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Academic Year 2012

Advisor Assist.Prof DR. Pattareeya Kittidachachan
ABSTRACT

This special project aims to develop a prototype microfluidic system for fluorescence
detection. The system consists of several components, i.e., a high power LED as excitation light
source, a polymer-based microfluidic channel and an optical detector. Experiments are conducted
to demonstrate use of the developed system for fluorescence detection in chemical applications.
A Rhodamine 6G fluorescent dye with different concentrations ranging from 100 nM to 5 mM is
used as the analyte in the experiments. Relationship between the photoresponse of the
microfluidic system and concentration of fluorescent dyes is investigated. The results are
compared to that obtained from a bulk system where the analyte under test is dispensed into a
standard-size cuvette. The results obtained from the prototype microfluidic system show higher
dynamic range than that of the bulk system. In the bulk system, we found a decrease in the
fluorescence signal when dye concentration is higher than 10-5 M. This is probably due to the
re-absorption and self-quenching phenomena which result in low quantum yield of fluorescent
dyes at high concentration. However, such problem is not found in the microfluidic system that

has a low detection volume.

Keywords : Microfluidic, Fluorescence, Rhodamine 6G, Photodiode



111

=y =
naanssulsemea

¥
= o d 1 a

Tulassnuiirmduiidise ldedeauysel Taoldsuaueyinnzetisdnn
v A a a ot a L4 a a ¢
HALAT.ANI O AnARmYy 01915875 ner Tassnuiiey uagauze191sdarniniand
o a J @ = o
Uszgnd angInoimans aotuma Iulatwszaoundudgunmsaranseiis Aldanug
o ] o 1 3) U 1 4'{ Y- = 1
fInewaziuni aneasutivasnaeund ludounnseednee ol Insenuiiyiay

¥
o '
ugndeaazdusegase lded

CV _

a a { 1 o_ w Y
voueunsrAmial 1A uazandnluaseuasrndaulumsldmaslouag s

a < -
aivayuiuegieau lasnnoa

]

el 1o = 9/ 1 A 0 ad 9 a7
voyuRM WA Ay Nlvanuyiswmasunzuueihiinisldglnsaiarenlums

=y =) o o
Nnanoa 53Maﬂﬂ]3ﬁ@un’]ﬂuﬂﬂwﬂ ll"liﬂﬂﬁﬂﬂﬂﬁluiﬂiQQTHWLﬁH!ﬁSﬂﬁNu'jm

[

=1

- o & Yy o y &
vououRm WNons wnia flvouginseneg lumsadreduau

Q

1
=

yovauRauious 1 28 aunaoyldmdleuaz Idd 1S nuuuziinisnasanis

111911398

Ww52550 wanelang



1A%

L
a3iiny
9
11
UnAagan1u ng I
UNAAYDNIHIBINYY |
naAnssNLsE A I
a5ty v
GRFSTRICRERE VII
GRESTITFS] VIII
Adonnydndnyal XI
4 .
UNA 1 N
1.1 a1 unves Tas iy I
s o
1.2 daqgszan 2
1.3 U9 UIUAN1TIVY 2
1.4 YUADUNITIVBUAZITNITAUTUIIY 2
1.5 sz Teminandio a5y 3
A a Aav Ad  y
Uni 2 NgE uaznuITenne 1o
¥
2.1 nanmsiugimuves IuTasrigdan 4
2.2 Hinduesvedlna 5
2.2.1 va4lva 5
2.2.2 v04 Inagaund 5
2.2.3 AUNITAINABINDY 6
2.2.4 M3 IManeve 8
=2 a
2.2.5 ANAIAD 9

2.2.6 anmgnasaldnnioanmazans 12



a3y (710)

ar g
2.3 nanmsnuguuegesismaud
A
2.3.1 MyMweramsiseameves luana
2.3.2 silaveamsilasuas
o = o
2.3.3 nanm3ved I Tagiii ey
A a o
2.3.4 1n509go0 Islinos

