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This special project is to study laser marking. Mathematical model of heat
conduction process under steady state condition on metal is developed with given
boundary conditions. Hankel transform equation is required to solve the governing
equation. The result is the temperature distribution of substrate in term of radial distance,
radius of laser beam, power of laser and other constants of specified metal such as
heat absorption, heat conductivity and heat diffusivity. The experiment of marking
process is set using a Nd:YAG laser heating on various metals such as Fe , Al and Cu.
The experimental data are compared with theoretical values. A x-y scanning system

which is one of laser marking apparatus is also developed. The marked configuration
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can be designed and controlled by computer.
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26.2.1 TZALNANNU 2 7261 (Two-level Pumping)
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2.6.2.2 TEAUNANN 3 oAU (Three-level Pumping)
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2.6.2.3 ZAUNANU 4 72011 (Four-level Pumping)
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2.6.3.1 Tlnsunmng (Monochromatics)
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Laname Slilg i uaaudides wiinisnsransresnauiidlu AV Gsmsiuasameiiiu
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2.6.3.2 URINUNANLLUEL (Directionality)
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NRRNANFundnafyaanindid (Stimulated emission) uazantsiasieannAaus o
WastallsTnandonssanifiAINTAYaunALgY AsillaIaime Rz nHARSaNUIENIT
a d‘c‘ a = N0 20’/
1nnminszan uazluiemisluiounusaninyedslouunadyinnu

2.6.3.3 lalefiaud (Divergence)
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isnduunadANInBees gyt v (divergence angle) 1avuaaiTafliues log
o‘z e = dﬁl a a = <2 i % o :l/
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2.6.3.4 Tadiufisut (Coherence)
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26.4 LaLEasluA (Laser Modes)
I v : o (Y =
waaimafazisznousaelun (Modes) #ine] SevinuriAuassnegunmenis
A=A HA A AL AN Il ma §AnAR (Laser cavity) Tasnnnsnutialfiiu 2
TupAe winiualum (Axial Modes) uaz nIuaRadalum (Transversal Modes) Tneidiss
aziatmsasa il
o |
26.4.1 usnimealug (Axial Modes)
Tussuugesame fiutaenRaaslsuuned Seiiurivenanuiian AU
wEnlin fudlenanissTouasisanunmanspn i AN N IzateANTLIILLYSS
wasun e luslauumnes LA AN UENN9N 2L AN HMLILLLTIAINANREENIN A8

a a o

anmidalum (Longitudinal Modes) 13 usnimisalum (Axial Modes) Hiias

u

26.4.2 NIUGREINA (Transverse Modes)

Tuszuureuamesingzan M, ez M, Fanghinaiuusses L sl lises
240 3 T8 AN dineuanalun (Transverse Modes) AT LazHANDILE TULMYINN
d‘ v (% o Y a I's a o o 2 [~3 !
Rendiasdae v linasulunsfaslaiyiueseanfsaislounaflsznaunqe  uanimua
Tum LasnsTLaRaTLA Taanlathen q fadaollimemeamnzdy 3 85 Auiurluad
ganunAandedlai TEM,,, Bund1 neuadsfianing-unnidn (Transverse Electro-

Magnetic) faAtluatiazlansuzunnFnaiusiagy
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TEMOO TEMO1 TEMOD2
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27 AILAILLLILNNALTEIY (Gaussian Beams)
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28 Hlanidauuaniaigas (Nd:YAG Laser)

sruLilamisnuenamas (Nd:YAG Laser) flussuuTaanawmiase fansz Ul
vileTnen et sunsuans e ssruLiniamesiFauuuiedn Na:YAG Taamsth
Slemidlelaany Nd® lUluBuiads (mpurity) 1la2a (host) tesdnvisemezgiilennd
W (Yttrium Aluminum Garnet ;YAG ; Y,ALO,,) uaatae i lfeanunifinannisifinyszm
nsuNEfis (population inversion) YavazAaNiilafiew M lERe sz st 1E
Tnams¥unlatuasnifiussquiaduan (Xenon flashlamp) Alrnmdiureuaigs ¥ms
Huurinaniilafidlonusn (Nd:YAG rod) e Nd:YAG HlanasiTilunisganauuadluein
mm?‘;ummﬁqmmLﬂnm”uﬁ”lﬁ]’mﬂ%uﬂmmﬁLmuﬁmfaﬂﬂm usITa TR

NG:YAG azilnueinanau A= 1.0641 Lm 7igaaugiivias (T ~ 300 K) uadiamaiiinaan

a

5211 NA:-YAG Feld 2 wwufe wwufifludad (pulse) wazuuusaiioy (continuous

wave,CW)

Energy (eV]
F

2 - : E4

Fast ||

g : ILietastable state
TYVYY YYYVV)
”_ o (tsp = 2.4x10-4 5]
: ; Laser action - 1.064pm (0.26€V)
» El
l Fast (tsp =8x10-5s)
o :

EQ

Nd-TAG laser system
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2.9 msvindeyansal (Marking)
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Favi I lunsindudnuniseaiaima s 3 fessialilil

2.9.1 NIMULANNVTEN1IUNZAAN (Engraving)

2.9.2 & aneiluuneniNFsng (Dot matrix marking)

2.9.3 nvnawWutiinan (Mask imaging)

2.91 MSTNLARANNNIANSUNEAAN (Engraving)

nnsunzadnaaaasazAdtTUN sunzadnnanarnans luntliamesazgn
Wil “lalns-ind” (micro-mill) WevinsasasLLEnu lunszuaunisnsia iaimeiazyinll

ay [=1 = o ] 1 ] dll ¢£‘ | v
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fanidulngAnnssaiieegdnriidnsuanndn 30 giadunA nannasivin aunm
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2.9.3 MSYNAINUTAINN (Mask imaging)
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a o lﬂ' Y o lé v -8 o 1 v ‘ﬁl 3 o 2%
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Aoaud  Laudaza AT NUWEUANTUAZAATLIARIANS  TINANIUTIBUAITETES
L o e = L 5 Tl =
Resnaazindeniendulasuudasluduasaanaindas nMwuriinnazgnaieau meliald
mIARNaNAANEYAA

Nd:YAG tawgefaz lunniigalunsindrydnend ustacinslsfimuiaime SHanas
ugafgunsalindydnnlldnaliReulaidve

Nd:YAG alasiiin Q-switched axlflfAlunsuns&an (engraving) WazN1g

M&uANEILLLAONINGINT (Dot matrix marking)
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3 - N 8 -
4 - NN NN -
5 : y N9 :
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7 - E = NN
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AR 2.3 ugAELNIINLTesnaaa uisssaneaimes WeldiuntmezsuLy
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2.11 N15M 8255 WLl ISA bus
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a o v @ ' IS a o [ 9% v
mngﬂm 3.1 URZ g‘l_I‘V: 32 LAAS LFIALGT ANNTENATULAUALTATARIAANNLIN T

o a

Seil r aNLMReInRdAIMI 2z = 00 (Semi-infinite Slab) HeAUAvLAITETHN

£ v | = = S g =
NITVLTINAY AMNTAURCLLNN ?:’Qﬁﬂiﬂnﬂw AN TN Tlasseutiazidunisdne

nisnszatsaniauiiinanunasiuilamaef e lininisnszaneve gl

(Temperature Distribution) n1glsianiazassia  (Steady State Condition) Tmﬂﬂﬁ_jmﬂ%’l’

a v U ' z
annfguidesieli il

1. nnszansAufaunglulanzininainnisunAInsets (Heat Condition) win

P
2. Amannaades Wy Thermal conductivity : k , Thermal diffusivity : o, A1

1% o P |
ATTHIAIMNTAUINUNWIE Cp HANPIN

a -al' v =2 v &I < o :
3. UTLITUNAINNIAUN ‘j‘i’ﬂﬂﬁllﬂ INUBRENIN  HAMELINLTUIAUDITUNNY

4. fusdawasgnilszanulidacudivad 1= 1, aneluiad r aedussuuwn

FBMANNZEN AT STUULAUEI9S M NNIZUen (Cylindrical Coordinate)

mnzﬁuuﬁgmmﬁwﬁ AUNNTNIHEIANTEU (Heat Conduction Equation) ne

WWan1zaasia@enleidu

Governing Equation

2
La_(r” (r,z)ija A= o (3.1)
r or 0z

|
=

InedSeuluauiam (Boundary Conditions) 6iail

o orT
ey —k——=4l,= f(r) (3.22)
0z
772 = o LA (3.2b)
Oz ;
ir = AL (3.2¢)
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ANIUAENNN9T (3.1) @runsannldlnennslt Hankel Transform

T(8,2)= [, (B)T (v, 2)dr (3.3a)

ta> Inversed Hankel Transform

T(r.2)= [, ()T (8.2)de (3.3b)

W1 ] (Br)x aunis (3.1) azlel

(r,z)rJO(ﬂr)zo

f 0 (—OF o'T
: 6r(r_6—r~ r z)]rJO(,[i'r)+aZ2

jg_[%T.()]J(

Inens8uningaLNdaw (By Part Intergration)

