo p�=Ut OQwtQO "CU= xDiQo Q=Qk |UQQ@ OQwt x} Qwi
CQ=QL `} RwD R= |@U=vt |v}@V}B Ov=wD|tv x} Qwi |x} Q_v R= xO=iDU= xm xOW xO=O
VtO CLD |=yp=DU} Qm QO u}=Q@=v@ "OW=@ xDW=O =tO xv}W}@ w u=tR x@ xDU@=w
CU= sRq 'u; x@ xDU@=w |=yxO}OB w |m}v=mtwtQD Q=DiQ QDj}kO |UQQ@ |=Q@ '|Ur=B
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Ovyt VtO h}YwD |=Q@ |Uwv}Um `@=D R= w CU= |}xQwO |Ur=B CQwY x@ VtO
%CU= 4 |x]@=Q j@=]t |Uwv}Um `@=D sQi "CU= xOW xO=iDU= |}xQwO |Ur=B

f(t) = 1
2
�

1� cos
�2�t
d1

��
(1�H(t� d1)) (4)

O=Oa= |=Q@ VQ=Okt xm CU= |}x]@=[ OvJ w xDUw}B=v |a@=D H(t � d1) `@=D
xDiQo Q_v QO Tr=B l} |=Q@ 4 |x]@=Q "CU= 1 |ivt=v O=Oa= |=Q@ w QiY |ivt
"OwW|t `]k Tr=B u; R= TB w CU= Tr=B p=ta= COt d1 u}vJty "CU= xOW
Qw_vt x@ "CU= |r=wDt Tr=B wO u}@ |v=tR |xrY=i hQat d2 'Tr=B OvJ |=Q@

%OQm xO=iDU= 5 |x]@=Q R= u=wD|t Tr=B m h}YwD

f(t) = 1
2

mX
i=1

�
1� cos

�2�(t� (i� 1)(d1 + d2))
d1

��
�fH[t� (i� 1)(d1 + d2)]

�H[t� (i� 1)(d1 + d2)� d1]g (5)

O=H}= |Ur=B |DQ=QL |r=oJ 'C@=F |D=QQL |r=oJ `@vt QO f(t) `@=D ?Q[ =@
"OwW|t

x} QwiQ}e C}=Oy CQ=QL p=kDv= |xrO=at "2"2
QO '|Ur=B VtO CLD Qwr@ QO =tO |v=tR `} RwD w CQ=QL p=kDv= |UQQ@ s=ovy
|QwQ[ CQ=QL p=kDv= CqO=at QO =tQo Q=WDv= CaQU R= |W=v C=QF= uDiQo Q_v
QO Gwt |x} Q_v R= xO=iDU= 'OQwt u}= QO p=ta= p@=k |=yOQm} wQ R= |m} [21]"CU=
|Ur=B CQ=QL p=kDv= h}YwD |=Q@ |W}=U; Q=DiQ R= xm CU= |D}=Oy CQ=QL p=kDv=
C}=Oy CQ=QL p=kDv= |xrO=at |ak=wt u}vJ QO "Ovm|t xO=iDU= x=Dwm |v=tR xR=@ QO

[21]%OwW|t xDWwv 6 |x]@=Q CQwY x@
�cp�q

@2T
@t2 + �cp

@T
@t

= kr2T + �q
@Q
@t

+Q (6)

Q@ |rN=O |=tQo O}rwD MQv Q 'xS} w |=tQo C}iQ_ cp '|tQH |r=oJ � u; QO xm
"CU= Ot=H Qwr@ V}=U; u=tR �q w |}=tQo C}=Oy ?} Q[ k 'sHL OL=w

QO xm CU= x} QwiQ}e C}=Oy CQ=QL p=kDv= pOt |[=} Q h}YwD 6 |xrO=at
pOt R= pY=L |xrO=at =@ xrO=at u}= Cw=iD "CU= xOW ^=Lr Qwr@ |W}=U; Q=DiQ u;
|=yCQ=@a R= 6 |xrO=at QO xJv=vJ "CU= V}=U; u=tR QO 'x} Qwi CQ=QL p=kDv=
|xrO=at 'OwW xDiQo Q_v QO QiY V}=U; u=tR =} s}vm Q_vhQY V}=U; u=tR pt=W
CQ=QL p=kDv= |x} Q_v R= xOt; CUO x@ |xrO=at u=ty Qwr@ |=tO `} RwD p}Uv=Qi}O
OQov=Uty=v C}=Oy ?} Q[ |=Q=O C=O=v=w Qwr@ xmu}= p}rO x@ "Ow@ Oy=wN x} Qwi