2.4 nguoudoSuazuauiisa (Beer-Lambert law)

d‘ :’I ac o =Y a Qs
VNN 3 VUADHUAZITNITAUNUNUIDY
= Y an
3.1 msﬁﬂmmmsw”l,uiﬂiﬂgaﬂmwmma
3.1.1 AIEUUMIYVLNAA
- Y A
3.2 mynagevasddennldluseuy
a 4 ) s
3.3 m3vayagUnsainmsasniauasrgonis maud
3.3.1 msﬁ’ﬂfgﬂqﬂﬂﬁﬂﬂﬁﬂﬁﬁﬁ’ﬂﬂﬁ;tﬁa
3.3.1.1 vasfsiaunay LED
3.3.1.2 [AUAT A

= d
3.3.1.3 Waweinsoaua

3.3.1.4 wiusvuta Ty Tasvigdanuauuua

3.3.1.5 mnInsinmes
3.32 mstayaglasainmansiviamalnih
3.3.2.1 FanouTnlalalon
3.3.2.2 2993 vnud Ry
3.4 MIIATUTAN LA
Y & a o
3.4.1 madamsganauueslufaamg

3.4.2 mydamsganiuuaslufumi

13

13

14

14

16

20

22,

24

25

29

30

30

31

31

32

33

34

34

36

36

37

37

37



ARSI ))

3.43 miiamsganauuasazmsdwaslulynswgdan
3.4.4 mydadayangy TWih

4 a L4
3.5 MIVOAUDLIATOIIAYTINMUAIHQDDIT I UA

o r
UNi 4 wamsnaaeuazenlsiewna
4.1 myguiinfavuunu iy Insvgdan
4.2 HOM 5 IATNUANETIUD9e15 Rhodamine 6G
@ o & a o
4.2.1 wamsinaulnasumsganaulufuami
o w 1 a o
4.2.2 wamsiamnesumsalaweslufaamy
4.2.3 wamsiaminaiumagandululylnsvgddn
4.2.4 wamiiaalaaiumsnlaawaalnlyInsgdan
4.3 wamsiadayaa Iihvesszuy luTasvgdanuruiua

4.4 mavaIzvyIanaalgoois g

= v

uni saguuazderavenuy

5.1 gUwadY
£y

5.2 Yoraouuy
Y a

(ONE391989

MANUIN N

MARUIN U

VI

38

39

40

41

44

44

46

47

48

50

51

53

&9

56



VYN

M39f

L1 LAAUHUMIANHHNIUTIY

3.1 aaasuIauHELaved lyTasvgdan
4.1 myntuiinwanisnansansyu lans

4.2 myiunnausedu Wi nn founas

VII

26

41

50



il

a9

€
@
Sl

=h.

31
2.1 walulatszuvves lvauuugania
= L= =1
2.2 M3 Inavesveslnagauad (lifianumila)
3/ = v v ow o a =y 9/
2.3 a) IUNINFUATAUARNINS lnanyna ga Aeduaiosis
2.3 b) HAAIYADAVINS 11A BRTINS IMavzihiunmadavales
2.4 waadumiossi Inarudsiaunegingseie
Y
2.5 uaeans lnawagzoannioluvasavesnis lua
o deal o ! - I ETY o Y a =82 a
2.6 ussansnaszvive luananeglndrivesveunad v lvinannuAaii
= o H " a1 1l "=
2.7 (a) Hawvesthayuunnialasiiuisdvegededase
y o o T 1 v o
2.7 (b) levh I dun e lussdena 1szgaussdseonsouduiiuasnay
Yy o
2.8 voumadlugrasauduan o
2.9 UHUMWEAITLAUWAIIY Jablonski
2.10 M3INNIUYDUAT B4 Fluorometer
2.11 MIQANAULEY
) 1 a o
2.11 MIGANTAULAIHIUAWINN
3.1 WHUMNTUABUMIANTUIUITY
¥ aa
3.2 lavzunsuuaaenszuaunsadielulnsvgdanusuuua
3.3 szUUMIguinAg
3.4 ¥ANINAADIYUINAD
Y
3.5 henguilnifa
& g
3.6 FUNUNADINTYU
3.7 uneilniAg
o a { v
3.8 105 lufimo5are Fluke 31 51 K/
v aa daa ] 1
3.9 sinAilineiATABATNE UNI-T ju UTSS

3.10 in5 09 1A Nnudou

3.11 uraene v

VIII

11

11

12

16

19

20

2]