= o0 (3.4)

Judv =uy— Jvdu

(22l v = r) =2 ()

nnauMs 3.4) ald

182, _j gy (ﬂ’)m " jr,/ (Er)T(rer = o




1N

L, @) = =

221871 Tudruves

d d X _d_ d‘]o(ﬂr)
E{rﬁ‘]‘)(ﬂ'ﬂ 2 dr{ﬂr d(ﬁr)}

= g (0]

o ZP—$ T (AN

d(pr)
Hazn
ill‘(x"Jn(x)) = X, ()
dx
AL P IS =\ —B*r. r
2z 1@ 'Bd(ﬁr)w J(Br) = B (Br)
7 N preapellir 22 p,2) = 0

"l .l
T(ﬁaz)_ﬂzT(ﬁaZ) =2
Z
FIAPALIBIRNNNT (3.6) agluglannis (3.7)
T(p,z)=Cie” +C,e™**

RINANNNT (3.2a) AT (3.3a)

—kiJT(r,z)rJo(ﬂr)dr = J-AIOrJO(ﬂr)dr
0z 5

21

(3.6)

(3:7)



-k T(p.2) = F(p)

INANNIT (3.2b) UAZ (3.3a)

k2 [T (r,2)ra, (r)dr
0z -

QINANNIT (3.7) LAZ (3.8b)

RMNANNNT (3.7) LA (3.83)
IEL. -

0z

—k|C\ e’z —C e |,
k|-G pet==""7( p)

_k[_czﬂ] =

Azls @ e

7(8)

22

(3.8a)

(3.8b)

(3.9a)

(3.9b)
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Fufunapananni? (3.7) deulsinagy

Gl

a=lg

fvuals

a1l

T(ﬂ,z)zcze*/“:%?e'ﬂz (3.10)
@) = Al
f(B) = :jfv)rJo(ﬂr)dr
= ijIOrJO(ﬁr)dr
TR s MAE TS A i T o= uw
wddl . fai 0 \du. = (1/w).dr

QNnANNIIN1TeUAINIAAaY Bessel Function

;<15

1
jx"”J‘. (ax)dx = s (@ ;[Rev>1]

0

AI(,wero(ﬂr)dr = Ay [(uw) o (Brw)welu

1
= ALw* u (@ w)du i a=pw
0

AlwJ (@)
a

AW J, (Bw)
pw

Al wJ  (Sw)
B

Algwdi (B1) (3.11)
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QINE&NNNT (3.10) waz (3.11) azld
Alw] (Bw)e ?
kﬂz

ANU8aNNINSYANETegaM)RTTuiL rz i ilaen1sld Inversed Hankel Transform riu

T(B,2) (3.12)

aunng (3.12) azld

T(rz) = [ (BNT(B.2)dB

i Al wr ('-3[.]0(,6’r).]1(ﬂw)e'5Z ap (3.13)
k 9 ﬂz
RINANNIINTAUNIINIAUAY Bessel Function
f Al BN A N
s 5 i I(v+1)
il“(l+,u+v+2m)

) m'F(/1+m+1)

F(—m,—ﬂ*m;VH;f—)(_ & j  (3.14)
IBZ 4a2
Tnei [Re(/l +u+v)>0,Re(a iff tiy) > 0]
RINANNIT (3.14) azldidn

A= -1, e preafueeee 0" Y =W, Y= [

LAZAINANNNT (3.13) Az l&

X

Alowr | -Bivt vt gAY & /1+,u+v+2m)
T el 0 ;l A—p—
e k { oh+1) Z[ T (s + m+1)

F(—m—pu—m;v+1, 7)(_ 'BZ) :l} {3.15)
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QINANNIT (3.15) wWudn A msiaas T(r,z) aglugilres Gamma Function : ['(x) ua:

2 2Ny ;
Hypergeometric Function : F(—m,-,u—m;v+1:—7—2)[—4ﬁ7j Fauieridundidau
a

B
atinglsfimn namAnT(r,z) Wgluuusasaansnsoinldlaanisiszanns (Approximation)

ad v . < | . d’ o a '
LazA5N19MN Numerical Calculation ?NLﬂuLLNu\‘i’lU‘VI‘QZﬂ’]Luur]'ﬁm‘ﬂiﬂiuﬂiﬁﬂ[ﬂ

312 WULSIRBMNATAMAASAIMSIMSHANUANaaIsaadyansnl

o ¥ o a
Aumsnlagarurnl uniang g

Hole Depth : Due to Vaporization (D)

E(+R) = nrDuplC T, ~T)+L, +L]

E(+R) = xriz,plC,(T,~T)+ L, +L,]

EA = wrizplC, 0 =T)+ 1, +L,] (3.16)

The

E;i = Amdausnninuyedusnaiias (Energy of incident laser beam)

A = AINIIRENAULEIANT (Absorplivity of meterial) = (1 +R))

r, = 3AN2898ILAN (Beam radius)

z, = MANAN (Depth)

P = ANNUUIULU (Density)

C, = mmﬂgmm%’ﬂuéﬂmw: (Specific heat capacity)

T, = Qmwgﬁﬁgmﬁam (Boiling temperature)

T, = uivied (Room temperature)

L =  ;oudauuela’dmns (Specific latent heat)

L =  anufeuwlasmisnanadlule (Latent heat of vaporization)
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R, = Arnsasieuinaans (Reflectance of material surface)
ﬁwﬁiﬂuquwﬁ
&N azgiitiey
C: 0.106 calg 'K | 0.215calg 'K
P 7.7g/cm3 2.7g/cm3
i 3130 K 2540 K
/4 273 K 273 K
B 272x10° ¥/Kg | 3.55x10° J/Kg
T 6.10x 10° J/Kg | 1.052x 10° T/ Kg
A 025 (Ref. 6) 0.034

AN9197 3.1 LARNANWAIRLAR A 1IN 3AUIL

TunaAandsy E ilssanuanaimesi ity Q-Switched Nd:YAG

Laser ASEUATNAINIU E- A1N90UN FRINANNNS

t

w

B /S:1pdt = -Pdiq {Pae (3.17)

i
0

—p ©

on off on

laser

Pt
{, t

917 3.3 UARIANMNANRUTIZUINANNINAIIDUAITOSUATIIR
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anngUusnspEANRLEIeY P iU t inHlA

E = Pt (3.18)

1

AT

= %P, = (—l—jn/ (3.19)
100

a7 Anssuan i lun1maaed A 10 — 20 waxwls uasAusasu A 100 Taast

I= Io
ﬂ Laser Beam
s e
D Lens

1 d " Material

21171 3.4 ugmaLUITNRLEUALTAINANN INLLILTES)

WA

(3.20)

I
B
2
3

A 1 e o 5" .
e d = urhuguinauesduatagesannszny (Diameter)



A = ArmenAAneaias (Wave length)

f = s=azWidueaaud (Focus lens)
D= Lé'{umu@uﬁﬂmwméﬁLmemm‘ﬁQmTWﬁmmuﬁ(Diameter)
R = FANueIa1uaq (Beam radius)
! pee e . .
W = duriueuinaandungruaiaiuas (Beam waist)

32 msvhdnansniuulans

321 gunsaiitldlumsnanag

5

Tyl P @ N

Hamlauueniaimes (Nd:YAG laser)

uruazgRiton, AN LATNIUAY

ninaasluingalail (Traveling microscope)

Anleaaladalulnsalail (VDO optical microscope:KEYENCE VH7000)
uHuRafinsTndeys

YRNNAUIAT iy | ans)

3.2.2 anAAY

\.

4

mnmaaaelesld Nd:YAG tartasindtydnendaauuibiuddanae  wan,

q

Wn10, 15 uAz 20 wonuLl5)

917 3.5 windannflunmaaes

28

azgfifen wazvesuns Tnevindoydnuniinmaulfauilacdt 10an(3, 5 uaz 10

3117), Repetition Rate (20, 30 uaz 40 Alaldivg) waz n1aaunn (Fng=uadL
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0 o ¥ £ ] v o o L4 9 =
2% mmmm“ummmmmwLm:mwmﬂmmgm'lmumime?ryam:rm AIEILA T

VDO optical microscope WA% Traveling microscope ATNAGL Rmaifeu

A ldanmnEiuaznImaass LATAAISTHANTAADY

3. agUnanimanes

323  gutlfanizaesilafdlanuantalgasyi b iumMsnnand

1. NIZUADUNN 15 LAY 20 uanulf

S o

324 dayavaslavzildlumsnnang

Pulse width 5 x 10° 3117

Repetition rate Q-switch 20,30 uaz 40 Alaldvd

AnnaAeumlassningadunnithinduanvign 1%

[

V40) AV @adkms) | | ANENANY @efwes) | ANNENIESRWAT)
&N 2.03 60 60
azgiiten 0.84 92 137
NEILAN 0.22 102 102