%CWwv 7 |x]@=Q pmW x@ =Q 6 |x]@=Q O}=@ 'CU=

�cp�q
@2T
@t2 + �cp

@T
@t

= kx
@2T
@x2 + ky

@2T
@y2

+kz
@2T
@z2 + �q

@Q
@t

+Q (7)

|r}rLD VwQ R= xO=iDU= =@ Qwr@ QO =tO `} RwD |x@U=Lt "3"2
Cq}O@D VwQ x@ xrO=at 'p=DU} Qm pN=O |=tO `} RwD |r}rLD |x@U=Lt Qw_vt x@
|=Q@ xOW uoty |RQt \}=QW x@ xHwD =@ Qw_vt u}O@ "OwW|t pL TqBq w x} Qwi

"|WtO wDQB |xm} Q=@ Qtm `=aW w xmr |xR=Ov= "2 pmW

Qwr@ QO xOW O}rwD |=tQo "1"2
QO =tQo O}rwD hQY VtO u=wD R= |Q=Okt 'OW xO=O K}[wD QDV}B xm xvwou=ty
Q@ pm |}=tQo Q=@ CQwY x@ xm QR}r Qwr@ QO xOW O}rwD |=tQo |r=oJ "OwW|t Qwr@

[7]%CU= u}vJ OwW|t p=ta= Qwr@
Q1(x; y; z) = Q0exp

�
� 2y2

w2(z) � �z
�

(2)

\UwD Q0 C@=F Q=Okt u}vJty "CU= QR}r |xO=t QO ?PH ?} Q[ � u; QO xm
%OwW|t u}}aD 3 |x]@=Q

Q0 = �Pab

a s c2c2 sL0 exp
�
� 2y2

w2(z) � �z
�
dydz

(3)

u=wD Pab w x QwLt |=DU=Q QO Qwr@ pw] a 'xO=t CQ=QL O}rwD xOR=@ � u; QO xm
QO Qwr@ |m}v=mt w |m} R}i X=wN '|UOvy O=a@= "CU= xOW ?PH pm VtO

"CU= xOW xOQw; 2 pwOH QO |WtO wDQB w Qwr@ |Qwv X=wN w '1 pwOH
"Qwr@ |m}v=mt w |m} R}i X=wN "1 pwOH

Q=Okt QDt=Q=B
E = 133 (Gpa) nv=} pwOt
v = 0=33 uwU=wB C@Uv

�x = �y = 4=43� 10�6
(K�1) |DQ=QL \=U@v= ?}=Q[

�z = 11=3� 10�6

kx = ky = 5=3
W (m�K)�1 |DQ=QL C}=Oy ?} Q[

kz = 5=23
Cp = 590 J(kg �K)�1 xS} w |=tQo C}iQ_
� = 4220 (kgm�3) |r=oJ

"|WtO wDQB w Qwr@ |Qwv X=wN "2 pwOH
Q=Okt QDt=Q=B

� = 410 (m�1) ?PH ?} Q[
n = 1=82 CUmW ?} Q[
�p = 808 (nm) O=R; |=[i QO VtO Gwt pw]
� = �42 CQ=QL O}rwD xOR=@

w0 = 120� 10�6 (m) xm} Q=@ Qtm `=aW
z0 = 2 VtO |OwQw |xLiY =D xm} Q=@ Qtm xrY=i

(mm)

M2 = 50 |Uwo QB wU wDQB ?} Q[
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@
@x1
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@x2
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@x3

�T
[N�] = [N�1; N�2; : : : ; N�8] (12)

u=tR R= |a@=D fPg w fTg w xi C=YDNt x=oDUO R= |a@=D [k] w c '� =yu; QO xm
|Q]k QY=va xm CU= |DQ=QL C}=Oy ?}=Q[ R= 3�3 T} QD=t l} [K] "OvDUy
OQov=Uty=v X=wN =@ xar=]t CLD Qwr@ |=Q@ w u=Um} OQov=Uty Cr=L |=Q@ u;
j} Q] R= 9 |xrO=at pL =@ "CU=yu=tr= pmW `@=D [N�] u}vJty "CU= Cw=iDt
"OwW|t u}}aD =tO |v=mt w |v=tR `} RwD [22]'\wQWtQ}e \}=QW =@ lQ=tw}v VwQ

|}=Hx@=H w VvD OwOLt <=RH= |Ov@pwtQi "2"4"2
%CWwv u}vJ u=wD|t =Q VvQm w VvD |x]@=Q 'Qwr@ QO CQ=QL `} RwD uDiQo Q_v QO =@
� = [D]("� "0) (13)