22

23

24

25

25

26

26

2

29

27

28



CRENGTRHI(E)

=M.

il
3.12 lulasiwes

3.13 aalnesumsganduuasnsaueaved Rhodamine 6 G

3.14 STUUNIATIVIAN LA

3.15 vinoa la Toauasas LED

3.16 lAUd LA

3.17 Haunos uila long pass (418) 110 1A band pass (¥37)

3.18 s uaasm sl sy anauveensmaunay
alnasumiamudedasiuilames

3.19 asmuanimsaieufoualnaiuddouazalnaduidouilodoshuilanes
3.20 unuTuEa lu InsWgBanusuLLa

321 aln Insiwes

3.22 szUUMIRTIane i

3.23 LHUNINTEUUMTASIDIANIE THh

3.24 STULIEAINA

3.25 11 laloawiiadanou

3.26 2903 V8 10 YY1

3.27 gamsnaavamsiamsaanauuaslufiuami

3.28 yamsnaneamsiamslduwaslufumy

3.29 gamsnanevianmsganaunazmsilawasluluInsvgdanusunua
3.30 gamsnanediadinauasigeasmauanialvldh

331 Lﬂd%mﬁ'ﬂﬂ%mmumwQamimﬁmﬁgmuwnm

4.1 dretauin Ty TasWgdaniimunszutumsyuiinga

4.2 nluaasnNUFUN LT sEH I (1) uag A (lulaswag)

{4 4 A i w
4.3 nsluaasnnunu s Iudenszua Ihaanu

IX

28

29

30

31

31

32

32

33

34

34

35

35

36

36

a7

38

38

39

40

42

42

43



a3Un3U(@0)

=D

3

4.4 freeraun u lasgddaniiiimham Gy

8 g

4.5 (a) mMnesuNI9ANAUYDIATS Rhodamine 6G NfAududua1

4.5 (b) MUNATUNIIRANTAUYVBIENS Rhodamine 6G 910 11)54in5 PhotoChemCAD
4.6 one Funsilaauasvosats Rhodamine 6G AAA MU LAY

4.7 () n3luansnsilaaaevesa1s Rhodamine 6G Annududuaien

4.7 (b) alnasuMIgANTAUYDIAS Rhodamine 6G 910 151N TUUALINNTNAADY
4.8 () N3 LEAINSIUAAIU0IA5 Rhodamine 6G Amanududausian

4.8 (b) N MLAAINGIgAVDUIRAZAUT NI

4.9 nivluaasnnuduwn sz amanudududy usaiu Indh mv)

4.10 15 93RS umuaevigents mauAuULNAT

44

45

45

46

47

48

49

49

51

52



o I v ¢
meaattasatyanyl
° [V J
Meouazaaany
ANUHNIY
1.LED Light Emitting Diode
2.PCB Print Circuit Board
-3 a w 1 o
3.kg'm A lansuaegnuIAnuAg
4.g'cm” nfudegUIARIURLIAS

5. N'm° UIAUADAITIUNAT

Xl



1.1 anadlusnveslasanuiiay

Fd
TunisasredalSunmmsmedanmluilogiud WannmsvesTansyss T ggalnsol
' et 2 2 ¥ ' o o 4w 9 a
anivwaanag e Idamsoazandenisnan lU1dauluaniuiiaie seilina
aa é _aa i 1 { a
maTuTad TuTasvgoan ¥eluTasgdanuginsainlsznendrsvenivuinszd
TuTpswas awnsonsuguiiuinsvesveamadluszdululnsans szunlulnsgsands
Wumsdedruvesszuoves lvaldismwsalflsmamslusedudnnnuazideldas
= 9 == - ) 1 o = 3 Qs 9/ 3 d'
Ysnmrdesdeaunsaniuguilsua Idedraniu Sasisdaldarduilominnszuiunisey
a -3 o ' aan & &\ 1 Y o
imauusIng szuu I Tasvgdanielsy Tomidenanwaisasms wu medmmsunnd nag

=2 ~

mMaduFiner fudu maTuTad luTasigdan Seflaammminzmmizgam1Faus iy

d'l = - ) o é = 1 o ) s
nIesiipdalTinmuasgeasayuauuuwaw yanaTulagvesuvass udauersluilagiv