AN390 32 uamsdiayaansiagildiunimasns

o/ o P | & d
3.3 ms@@nuuuuazaﬂmqﬂnmmemmﬁm'l,uumLmul,'anenuaamu'nﬂ

3.3.1 atnsal

1. 1ATRN9IA Lo INULENT AT KNIINE
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2. n1%m 8255 TilA ISA bus

21071 3.7 u8PIN15A 8255 Bl 1SA bus

3. AANRIWeT 1 4n
4. uuasanaln (Power Supply)

5. aeastuAsiUulesuamas

2117 3.8 uamnsasiuailulefuaimes

3.2.2 dunaun1sALHLU
1. eanuuuNaruasefuamas

Tumsnssuaitilafuewmesiiineu awsilffiuenanazlinanusiredng

¥ o Y U cll o U 6 o
lan ﬂﬂﬁlﬂdlﬂﬂ?ZLLﬂWﬂV\@:ﬁﬂqiﬂﬁJﬂLWP]?V]’\\‘J’]MWJEI
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Tumamnsziuaisilnlefuame faziiulugnunuznisaing nstlauaauswdAnd
THunasmmessitilofuairasanudneaiznmansssulidaaiduiuuazaaisil (half step)
visauuLviaWa (full step) MlaranuiiAiialiusammnaiiagy (MOSFET-n channel)

e IRF510 usiaadng Tnsilaiavimannainnida 8255 azrindled 7415244 Taviwih

a

Ahaines luawsuazlszneusasledantinAlidla (Opto Couple) iLas 4N25 it

D

[ 71

Flusaiumeuss (el LED usnaniuzsiest dndtyrunnuniaanann 7415244 il 5 Tags

U

(High level ) LED azsiy usidi il 0 Taast (Low level) LED azédns filenvivmaed 4N25 Azl

1 o a o

AafunmAued IRF510 Tnadlsafiuniw 100 Nlalavid fastszrdnaniny (gate) (w1

o -

954 (source) Inenminaiiiaininnann 741524411 0 Taast azvinlvifiaANNsnFne

o 1 '

AsauFELN1L 100 Alalefufiseatszudsnnitanmesa aaeeinlinszuagunsnlva

i

<

tuanaiasulifeangefalAgagn Faaziflugoaiidunisiinanssfuiadiinles
uawas uasiilaiewiunann 7418244 1y 5 Thadaziinlianasinadndfinsaussun
100 Alaloviunelld v lldinsuatmaamemlinesa Aaiugasdiveanislinismsss
fugidnlasuamed
2. sageguniniduariesuames
3, 1ssneugagunsalimamnaeiuiuaumainguazinmane
4. L%ﬂuiﬂ@meﬂfm@u@m@ﬂﬂaﬁdm‘?mnfmm’LuumLmuLﬁﬂﬁLL@:memLﬁmmm
uallusaes 0-9 Inelflsunss visual basic
nisanuuuitsunsudmiuldlunisaauanainnis x-y scan azldlsunsuy
Visual Basic Liiludnsnuz GUI(Graphic User Interface) Tugruaasnisaanuuuilsunsd
azutmainaueanin
1. doufifinsieriunin 8255
[Hasantisunsy Visual Basic lignunsngratiasiumisuwnionivn 1l
mssaaFaainnihllsunsuduideuieiisuns Visual Basic aunsndnafasinumiaiu
WNABWINN & Teriniltlsunsdi Fusdendrlugs (modules) 1 Tultsunsaiiaz i

pan1ad1 dilport.dil wazvinnnsa$lugandadn modulel.bas Nlszniadiananunieu

a

Public Declare Sub Out Lib "DlIPort.dll" Alias "Out32" (ByVal PortAddress As

Integer, ByVal value As Integer)
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Public Declare Function Inp Lib "DlIPort.dll" Alias "Inp32" (ByVal PortAddress
As Integer) As Integer

FamansngrafiiumiBuwnissa i ey Out(
e Inp() |

2. dauaed Form finAedn frmlaser Tngazifudaumtiiamdnusadilsunsy 3
Usznausiog

2.1 Input box & w3 lddaAana

a

2.2 Command Button guiLinatfiaisuinnswaen d1ad1 start_butt 1Jun
eniannnamaeniiiodn cancel_butt waztluiaananlusunsuiidadn Exit_butt

2 3 Picture box azifludaunlfuasnsdiaaauais liminmanaen
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[ Start J

P

51A71 Word

False

3A1 Word

97UA1 font VB9 wordI1NA1T 14

;

(53 plot Tutannu x

x_axis + 1

{

(53 plot Ty y

y_ axis + 1

ATNABUITX_axis

False

U y axis ATUAWAMN

pua’lu tahle

UNINI9L ]

I

Start ]
(i

51071 3.10 ugpununMNIiITetTRgLnsaliAzaman uuuILnANdLATILN LI
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HANNSI98WATAANTO]

s

A o Qs Qs 1
4.1 panlaanmsnaaasmarnduansninleLaiasuuIans1e 9

o

411 HANISVNARDIVAINFIAAMNAN

9t 4.1 wamsgiueagundagsiie o nlElunisinauan
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2117 4.2 uannisdnAINANTBIgLWTHG)

AN 4.1 UAPRNANITNAABNTANNN ﬁmmmﬁﬂuumé‘iﬂ

1187 | Repetition rate | Power input ANAN (IARLURS)
Guy | AlaFsns) (A7) pxeT 1 psedio | mked 3 1@
3 20 1500 0.146 0.150 0.140 0.145
5 20 1500 0.157 P S 0.156 0.162
10 20 1500 0.456 0.354 0.421 0.410
a1 | Repetition rate | Power input ANNNAN (HAALNAT)
Gun) | Eladsve) (3meT) AxaT 1 ) pxan 3 1@
3 30 1500 0.23 0.21 0.245 0.228
5 30 1500 0.323 0.33 0.325 0.326
10 30 1500 0.514 0.521 0.495 0.510

36



1987 | Repetition rate | Power input ANAN (HAALLAT)
@Gun) | Alading) (TR pxm 1 | Asan2 | A3 R
3 40 1500 0.351 0.355 0.349 0.352
5 40 1500 0.365 0.423 0.358 0.382
10 40 1500 . 0.536 0.651 0.563 0.583
a1 | Repetition rate | Power input ANUAN (RAALNAT)
Gun) | AlaEme) (351 KT 1 Az 2 | AKIN 3 1@
3 20 2000 055 0.148 0.150 0:151
S 20 2000 0.366 0.433 0.325 0.375
10 20 2000 OsE23 0.485 0.550 ©.519
1981 | Repetition rate | Power input ANHAN (HARLNMT)
Gun) | Rladine) (3A) ASIT 1 pfm2 | AKIR 3 1A
3 30 2000 0.256 0.350 0.248 0.285
5 30 2000 0.564 0.532 0.513 0.536
10 30 2000 0.895 0.923 0.898 0.905
1981~ | Repetition rate | Power input ANHAN (RAALNAT)
Gu) | Aladive) (56) px1 | Axn2 | Ak A
3 40 2000 0.421 0.398 0.452 0.424
5 40 2000 0.785 0.852 0.798 0.812
10 40 2000 1.435 0.985 0.987 1.136

37



<y v T
4.1.2 uaflA’INNINn 1Y

o P p
AT NN 4.2 LLﬁmQNﬂWiﬂ’Q’]ﬂVﬂqwq‘H{]

IR Repetition rate Power input AYNAN
(Gun) | (Aladsng) (SmBT) (HARLIAT)
3 20 1500 0.211
5 20 1500 0.352
10 20 1500 0.703
LA Repetition rate Power input ANNLAN
@Gun) | @ladina) (AmBT) (AafLA9)
3 30 1500 0.316
5 30 1500 0.527
10 30 1500 1.055
LIAN Repetition rate Power input ANNNAN
Gun) | Alading) (ImBT) (Hadm9)
& 40 1500 0.422
5 40 1500 0.703
10 40 1500 1.406
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bIAN Repetition rate Power input AYNAN
Gun) | Rlaidive) (67 (Hadum9)
3 20 2000 0.281
5 20 2000 0.469
10 20 2000 0.938
LIAN Repetition rate Power input AYNNAN
) B IR GLAGE) (5761 (RARLLAT)
3 30 2000 0.422
) 30 2000 0.703
10 30 2000 1.406
13A0 Repetition rate Power input AYNNAN
Gun) | @ladinm) (3M5T) (HARLNAT)
3 40 2000 0.563
5 40 2000 0.938
10 40 2000 1.875
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413 WANMSNARBIIBINIFIAAMUNINUBIFUUTARFN