[23]"CU= u=UWmT} QD=t [D] w 'xO=t Ov=tUBVvD w|DQ=QLVvQm "0 'pmVvQm "
xO=iDU= |SQv= |R=Uxv}tm |x}[k R= OwOLt <=RH= \@=wQ uOQw; CUO x@ |=Q@

[22]%OwW|t |HQ=N Q=m =@ Q@=Q@ p}Uv=DB |SQv= C=Q}}eD xm |}xvwo x@ 'OwW|t
�U = �W (14)

%CU= Q=QkQ@ 15 |x]@=Q u}=Q@=v@
s
V e

(�")T�dV = s
V e

(�u)T bdV + s
se

(�u)T sds

+
X

(�u)T f' (15)

|}x]kv |=yQ=@ R= pmWDt Q=OQ@ f' w VvQm |=yxirwt pt=W Q=OQ@ " u; QO xm
uOQm s}UkD =@ u}vJty "CU= QiY |}x]kv Q=@ w |L]U Q=@ OQwt u}= QO "OvDUy
%OwW|t xO=U u}vJ 15 |x]@=Q 'nv}BtO |wQ}v w |UQv}= |wQ}v x@ |tHL |wQ}v
s
V e

(�")T�dV = � s
V e

(�u)T ��udV

� s
V e

(�u)T� _udV (16)

%CW=O s}y=wN 16 |x]@=Q QO 13 |x]@=Q uO=O Q=Qk =@
s
V e

(�")TD"dV � s
V e

(�")TD"0dV

s
V e

(�u)T ��udV � s
V e

(�u)T� _udV (17)

%OwW|t xDiQo Q_v QO VvQm w |}=Hx@=H |=Q@ 18 |x]@=Q u}vJty
fug = [N ]fnge; f"g = [B]fuge (18)

8 u=tr= pmW `@=wD C=kDWt T} QD=t [B] w pmW `@=wD T} QD=t [N ] u; QO xm
[23]"OvDUy |}xQo

|}=Hx@=H C=Q}}eD uDiQo QwDm =i =@ w '17 |x]@=Q QO 18 \@=wQ uO=O Q=Qk =@
%O};|t CUO x@ 19 |x]@=Q '=yxQo

[M ]fug+ [C]f _ug+ [K]fug = fFT g (19)

QO 8 \@=wQ j@=]t |y=vDt=v |x} Qwi p}O@D xU '(zw y 'x) xrO=at |xYDNt xU
%OwW|t xDiQo Q_v

F1(f(x)) = 2
a
as
0
f(x) cos

�
n�x
a

�
dx

F2(g(y)) = 2
c
cs
0
f(y) sin m�y

c
dy

F3(h(z)) = 2
b
bs
0
h(z)cosr�z

b
dz (8)

Cq}O@D p=ta= =@ "OvDUy |y=vDt |x} Qwi Cq}O@D |=yT}Ov= r w m 'n u; QO xm
2 x@DQt |]N p}Uv=Qi}O |xrO=at l} '7 |xrO=at |wQ 8 |x]@=Q QO xOW x�=Q=
p=ta= w TqBq p}O@D j} Q] R= xrO=at u}= pL =@ xm OwW|t O=H}= u=tR x@ xDU@=w

"OwW|t u}}aD Qwr@ QO =tO |v=tR `} RwD '8 |x]@=Q Twmat Cq}O@D

OwOLt <=RH= VwQ x@ VvD w =tO p}rLD "4"2
QO xm CU= sUH |Ov@xm@W OwOLt <=RH= VwQ x@ p�=Ut pL |=Q@ s=o u}rw=
|Ov@xm@W '=yxWwo QO xQo CWy =@ |r}]DUt ?amt <=RH= R= xO=iDU= =@ 3 pmW
CW=O s}y=wN xQo Qy QO |O=R; xHQO l} =yvD |DQ=QL p}rLD QO "CU= xOW s=Hv=

"CU=tO |O=R; xHQO u}= xm
w x |=DU=Q wO QO xOW xDiQo Q_v QO pOt |Q=PoQ=@ w |UOvy uQ=kD p}rO x@
QO QiY |DQ=QL Q=W |RQt \QW w OwW|t xDiQo Q_v QO pOt sQ=yJl} =yvD 'y

"OwW|t p=ta= yz w xz C=LiY =@ |R=wt |xLiY wO
CQ=QL OwOLt <=RH= |Ov@pwtQi "1"4"2

x@ OwOLt <=RH= |}=tQo |xrO=at '7 |xrO=at |xOW h}a[ sQi R= xO=iDU= =@
[21]%OwW|t u}}aD 9 |x]@=Q CQwY