=

Idgniiannllednsiads sldiundsdudanaweadd (LED) Hilvinadn Tanuadnegs

Yo aw > | S a a -:iy:v =1 4'1 =) Y 1 o = =Y d'l. P

uagldiida I imdsiudanasydadidafisagrilofsutuundsiuiauariadug i

o [V (] = o 9/ ) 3 Jq 9 1 o =y

gmiwnlFlunisasiedasu Fueu nozimwes iudu dofumslszgadldundeduidane
A o = a - & w W w = 2 a

LED rienszduamsdaiunmadennilalumsiauinsesdedaliivinadnawaz i

¥ v

Ty BnviedarildazaindemawnmlumstiluiadSmams Tuaniuiianeg nsld
o s A A . ya o a A o a g L

U5z Temigeasarudidumaiinfannsaimnldinazdessuns Suazmsefiunsd &9

Iy Py 9 =1 P~ 1 o = o A A

Wunsdiesizdilianmigs  Sanudies anmwuuudige nasduaudinsgiosii

Ysumrdes Wgesrsmyudiiiumaiiadie Ididianmaim lagendanlnTasiwasamaiia

Uszam 1-3 191



1.2 Yo szan

1.2.1 efiauniesiadSinunasgessmaudvuannm lasldundsduiiauas LED

v

4 o y o/ 3 y s a a o
1.2.2 erunsesniannyu lilszgnalfindesnuaudinsedSuanasgoasaaud
¥
nelunazueniiesliianis

1.3 YD UIUAN5IVY
1.3.1 Anvmguiiestunszuiunsasielulasvgaan
¥
1.3.2 Anyduneunisyu Tanzae 1wl
=2 = A as a 4
1.3.3 AnyImIng¥veunsesindinunasngeais maua
o 9/ A o/ a o
1.3.4 SaadunTesindTmnanaargess maudnuumam
1.3.5 agtuazenilsiemamsauiiuau
1.4 TUADUM FIUAZITN sAUHUNY
¥ v
Yupeud 1 AnvmguivesuInsigdanuaznisadieluTasvigdan
Tuaeud 2 fnymguivesnisyuTangdaeivih

¥
s al

Tunoud 3 vamssugnsainldlunisyuTans

£
LY

::i = a an
YuneUN 4 AnyInsiauesszu lulasgdan

¥ H [l
TunBUT 5 NAnBITINTe IalTImITIgeRIs MIUAILNAN

€e

=

unoUN 6 ATIvReUMSIUveuASe TalTMIaIgReaIs MU

PUADUN 7 IATIBURANITANTUIIY



@17199 1.1 LAAUAUMIANHUIUIdY

PEAVEA o]

ANHUOY | wa. | 1.9

n.f.

m.n.

n.g. #.9.

N.0.

5.9.

4.9

L.