91171 4.4 uanansinANNdTRIgLIUIEA

40



M3 4.3 UEPIHANINARBITIN1ITAAINNINULIFLUNAN

e

987 | Repetition rate | Power input AEuNA1a (luTasiums)
@Aun) | (Rladive) (05 ARl | axii2 | akdi3 o
3 20 1500 360.4 337.9 330.6 343.0
5 20 1500 344.9 361.2 350.4 352.2
10 20 1500 453.9 336.6 325.8 37241
LIA1 Repetition rate | Power input Aund1e (lulasiume)
Gun) | @ladve) (ImpT) pimd | exf2 | e%d 3 2t
3 30 1500 285.0 302.6 302.7 296.8
5 30 1500 300.5 326.1 322.6 316.4
10 30 1500 374.6 308.1 316.4 333.0
a1 | Repetition rate | Power input ANnde (luTasiums)
@Gun) | ladsve) () AXM A | mE 2 | A3e3 123
3 40 1500 303.9 310.6 2o 296.6
5) 40 1500 299.9 296.6 305.5 300.7
10 40 1500 3 1£n5 330.9 325.2 324.0
1981 | Repetition rate | Power input ANnde (lulasiums)
Gu) | Aladsn) (AmeT) AX1 | ASR2 | A%f3 ade
3 20 2000 366.5 409.2 389.4 361.7
5 20 2000 427.4 A7 ] 360.8 402.0
10 20 2000 408.0 401.7 425.6 411.8
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IR Repetition rate | Power input Aund e (lulpsiums)
Gui) | Rlsdinm) (6T REFREN TP NEE \d
3 30 2000 387.7 400.4 429.7 408.0
5 30 2000 433.7 433.7 419.9 4291
10 30 2000 424.3 425.2 435.4 428.3
a1 | Repetition rate | Power input aanund e (lulasiums)
Gun) | Alsidme) (SmeT) 1 | asmes A% 3 a7
3 40 2000 396.6 350.0 396.6 381.1
5 40 2000 B7TEA 373.8 379.0 376.8
10 40 2000 400.5 4176 409.2 409.1
9T 4 4 UAPNHANITARSBINTIAANLNA 1T IgLIMa g RIHe
a1 | Repetition rate | Power input Aunde (lulasums)
@Guan) | Aladinm) (G067 AR | AR 2 ASIN 3 2R
3 20 1500 195.6 203.9 178.9 192.8
5 20 1500 211.4 206.0 213.9 210.4
10 20 1500 219.3 201.7 224 .4 2157
na1 | Repetition rate | Power input AunANa (llaswms)
Gun) | @ladmna) (55157 as1 | s | A% 3 \de
3 30 1500 190.0 206.9 192.0 196.3
5 30 1500 225.0 200.2 195.9 207.0
10 30 1500 184.4 233.2 228.9 2155




a1 | Repetition rate | Power input Aunds (lulpsiums)
Gu) | Aladsve) (515) pEn 1 | pR2 | A3 ad
3 40 1500 192.3 119.6 150.4 154.1
5 40 1500 178.2 189.4 202.0 189.9
10 40 1500 208.4 212.8 192.3 204.5
LIAN Repetition rate | Power input ANNNTN (@Tmmm)
Gu) | Eladve) (Sm57) Asn1 | msn2 | A%d 3 A
3 20 2000 289.6 296.1 286.6 290.8
5 20 2000 286.6 290.7 301.9 293.1
10 20 2000 312.8 294.0 303.1 303.3
LA Repetition rate | Power input ANNNAN (Mimmm)
Gu) | (Bladme) (Tmsh) psi 1 | axi2 | A% 3 e
3 30 2000 251.4 264.7 247.3 254.5
5 30 2000 259.7 272.8 270.4 267.6
10 30 2000 2752 302.0 289.3 288.8
LAIRD Repetition rate | Power input ANNNANY (‘Lmimmm)
Gu) | Eladsm) Lol a1 | afafi2 | A% s \ade
3 40 2000 2553 2521 194.9 234.1
5 40 2000 258.3 2157 259.6 264.5
10 40 2000 276.5 258.7 281.7 272.3




9’1’]?’1@‘7\ 4.5 LL@ﬂ\‘lN@ﬂ’]i"ﬂﬂﬂ@xﬁ“ﬂﬂ\‘]ﬂ’]ﬁ‘iﬂﬂ')’u\lﬂ%’]ﬂ“ﬂﬂ\‘igﬁuﬂﬂx‘iLLﬁN

a1 | Repetition rate | Power input Aunde (lulasums)

Gu) | @Aladiv) () 1 | exm2 | e%i3 ! \ade
10 40 2000 236.6 2741 262.9 257.9
15 40 2000 351.0 321.8 338.2 337.0
20 40 2000 331.2 371.4 395.4 366.0
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ay v ¢ < @
4.2 uavﬂ,m'mmswﬂamqmqﬂnsmmfa‘mnfnm’LuuuqunuLanmuasunu’nﬂ

421 ﬁﬂwmzmMwmmﬂﬁﬂmmuﬁﬁwﬁﬂiﬂﬁ

1 Buguanniaitlalilsunsy Laser Marking project.exe %q@:ﬂiﬂﬂguﬁﬁ@ﬂﬁqgﬂﬁ

4.5

g1t 4.5 aaanililsunsy Laser Marking project.exe

2 qanitiuldmAsiaiat (0-9) Againsasinnianaenadliites “Please enter word to

marking” lnsdanana Control 6i9g1J7 4.6

91 4.6 LamanmnslgAnsainisiassnaanaslullsuny

3. antiunaLlu “Start’ nwisunsuaziidnenissiagLi 4.7 uazaLnsndiATaInge

LU LNLENTLAZINLINE R BUNINIINABFARILAT
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azer Maiking pinject

nln 4.7 Lanignatinens i sunsaunnsraLgagLInsilATaINI A iLNY

WNALaznuaNg

4 Fdesnsduanvinmsnasasaeuldinay Clear” uiiAnmesllsunsuaznal

anuludsgl 4.5
5 Edesntsgenannitsungnlvinay “Exit uristwaesilsunsuazgnilans

445 raildannmsinuzesgeeUnsnlieseanais uuueinudniuazun

18l azldiuannmeaeasagy

] o a a Y - A o
2'1_"1/14.8 Lmﬂ\?ﬂqwmqLﬂ‘lWlﬂ']N']i‘ﬂLﬂﬂuvlﬂqqﬂﬁﬂﬂ‘ﬂﬂmm?ﬂ\?ﬂqqﬂ&LULLU’JLLﬂuLﬂﬂ'ﬁLLﬂ:LLﬂu’]']EJ
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4.3 N5IATITHRANITVIARDY

431 NENLARINAMENARBLLEELILARLTUNANINY =]

e o o 3 o @A
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SPECIAL FUNCTIONS

THE GAMMA FUNCTION

Fig. 1 Gamma function.

] y=r(17)» AT PR y=1/F(x)

593



GAMMA FUNCTION

Flx)i= f.tl“e"dt for 1==x
0

=2

[For other values use the formula Iz +1) = « I'(x)]

x r(r)
1.00 1.00000
1.01 99433
1.02 98884
1.03 98355
1.04 97844
1.05 97350
1.06 96874
1.07 96415
1.08 95973
1.09 95546
1.10 95135
.11 94740
112 94359
113 93993
1.14 93642
115 93304
1.1 92980
117 92670
1.18 92373
1.19 92089
1.20 91817
1.21 91558
1.22 91311
1.23 91075
1.24 90852
1.25 90640
1.26 90440
1.27 90250
1.28 190072
1.29 89904
1.30 89747
1.31 89600
1.32 189464
1.33 189338
1.34 80222
1.35 89115
1.36 89018
1.37 88931
1.38 88854
1.39 88785
1.40 f 88726
1.41 ‘ 88676
1.42 88636
1.43 88604
1.44 88581
145 88566
1.46 88560
1.47 88563
1.48 88575
1.49 88595
1.50 88623

596

x I'x)
1.50 .88623
1.51 .88659
1.52 .88704.
1.53 88757
1.54 .88818
1.55 .88887
1.56 .88964
1.57 .89049
1.58 .89142
1.59 .89243
1.60 .89352
1.61 .89468
1.62 .89592
1.63 .89724
1.64 .89864
1.65 .90012
1.66 90167
1.67 .90330
1.68 .90500
1.69 90678
1.70 90864
1271 91057
1.72 91258
1.73 91467
1.74 91683
1.75 .91906
1.76 92137
1.77 .92376
1.78 192623
1449 .928177
1.80 .93138
1.81 .93408
1.82 .93685
1.83 .93969
1.84 94261
1.85 94561
1.86 194869
1.87 95184
1.88 .95507
1.89 195838
1,90 96177
JeOT .96523
1.92 56877
1.93 97240
1.94 97610
1.95 97988
1.96 .98374
1.97 .98768
1.98 99171
1.99 .99581
2.00 1.00000




THE BETA FUNCTION

DEFINITION B@m,r) =‘/: -1 (-t =ddtm>0,n>0

RELATIONSHIP WITH GAMMA FUNCTION  B(mn)= Le0().

I'(m + n)
PROPERTIES
B(m,n) = B(n,m)
B(m,n) = 3/;/2 sin®™ =1 g cos2M -1 9.do
= i r”x e
¥ o e
f “1 " o= 1
B(m,ny=r""(r + ) % o
e
: THE BESSEL FUNCTIONS
; BESSEL'S DIFFERENTIAL EQUATION
Tt N B2 — 1o ) O nz0

Solutions of this equation are called Bessel functions of order n.