[MT ]f �Tg+ [CT ]f _Ttg+ [KT ]fTg = fPT g (9)

Q=OQ@ w |v=tr= |=yT} QD=t "CU= u=tR x@ C@Uv jDWt Qou=Wv x]kv Ctqa
%OwW|t x@U=Lt u}vJ xOW O}rwD |DQ=QL |Q=PoQ=@

[MT ]e = s


�c�q[N�]T [N�]d


[CT ]e = s


�c[N�]T [N�]d


[KT ]e = s



[B�]T [k][B�]d


fPT ge = s


Q[N�]T d
 + s



�q
@Q
@t

[N�]T d
 (10)

%xm
[B�] = [L�][N�] (11)

"Qwr@ |Ov@xm@W "3 pmW

128



2x
Q=tW

'34
�3

|xQ
wO'

�13
97

R}}=B
�h

}QW
l}

v=mt
|U

Ovyt u}=Q@=v@ "CU= QiY Qwr@ |=yCtUk |t=tD QO |WQ@ |=yVvD u}vJty "CU= Qo}O
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xm |r=L QO "OUQ|t V=xv}W}@ x@ Q=oOv=t Cr=L R= V}B |v=tR QO |rY= VvD
pOt QO "ODi=|t j=iD= =}=B Cr=L QO VvD xv}W}@ 'x} Qwi CQ=QL p=kDv= pOt j@]
QO |DQ=QL V}=U; uDiQo Q_v QO R= |W=v xO}OB u}= ẁkw 'x} QwiQ}e CQ=QL p=kDv=
w =tO uDiQ q=@ x@ QHvt xm CU= xOvvmlvN \}Lt =@ QDsm CQ=QL p=kDv= w Qwr@
xv}W}@ ẁkw l}UqmQ}e pOt QO "CU= xOW =}=B u=tR R= p@k |DQ=QL |=yVvD
u=R}t R= QDnQR@ u; COt w ODi=|t j=iD= Tr=B 181 OwOL CWPo R= TB VvD

"CU= Qwr@ V}=U; u=tR
w yz |xLiY QO pw= |rY= VvD 7 pmW QO w '=tO QwDv=m 6 pmW QO
V}=tv 'OyO|t MQ |rY= VvD u} QDW}@ xm |v=tR QO �xLiY RmQt QO� x = 0
|OwQw |xLiY QO |rY= VvD w =tO xv}W}@ xm OwW|t xOy=Wt "CU= xOW xO=O

"ODi=|t j=iD=
|=yu=tR |=Q@ 'VtO |OwQw |xLiY QO =tO xv}W}@ |v=tR `} RwD 8 pmW QO
V}=U; u=tR xU =@ Qwr@ QO =tO xv}W}@ "CU= xOW xO=O u=Wv Cw=iDt V}=U;
=@ xm OwW|t x_Lqt "CU= xOt; CUO x@ C=w 220 VtO u=wD QO Cw=iDt
|x} Q_v j@] xm |}xvwo x@ O@=}|t V}=Ri= =tO xv}W}@ u=R}t 'V}=U; u=tR V}=Ri=
"CU= Gw= |=Q=O '0 08 V}=U; u=tR |=Q@ =tO |v=tR xJN} Q=D Q=Owtv 'x} QwiQ}e

"Qwr@ VvD |=yxirwt xv}W}@ |v=tR xJN} Q=D "5 pmW

"yz xLiY QO Qwr@ |=tO `} RwD "6 pmW

%OwW|t x@U=Lt u}vJ wQ}v w |v=tr= |=yT} QD=t u; QO xm
[M ]e = s

V e
[N ]T �[N ]dV;

[C]e = s
V e

[N ]T�[N ]dV;

[K]e = s
V e

[B]T [D][B]dV;

fFT ge = s
V e

[B]T [D][�t](T � T0)dV (20)

w Ov=xR=U |DNU w |}=Q}t 'sQH |=yT} QD=t ?}DQD x@ [K]e w [C]e '[M ]e

?}=Q[ pt=W Q=OQ@ [�0] "CU= CQ=QL `} RwD R= |W=v |wQ}v Q=OQ@ R}v fFT ge
%=@ CU= Q@=Q@ xm CU= |DQ=QL \=U@v=

"0 =

8>>>>>>>>>><>>>>>>>>>>:

�x
�y
�z
0
0
0

9>>>>>>>>>>=>>>>>>>>>>;
(21)
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3. gaussian beam
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