BESSEL FUNCTIONS OF THE FIRST KIND

OF ORDER n
A, et L —~ }

2°T(n +1) 2(2n--2) ' 2+ 4(2n+ 2)(2n + 4)
e g (—1)k(x/2)n+2k
k=0 k! I'n+k+1)
7 ek on i e w alee
gl e {1 22—2n) T 242 —2n)d—2n) }
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(_.l)k(x/2)2k—n
b K1 T(k+1—n)

=
1148

J_, (@ = (v,

If n#0,1,2,..., J,(2) and J_,(x) are linearly
If n#0,1,2,..., J,(x)is bounded at = =0 whiie J_ . {my e s e,

For n =0,1 we have

SR

: = e e ot 8
,15 Jo(x) = 1—2—2+ 22-42—22-42-62+
i3 s e R e S e e
x 23 25 al
Jl(x) = 5_22‘4—*—22.42.6—22.42-62.'.
I(@) = —Jy()
0 Y
1 Jo (%)
Jy () ;
i (- 7 ¢ /1\3
_—l_
GENERATING FUNCTION FOR Jj (x)
i
b Xt = S  (2)tn
& A= —«

BESSEL FUNCTIONS OF THE SECOND
KIND OF ORDER n

Jp(z) cosnr — J -, (%) n#*0,1,%

sin nar
16.5 Y- =
e oIy (2)Cos pr — J_p ()
lim

e sin pr

n=012,.

This is also called Weber’s function or Neumann’s funciion

‘[also denoted by N, (x)].




For n=0,1,2,..., L’Hospital’s rule yields

Yo@) = Zln@2)+1ila@ -7 2 M—”—( /2y

(z/2)%

g kgo (LERE) e kil lf! (n+ k)!

where y = .b772166... is Euler’s constant and

SR e e o
16.6 ¢(p) = 1+§+3+ +p, &(0) =
. For n=0,
z2
Yol@) = %{1n(x/2)+7}10(x)+-§{—§ 2242(1+§)+224262(1+§+§) }
Y plz) = 1Y . (x) n=0,1,2,...

For any value n =0, J,(2) is bounded at z = 0 while Y, () is unbounded.

Y, (7)

erets s AN A AN
>..<
—
r
-~

(=]
SR
3
'\

x

R S & A 7

GENERAL SOLUTION OF BESSEL'S
DIFFERENTIAL EQUATION

= AL ) ') Fagite) n+#0,1,2,...

%, & 94 J, ()™ F BY, (x) alln

dz
y = SN + B5I.12) fm all n

where A and B are arbitrary constants.

RECURRENCE FORMULAS FOR BESSEL
FUNCTIONS

Ter@ = 27,6 — Jar@

599




-

R, B

‘-.,.zh,.,m,&azw;._m.-z‘_ i oA g A

-

hpra ALY
o

'-wl-ir.'i"’ . b7y

i
o

o)

F ;
ok

Tl
s gk

1l

Jn(2) $n—1@) — Jns1(2)}

zJ} (z) 2Jp_1(x) — nJ, (2)
(@) = ndp(@) — 2Jp41(2)
L@ = 2@

L @a@) = —wran(@)

The functions Y, (z) satisfy identical relations.

BESSEL FUNCTIONS OF ORDER EQUAL TO
HALF AN ODD INTEGER

In this case the functions are expressible in terms of sines and cosines.

"‘2 s

Jipl@) = ;:smx
2

Joyppl®) = ‘\f:;ccosa:

-73/2(2) X -—2— <smx — €oS x>

T x

J_g3pa(®) = \’ -;2; <____co;x + sin ac>

Isip(@) = %{<—%— 1> sinx — %COS m}
i’ 2WEITN, 3
J_sol@) = —1;;{; sinz + <;é—1> cosx}

For further results use the recurrence formula. Results for Yy,y(x), Y(2), ... 8T
obtained from 16.5.

HANKEL TUNCTIONS OF FIRST AND SECOND
KINDS OF ORDER n

HP@@) = Ju@) + iYa(@) HP @) = Ju@) — iY@
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Special Function

Generalized Hypergeometric Series / Function

Hypergeometric Function
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Dim round_value As Integer

Dim x_axis(9) As Integel, y_axis(9) As Integer
Dim flag_loop As Integer

Dim stepp As Integer, round As Integer

Private Sub clear_Click()

label.Caption =™
word.text =™
flag_loop =0

round_value =0
Timer1.Enabled = False
End Sub

Private Sub exit_Click()
End

End Sub

Private Sub Form_Load()

label.RightTolLeft = True

End Sub

Private Sub start_Click()
Dim j As Integer
Dim len_word As Integer

Dim text As String

flag_loop = 0 ‘flag loop of shape
round_value = 0
stepp =4

Call Out(&H303, &H80) 'Initial Card 8255

If word =" Then
MsgBox "Error no text”

Else



len_word = Len(word)

ReDim ch_word(len_word) As String
Forj=0To len_word -1

ch_word(j) = Mid(word, j + 1, 1)
'‘Debug.Print ch_word())

Next

Select Case Val(ch_word(0))
Case 1
x_axis(0) = 4
y_axis(0) =0
x_axis(1) =0
y_axis(1) =0
x_axis(2) = 2
y_axis(2) =0
x_axis(3) =2
y_axis(3) =9
x_axis(4) = 1
y_axis(4) = 9
x_axis(5) =2
y_axis(6) =9
x_axis(6) =2
y_axis(6) =0
x_axis(7) =0
y_axis(7) =0
x_axis(8) =0
y_axis(8) =0
x_axis(9) =0
y_axis(9) =0
Case 2
x_axis(0) =5
y_axis(0) =0
x_axis(1) =0

y_axis(1) =0



x_axis(2) = 5
y_axis(2) =0
X _axis(3) =5
y_axis(3) =5
x_axis(4) =0
y_axis(4) =5
x_axis(5) = 0
y_axis(5) =9
x_axis(8) = 5
y_axis(6) = 9
x_axis(7) = =1
y_axis(7) =9
x_axis(8) = -1
y_axis(8) =0
x_axis(9) =0
y_axis(9) = 0
Case 3
x_axis(0) =5
y_axis(0) = 0
x_axis(1).= 0
y_axis(1).= 0
x_axis(2)=0
y_axis(2) = 5
x_axis(3) = 5
y_axis(3)=5
x_axis(4) =0
y_axis(4) = 5
x_axis(5) =0
y_axis(5) = 9
Xx_axis(6) = 5
y_axis(6) = 9
x_axis(7) =0
y_axis(7) = 9
x_axis(8) = 0

y_axis(8) =0



x_axis(9) =0
y_axis(9) =0
Case 4
x_axis(0) =5
y_axis(0) =0
x_axis(1) =0
y_axis(1) =0
x_axis(2) =0
y_axis(2) = 5
x_axis(3) =5
y_axis(3) =5
x_axis(4)=5
y_axis(4) = 9
x_axis(5) =5
y_axis(5) =5
x_axis(®) =0
y_axis(6) = 5
x_axis(7) =0
y_axis(7) =9
x_axis(8) =0
y_axis(8) = 0
x_axis(9) =0
y_axis(9) =0
Case 5
x_axis(0) =5
y_axis(0) =0
x_axis(1) =0
y_axis(1) =0
x_axis(2) =0
y_axis(2) =5
x_axis(3) =5
y_axis(3) =5
x_axis(4) =5
y_axis(4) =9

x_axis(d) = -1



y_axis(5) = 9
X_axis(6) = -1
y_axis(6) = 0
x_axis(7)=0
y_axis(7) =0
x_axis(8) =0
x_axis(8) =0
x_axis(9) =0
y_axis(9) =0
Case 6
x_axis(0) =5
y_axis(0) =0
x_axis(1)=0
y_axis(1) =0
x_axis(2) =0
y_axis(2) = 5
x_axis(3) =5
y_axis(3) =5
x_axis(4) =5
y_axis(4) = 9
x_axis®)i= 0
y_axis(5) =9
X_axis(6) =5
y_axis(®6) = 9
x_axis(7) =5
y_axis(7) =10
x_axis(8) =0
y_axis(8) =0
x_axis(9) =0
y_axis(9) =0
Case 7
x_axis(0) =5
y_axis(0) =0
x_axis(1) =0

y_axis(1) =0



x_axis(2)=0
y_axis(2) =9
x_axis(3) = 5
y_axis(3) =9
x_axis(4) =0
y_axis(4) =9
x_axis(5) =0
y_axis(5) =0
x_axis(6) = 0
y_axis(6) =0
x_axis(7) = 0
y_axis(7) =0
x_axis(8) =0
y_axis(8) =0
x_axis(9) =0
y_axis(9) = 0
Case 8
x_axis(0) =5
y_axis(0) = 0
Xx_axis(1) = 5
y_axis(1) = 5
x_axis(2) =0
y_axis(2) =5
x_axis(3) =0
y_axis(3) =0
x_axis(4) =5
y_axis(4) = 0
x_axis(5) = 5
y_axis(5) =9
Xx_axis(6) = 0
y_axis(6) = 9
x_axis(7) =0
y_axis(7) =0
x_axis(8) = 0

y_axis(8) = 0



X_axis(9) =0
y_axis(9) =0
Case 9
x_axis(0) =5
y_axis(0) =0
X_axis(1) =0
y_axis(1) =0
x_axis(2) = 0
y_axis(2) =5
x_axis(3) = 5
y_axis(3) =5
x_axis(4)=5
y_axis(4) =9
X_axis(5) =0
©y_axis(d) =9
x_axis(6) = 0
y_axis(6) =0
x_axis(7)=10
y_axis(7) = 0
x_axis(7) =0
y_axis(7)=0
Xx_axis(8) =0
y_axis(8) =0
X_axis(8)=0
y_axis(9) =0
Case 0
x_axis(0) = 5
y_axis(0) =0
x_axis(1) =5
y_axis(1) =9
x_axis(2) =0
y_axis(2) = 9
x_axis(3) = 0
y_axis(3)=0

x_axis(4) =5



y_axis(4) =0

x_axis(®5) = 0
y_axis(5) =0
x_axis(6) =0
y_axis(6) =0
x_axis(7) =0
y_axis(7) = 0.
x_axis(8) = 0
y_axis(8) =0
x_axis(9) = 0
y_axis(9) =0
Case Else
End Select

label.Caption = word.text
label. Top = 1060
label.Left = 15670

Timer1.Enabled = True

End If

End Sub

Function step(ByVal a As Integer) As Integer

'Ifa > 8 Then
' a=0
'‘End If

step = &HFF -2 " a

End Function

Private Sub Timer1_Timer()
Dim value As Integer

Dim x_result As Integer

Select Case flag_loop



Case 0

' one move

Call drive_step(check_x(0), loop_x(0), False)

Case 1

Call drive_step(check_y(0), loop_y(0), True)
Case 2

Call drive_step(check_x(1), loop_x(1), False)
Case 3

Call drive_step(check_y(1), loop_y(1), True)
Case 4

Call drive_step(check_x(2), loop_x(2), False)
Case b

Call drive_step(check_y(2), loop_y(2), True)
Case 6

Call drive_step(check_x(3), loop_x(3), False)
Case 7

Call drive_step(check_y(3), loop_y(3), True)
Case 8

Call drive_step(check_x(4), loop_x(4), False)
Case 9

Call drive_step(check_y(4), loop_y(4), True)
Case 10

Call drive_step(check_x(5), loop_x(5), False)
Case 11

Call drive_step(check_y(5), loop_y(5), True)
Case 12

Call drive_step(check_x(6), loop_x(6), False)
Case 13

Call drive_step(check_y(6), loop_y(6), True)
Case 14

Call drive_step(check_x(?), loop_x(7), False)
Case 15

Call drive_step(check_y(7), loop_y(7), True)



Case 16
Call drive_step(check_x(8), loop_x(8), False)
Case 17

Call drive_step(check_y(8), loop_y(8), True)

'‘Case 18
' Call drive_step(check_x(9), loop_x(9), False)
'‘Case 19

Call drive_step(check_y(9), loop_y(9), True)

Case Else

‘Do While (flag_loop < 20)
Call drive_step(check_xy(flag_loop), loop_num(flag_loop), check_axis(flag_loop))
Debug.Print check_xy(flag_loop), loop_num(flag_loop), check_axis(flag_loop)
'Loop
‘flag_loop =18
Timer1.Enabled = False
MsgBox “Success"

End Select

End Sub

Private Sub x_plot(round_loop As Integer)

Debug.Print round_value, round_loop

If round_loop =0 Then
Debug.Print "round loop=0"
round_value = 0
flag_loop = flag_loop + 1
Else
If round_value = round_loop Then
round_value = 0

flag_loop = flag_loop + 1



End If
End If

round_value = round_value + 1

End Sub

Private Function dir(dir_value As Boolean) As Integer
If dir_value = True Then ' forward step
stepp = stepp - 1
If stepp =3 Then
stepp =8
End If
Else
stepp = stepp + 1 ' backward step
|f stepp =9 Then
stepp =4
End If
End If
If stepp > 9 Then
stepp =4
End If

Debug.Print stepp

End Function

Private Sub drive_step(dir_value As Boolean, loop_value As Integer, flag As Boolean)
'dir_value as direction
"True for forward , False for backward
'loop_value as loop number
‘flag as X or Y axis
True for X-axis, False for Y-axis
If flag = False Then
value = step(stepp) ' select X-axis step

Else



value = step(stepp - 5) ' select Y-axis step
End If
dir (dir_value) ' direction
'‘Debug.Print value
Call Out(&H300, value) ' number of value

Call x_plot(loop_value) ‘number of loop
End Sub

Private Function check x(a As Integer) As Boolean

Select Case Sgn(x_axis(a + 1) - x_axis(a))
Case 1: check x = True ' x_axis(a+1) > x_axis(a)
Case 0: check x =True
Case -1: check.x = False

End Select

End Function

Private Function check_y(b As Integer) As Boolean

Select Case Sgn(y_axis(b + 1) - y_axis(b))
Case 1: check_y = True ‘y_axis(a+1) > y_axis(a)
Case 0: check_y = True
Case -1: check_y = False

End Select

End Function

Function loop_y(ByVal i As Integer) As Integer
loop_y = Abs(y_axis(i +1).- y_axis(i)) * 200

End Function

Function loop_x(ByVal j As Integer) As Integer
loop_x = Abs(x_axis(j + 1) - x_axis(j)) * 200

End Function

Function check_axis(ByVal u As Integer) As Boolean

If((u+1)\2)=1Then



'‘Odd
check_axis = True
Else
‘even
check_axis = False
End If‘
End Function
Function check_xy(ByVal xy_pass As Integer) As Boolean
Dim tmp As Integer
tmp = xy_pass \ 2
If ((xy_pass + 1) Mod 2) =1 Then
‘Odd
‘check_y
Select Case Sgn(y_axis(tmp + 1) - y_axis(tmp))
Case 1: check_xy = True ‘y_axis(a+1) > y_axis(a)
Case 0: check_xy = True
Case -1: check_xy = False

End Select

Else

‘even

‘check_x

Select Case Sgn(x_axis(tmp + 1) - x_axis(tmp))
Case 1: check_xy = True ' Xx_axis(a+1) > x_axis(a)
Case 0: check_xy = True
Case -1: check_xy = False

End Select

End If
End Function
Function loop_num(ByVal num_pass As Integer) As Integer
Dim tmp As Integer
tmp = num_pass\2
If ((num_pass + 1) Mod 2) = 1 Then
'‘Odd



‘loop_y

loop_num = Abs(y_axis(tmp + 1) - y_axis(tmp)) * 200
Else

‘even

'loop_x

loop_num = Abs(x_axis(tmp + 1) - x_axis(tmp)) * 200

End If

End Function
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PD-9325Q

international
19R| Rectifier IRF510

HEXFET® Power MOSFET

¢ Dynamic dv/dt Rating
® Repetitive Avalanche Rated D 4
® 175°C Operating Temperature . | ' Vbss = 100V
- ® Fast Switching , 4l
¢ Ease of Paralleling 5 4 'RDS(on) = 0.54Q
® Simple Drive Requirements ,
7 s lD = 56A

Description

Third Generation HEXFETs from International Rectifier provide the designer
with the best combiration of fast switching, ruggedized device design, low
on-resistance and cost-effectiveness.

The TO-220 package is universally preferred for all commercial-industrial
applications at power dissipation fevels to approximately 50 watts. The low

thermal resistance and low package cost of the TO-220 contribute to its wide
acceptance throughout the industry.
TO-220AB
Absolute Maximum Ratings
Parameter Max. Units

b @ Tc=25°C | Continuous Drain Current, Vas @ 10V 5.6
Ib@ Tc=100°C | Continuous Drain Cunrent, Vgs @ 10V 4.0 A
lom | Pulsed Drain Current ® 20 o
Po @ Tc=25°C |Power Dissipation - 43 w

Linear Derating Factor - 0.29 W/C
Vas Gate-to-Source Voltage™ - 120 v
Eas Single Pulse Avalanche Energy @ 100 mJ
lar Avalanche Curmrent ® ' 5.6 A
Ean Repetitive Avalanche Energy ® 4.3 mJ
dv/dt Peak Diode Recovery dv/dt @ 5.5 ~ V/ns
Ty e Operating Junction and -55to +175
| Tsta Storage Temperature Range °C

Soldering Temperature, for 10 seconds 300 (1.6mm from case)

Mounting Torque, 6-32 or M3 screw 10 {bfein (1.1 Nem)
Thermal Resistance

Parameter Min. Typ. Max. | Units

Rasc ~ . |Junction-to-Case ' — — 35
Recs Case-to-Sink, Flat, Greased Surface — g0 e °C/W
Rea T it R i e e
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ISR

Electrical Characteristics @ Ty = 25°C (unless otherwise specified)

Parameter Min. | Typ. | Max. | Units Test Conditions
V(sR)DSS Drain-to-Source Breakdown Voltage 100 | — - V| Vas=0V, lp= 250uA
AV(eRpss/AT,| Breakdown Voltage Temp. Coefficient — | 012 | — | V/°C | Reference to 25°C, ip= 1mA
Rosion) Static Drain-to-Source On-Resistance — — | 054 | Q |Vas=10V, Ip=3.4A @
Vasiin) Gate Threshold Voltage 20 | — | 40 | V |Vps=Vas, Ip=250pA
Is Forward Transconductance 137 — — S | Vos=50V, Ip=3.4A @
: — —_ 25 Vps=100V, Vgs=0V
loss Drain-to-Source Leakage Current = S (A Vos=B0V, VasOV, Toi50°C
e Gate-to-Source Forward Leakage — — | 100 A Vgs=20V
Gate-to-Source Reverse Leakage - — | -100 Vas=-20V
Qq Total Gate Charge — — 8.3 p=5.6A
Q Gate-to-Source Charge — | — =23 NC |Vps=80V
Qgqd Gate-to-Drain ("Miller*) Charge | — | 38 Vas=10V See Fig. 6and 13 ®
t(on) Tum-On Delay Time — | 69| — Vpp=50V
tr Rise Time — 16 — o lo=5.6A
toor) Tum-Off Delay Time - 15 = Ra=24Q
t Fall Time — 9.4 = Rp=8.4Q See Figure 10 ®
Lo Internal Drain Inductance Fa | I G g ?nn:/ne(eon ées'fz: ) E‘j
nH | from package q
Ls Intemal Source Inductance ot & A/ 3“'3 centerof
! le contact
GCiss Input Capacitance — | 180 | — Vas=0V
Coss Qutput Capacitance A 81 — pF | Vps=25V
Crss Reverse Transfer Capacitance oA 15 — f=1.0MHz See Figure 5
Source-Drain Ratings and Characteristics
Parameter Min. | Typ. | Max. | Units Test Conditions
Is Continuous Source Current g 2\ 55y MOSFET symbot
{Body Dlodse) A showing the
Ism Pulsed Source Current b E integral reverse
(Body Diode) @ ‘ p-n junction dicde. ‘Is
Vso Diode Forward Voltage - -1y 2.5 V_ | Ts=25°C, Is=5.6A, Vas=0V @
e Reverse Recovery Time — | 100 | 200 | ns |T,=25°C, Ir=5.6A
Qn Reverse Recovery Charge — [ 044 ] 088 | pC |di/d=100A/us ®
ton Forward Tum-On Time Intrinsic furm-on fime Is neglegible {tum-on is dominated by Ls+Lp)
Notes:

® Repetitive rating; pulse width limited by
max. junction temperature (See Figure 11)

@ Vpp=25V, starting Ty=25°C, L=4.8mH
Ra=25Q, 1as=5.6A (See Figure 12)

® lsp<5.6A, di/dt<75A/us, VDDSV(BRIDSS,

Tug175°C

@ Pulse width < 300 ps; duty cycle <2%.
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Ip, Drain Current (Amps)

Ip, Drain Current (Amps)

= L EEg i LI
10! 316y poat ] 2oy ! sEsEs
BATTON Z:"f‘.’ '/’ — 80TTOM ;;gg I
A a %%
A e V% i
<
1" g E —
1 e
’ H = 0
100 O 1w 7
.c% — = 4, 5Y ==
// (‘-3:. 1 B i EEm e
4.5V ALy
| | f
A 20us PULSE WIDTH 20us PULSE WIDTH
Te = 25°¢ ! } } Tg = 1750C
1071 100 101 1071 100 101
Vps, Drain-to-Source Voltage {volts) Vps, Drain-to-Source Voltage (volts)
Fig 1. Typical Qutput Characteristics, Fig 2. Typical Output Characteristics,
Tc=25°C Tc=175°G
=Ei
101 ] g o Ip = 5.64
259¢C ~— Lty 5
=] & __Ps
@
L e o
§ . 20
k3
- 8 N P
i 2 3 ® 1.5 =
y 4 5] § @
VAN 4
f 239
'% A /
J 3 B g
o
= g.51]
5 .
10~1 Vps = S0V 8
20us PULSE WIDTH ha o : Vag = 10V
4 S 7 8 .9 10 ‘=60 ~-40 -2u 0 20 40 60 80 100 120 140 160 180
Vas, Gate-to-Sourca Voltage (volts) Ty, Junction Temperature (°C)
Fig 3. Typical Transfer Characteristics Fig 4. Normalized On-Resistance

Vs. Temperature
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Capacitance (pF)

. lsp, Reverse Drain Current (Amps)

400

20

Ves = OV, f = 1% Ip = 5.64 ’ ‘
Ciss = Cgg + Cgd- Cgs SHORTED :‘_g‘ I iVos = - o
Crss = Cgg Q \ Vos = 50Vi—,
320 Coss = Cds * Cqq = e Vpg = 20V r>\’.
N o . Z
= 8 74
240 I, § 12 ,//‘
‘ i [z
N 3 /{//
\ ]55\ = g 7
150 \ : (/P 8 17/
NN 2
Coss _ ®
\ = /
B0 \‘ W] 4
\ Bey -
B, 08, 8
.~~CPSS > FOR TEST CIACUIT
: (1] f— . 1 SEE FIGURE 13
109 {0t 0 . P52 4 6 8 10
Vps, Drain-to-Source Voltage (volts) Qg, Total Gate Charge (nC)
Fig 5. Typical Capacitance Vs. Fig 6. Typical Gate Charge Vs.
Drain-to-Source Voltage Gate-to-Source Voltage
] ] 102 T
1y =T OPERATION IN THIS AREA LIMITED
1759¢ . B> BY Aps (on)
r/ ~—~ 3
l/‘ // 8- 2 1 /“’ N, 3
7 7 = T S
v A < 10 S i
100 ’/ E 5 “ - 1ADOU=
259 P houra RNEmEL
V4 — r
7 5 5 Y
£ / O __ A" IS
A = ; Y
/ = :
D {Oras
/ 5 i
1071 [ [
i E Te=259¢
1 : Tg=1750¢
£ - Yes = 0¥ i SINGLE PULSE
0.5 06 07 0.8 0.9 1.0 o Lt b SESORTIS Siqg 5 402 2 5 40
Vsp, Source-to-Drain Voltage (volts) : Vps, Drain-to-Source Voltage (volis)
Fig 7. Typical Source-Drain Diode Fig 8. Maximum Safe Operating Area

Forward Voltage
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—N D.UT.
6.0 mjﬁ
; = Voo
5.0 \\" ; ’-
S i , 1TV :
8- AN T Puke Width < 1p1s
'g 4.0 NG Duty Factor < 0.1%
= N =
-~ N
3 N | Fig 10a. Switching Time Test Circuit
= 3.0 -
3 ‘\\
o
8 20 N &
: 90%
= X |
£ I |
1.0 \ , : ‘
I !
0.0 ' O% i f \1
25 50 75 100 125 150 175 VGS [
Tc, Case Temperature (°C) td(on) I taot)
Fig 9. Maximum Drain Current Vs. Fig 10b. Switching Time Waveforms
Case Temperature
10
=0,
3 ¢ | i !
20.8
g- bo. 1 g -
o« 0,08 | 7 i
= o ,;::11%1m PUSE
5 0.1 = (THERMAL RESPONSE T
g e AR
hadad |
NOTES: ;
4. OUTY FACTOR, D=t{i/t2
! 2. PEAK Ty=Ppy X Ztnjc + Tc
1072 -
1073 1074 1073 1072 0.1 1 10
t1, Rectangular Pulse Duration (seconds)
Fig 11.

Maximum Effective Transient Thermal impedance, Junction-to-Case
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Fig 12a. Unclamped Inductive Test Circuit
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Fig 12b. Unclamped Inductive Waveforms

[17] e, g, 3,
I+Qes Qap
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Charge —

Fig 13a. Basic Gate Charge Waveform

Eas: Single Pulse Energy (mJ)

300

Ip
ToP 234" ]
4,04
250 \ BOTTOH 5.64
N
200N\
150
N
Y N
100 AN
\‘ \\ \\\
50 N \ \\
\\ !
Voo = 25v
0 . N |
| 50 75 100 125 {50 175

Starting T, Junction Temperature(°C)

Fig 12c. Maximum Avalanche Energy
Vs. Drain Current

_4_—“"\’\/\c~~'—-J
lg= = iy

Current Sampling Reslstors

Fig 13b. Gate Charge Test Circuit

Appendix A: Figure 14, Peak Diode Recovery dv/dt Test Circuit — See page 1505
Appendix B: Package Outline Mechanical Drawing — See page 1509

Appenrdix C: Part Marking Information — See page 1516
Appendix E: Optional Leadforms — See page 1525
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PHOTOTRANSISTOR OPTOCOUPLERS

"4N25 4N27
4N26 4N28

N O N e A R AT I

|| PACKAGE DIMENSIONS:. |

b it Cidiideid 3

The 4N25, 4N26, 4N27, and 4N28 series of optocouplers
have an NPN silicon planar phototransistor optically
coupied to a gallium arsenide diode.

LTI LE ORI Y

[ FEATURES & RPPLICATIONS |

st g

= AC line/digital logic isolator

u Digital logic/digital logic isolator

8 Telephone/telegraph line receiver

® Twisted pair line receiver

= High frequency power supply feedback control
® Relay contact monitor

& Power supply monitor

= Small package size and low cost

® Excellent frequency response

B UL recognized—File E90700

040 DIMENSIONS IN mm
PACKAGE CODE K ST1603A
ANODE{1 6{BASE
CATH[2 5lcoL
e
3 4]enm.
€201
Equivalent Circuit
TOTAL PACKAGE ;
*Storage temperature ........... Mg Mg A ANLLTL ANV, 7”2 —55°C to 150°C
*Operating temperature at JUNCHON . . . My - s gt . —55°C to 100°C
“Laad temperature (soldering, 10.56c) ... —————mm—, T T RE 260°C
*Total package power dissipation at 25°C ambient (LED pliisidetector) oo o 20 o Lo e 250 mwW
Renbolieaviiomebic. ol R 3.3 mW/°C
INPUT DIODE OUTPUT TRANSISTOR
*Forward DC current continuous . ........... 80mA  *Collector emitter voltage (BVeeo) ............. 30V
*Reversevoltage s .o i 3.0V *Collector base voltage (BVes) e o 0 70V
*Peak forward current *Emitter collector voltage (BVeco) . ............ .. 7V
(300 us, 2% duty cycle) ................... 3.0A  *Power dissipation at 25°C ambient . . . ... .. 150 mw
*Power dissipation at 25°C ambient ... ..... 150mW  *Derate linearly from25°C ........... ... 2.0 mW/ec
*Derate linsarly from25°C .............. 2.0mwW/°C
*Indicates JEDEC Registered Data.
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OPTOELECTAINILS

PHOTOTRANSISTOR OPTOCOUPLERS

(255G Free Air Temperaturs Unless

rWiss Specifisd

P 2 T e e

R A P SRR D e FAREEE L Y e FT T Wy T T
- INDIVIDUAL COMPONENT CHARACTERISTICS i
GUAR. TEST
CHARACTERISTICS SYMBOL MIN. TYP. MAX UNITS CONDITIONS
INPUT DIODE
*Forward voltage Vs 1.20 1.50 Vv =10 mA
Capacitance Cc 150 pF Ve=0V, =1 MHz
*Reverse leakage current .05 100 HA Va=3.0V,R=1.0M0
DETECTOR
DC forward current gain hee 250 Vee=5V, I.=500 pA
*Collector to emitter
breakdown vohage BVesws 30 65 ) le=1.0mA, ,=0
*Collector to base
breakdown voltage BVego 70 165 \" lc=100 pA, l.=0
*Emitter to collector
breakdown voltage BVeco 7 14 A" [e=100 pA, l,=0
*Collector to emitter leakage
current (4N25, 4N26, 4N27) leeo L 50 nA V=10V Base Open
*Collector to emitter leakage
current (4N28) 100 nA
*Collector to base
leakage current ks 0.1 20 - nA Vea=10V Emitter Open

*Collector output current (a)
(4N25, 4N26) e 20 5.0 - mA Ve=10V, k=10 mA, l,=0
(4N27, 4N28) 1.0 3.0 =

*Collector-emitter saturation Veedan 02 0.5 Vv lc=2.0mA, I,=50 mA

T e ETh

ST g TSRS Ly b &
ANSFER CHARA

T

AC CHARACTERISTICS TEST CONDITIONS
Non-saturated
Collector
Delay time 1% 0.5 ps R=1000Q, k=2 mA, V=10V
Rise time 25 us (Fig. 10and 11)
Fall time t 26 us
Non-saturated
Collector
Delay time 20 us R=1kQ, k. 2mA, V=10V
Rise time v 15 ns (Fig. 10 and 11)
Fall time 1t 15 LS

*Indicates JEDEC Registered Data.

(a) Pulse Test: Pulse Width=390 us, Duty Cycle <2.0%
(b) For this test LED pins 1 and 2 are common and Phototransistor pins 4, 5 and 6 are common.

(c) If adjusted to yield I.=2 mA and i.=0.7 mA RMS; Bandwidth referenced to 10 kHz.



OPTOELECTRORICS

PHOTOTRANSISTOR OPTOCQUPLERS

" (25°G Freo Air Temperatura;

{ELECTRO-OPTICAL CHARACTERISTICS

Unleds Otherwisa Spacified) (Cont'd)- i+ &

 TRANSFER GHARACTERISTICS iconta)

v owig ME

{also see note 2)

GUAR. TEST
AC CHARACTERISTICS SYMBOL MiIN. YR, MAX. UNITS CONDITIONS
Saturated
L. (from 5 V10 0.8 V) tw (SAT) 5 us R.=2k), ,=15mA, V..=5 v
t. (from SATto 2.0V) . (SAT) 25 us R.=Open (Fig. 10)
Saturated
L. (from5V10 0.8 V) L (SAT) 5 us R.=2k), .=20 mA, V..=5V
t- (from SAT to 2.0 V) t. (SAT) 18 us R.=100k(2 (Fig. 10)
Non-saturated
Base--Collector photo diode
Rise time 2 175 ns Ri=1k(), V,=10V
Fall time t, 175 ns
Isolation vottage (b) lios 1 pA
(4N25, 4N26, 4N27, 4N28) Viso 5300 — — v RMS, t=1 minute
*(4N286, aN27) 1500 — — Vv Peak
*(4N28) 500 — i v Peak
Isolation resistancs (b) 10" n V=500 VDC
Isolation capacitance (b) 1.3 pF V=0, {=1.0 MHz
Bandwidth (c) Be 300 kHz le=2.0 mA, R,=100 0

(Fig. 12)

*Indicates JEDEC Registered Dala.

(a) Pulse Test: Pulse Width=300 us, Duty Cycle <2.0%

(b) For this test LED pins 1 and 2 are commi
(c) It adjusted to yield l.=2 mA and i,

T e

on and Phototransistor pins 4, 5 and 6 are common.
=0.7 mA RMS; Bandwidth referenced to 10 kHz.

AN h.,i(s;g.
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Fig. 1. Forward Voltage vs.
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Fig. 2. Normalized CTR vs.
Forward Current




PHOTOTRANSISTOR OPTOCOUPLERS

1-26

12 T T
— Il =10mA—
r< [ IF=5mA— s
S les 20ma, | il ol
' |
1
r-V(:s =4V
520
%,
|
i
Il
0
<75 =50 -25 0 +25.+50 £75+100+125 AARI>L Fls 7 8 9 0¥
Ta—i°Cj Ci680 ‘F = {ma) C1243
Fig. 3. Normalized CTA vs. Fig. 4. Collector Current vs.
Temperature Forward Current
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Fig. 5. CTRvs. RBE (Unsaturated) Fig. 6. CTR vs. RBE (Saturated)
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Fig. 7. Normalized T, vs. RBE

Fig. 8. Normalized T,, vs. RBE




PHOTOTRANSISTOR OPTOCOUPLERS

‘.',;-"_..‘j..t,"A""'_;:;,:“:.;_«-v\. B T AT S ] s
[ TYPICAL ELECTRO-OPTICAL CHARACTERISTIC C : .
- 25°C Fres Air Temparatute Unless Otherwiss Specified) (Contd). ~ .+ - 5 :
Vce = 10V
1.2 = :

By I ! I vz sev |
> i | i RL = 1000 | FULSE WIOTH = 100 .5
= ’ i | iSeefig. 10 AL INPUT DUTY CYCLE = 10%
g ‘; \oi i | —— o ——
I ode i i | CUTPUT
Ot ) i i
20 ol —Tha—ﬁ—* 1 x
2 5 : ! 5 ouTPUT
CHLE j o
S € Ree <
2 5 e __J‘_ #__1 o ’ se\‘.
g | | Lo
Z 1 i {

Y )

0 5 10 i5 20 F T lon [ b pe—

Ic — (mA, C1E85 C1296A C1294
Fig. 9. Switching Time vs. IC Fig. 10. Switching Time Fig. 1. Switching Time Waveforms
Test Circuit

R LR B e,

FOPERATING SCHEMATICS

MODULATICN
INUT

Ic{DC) = 2ma
ic = 0.7 mA AMS

r cn23

Fig. 12, #Modulation Circuit Used to Obtain
Output vs. Frequency Plot

1. The current transfer ratio (I/k) is the ratio of the detector collector current to the LED input current with V. at 10 volrs.
2. The frequency at which i. is 3d8 down from the 10 kHz value.

3. Rise time (t) is the time required for the collector current to increase from 10% of its final value to 90%.

Fall time (1) is the time required for the collsctor current to decreass from 90% of its initial value to 10%,
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