v
=

1.5 dselarrnmaiiez 145y

1.5.1ianuguazanudluferduma Tulad lu TasvgadnuaznisyuTans

1.5.2 inamguazandrlalundnnisadrelulasigdan

1.5.3 innuiuazanudlolundnmsadiuniosintSummmalgeos marud

1.5.4 M IW§Usz Tomlvesuasgooismaud lunsinn19iaaans

1.5.5 mnsoaduaiesindSmmuaagesnismauduuunnm 16




YN 2

o

= Ay da gy
NEHYUASITHIVENUNYIVD

v g aa
2.1 vianmsnuguvedlulaswgddn

TuTasWgdan (microfluidic) tma TuTadvesnisAnuuazlszgnd 19uszuums

[
s

Qs . ¥ =1 o =Y 9 ;.:i () 1 =1 1 d:d
IAN1503 M@ (fluid) 15U vourad w3e ma AlUSuadeswini lvaniusesnsevienil
=4 Qs g/ a9 ] 4 ]
winaanluszan Ty lnswas (Funuvesuypalidumugudnaisseyig 17-181 lulnswas)
' ia & g i o Al o aa ey i
vondanunaauilulasevisduasens lvavesgdnsal luTasWgdAnd (microfluidic device) 2
y X g ) e : A e o @
NAITIVUAIY micro-fabrication  techniques 114‘1)”21&5%611&‘11?]%131/‘!@1141 ?q)ﬂlﬂimllwiﬂ‘i
aa ¢ y X v | aa Y Y an ¥ v
WQaANAYAATNUUIINIAATIUTOUYY FANOU UAZLAT AIVITATTATINAIYINVTAIOUA
(photolithography) LAZUNZAAN (etching) FIAAUUAININAYATINATIUAITBONUULLAL
o By =] \ I i 1 a A '
wmunwa"lﬂwwmmaﬂ (microelectronic mdustry) mezuaumiwamuﬂmgauaz"{u
3 3| o o v o Aaw 1 LY, a L4
ganguiatluusawdndulidagiuindtedn Inginuaulvadaagiaungilnsed lulns
an =) o y a o @
Wgodanluwofweiunu iesnn lana lunmsndades mingaudumnsanianiesdanmn

¥
@ e

437 2 .,
andalnmgaieusnldasufeandanela aaensdszynd lsnaluTal soft lithography

()]

i = o 1 1 1 i
NOYUUITINTIUYBINMINUNULY (printing) UAZHABLUD (molding) IALLLUVA1Y TavH

wiyuengnai e ldnnmaiiagien

317 2.1 maTuTadseuvved Imaunuyania



2.2 Wandvesvedlvia

2.2.1 vodlwa

= = ey 1) L] 1 é’ 1w P
¥od lva winedsaasdeeunse na ldlgusea iudueudiuegiumauz inssy

9 1 [ =) o AB!; Y @ 9 1 P A &
1dun veunaazma msfnyngnasiiliosdunsrnuvesiva TdunvesInaiiogiia &
1 a o [ o [ o o o
Fon31 gnnadacmans (hydrostatics) duiinnwauluveslva vanveswiana nanues 15
asa =2 a 1 = A kY o A AL A ' o
AUAT LUASAITUAIND f'f')ufﬂiﬁﬂlﬁl'IﬂLﬂEJ'J"U@Qﬂ‘U‘UﬂQVlﬂﬂmﬂﬂuﬂﬂ"ﬁ\n‘iUﬂ’J"I ANANAMIAAT

T ! ¢ a o
(hydrodynamics) ﬂzﬁﬂ}ﬂ ﬁ’ﬁJﬂﬁﬂﬁﬂ@L‘ﬁﬂﬂ ’sT:Uﬂ‘I?UENLL‘LIi‘léﬂ Llﬁgﬂ’ﬂﬂﬂﬁﬂqmﬂﬁﬂﬁﬁ']ﬁﬁﬁ

{]
= T

v £ Y
vo4 lanogisve liflussduia(tangential force) N5 MT1zus vz iinald suvesveslua

U

K
o )

A'I. 1 3’; d' T % = | = & Y ar ci ey =i
La@umumuammﬁ]ﬂuw ﬂ’@‘ﬂmﬂﬂﬂﬁ]’tﬂﬁuumﬂ muummwm"lmmquwxmma

'

o 1 a}) o 3.’; - 1 ‘ T ¥ d'ﬂ 1
ﬂﬁg“ﬂ'lﬂxiﬂ'lﬂﬂﬂﬂ'ﬁlﬂﬂhl‘ﬁm‘ﬂ TUU ﬁUﬂmu’]ﬂﬂJ’ﬂQLE‘NﬂimﬂﬁﬂﬂWﬂﬁﬁ@ﬁﬁ%ﬂuﬂﬂﬁuﬂﬂ’n'}

4
= 1

Y
AR (pressure) ANNAUT Iz A IR0 [Tsdua199veved Inauazdaiimyne luisaanin

2.2.2 vodlnagaund

Tt

vod lnagauad Avves Inad lifiusauFeamuseninmenszuaniolifianumnila

Qs

£ @ an &
‘]J'Qﬂmﬁﬂﬂﬁﬂ]ﬂﬂ%ﬂqvlﬁﬂ@ﬂuﬂ@u JU

= ] o = o '
1. i.lﬂ'l‘iu],"k‘iﬂ'f)mﬂfﬂﬂlfﬁ\lﬂ ( Steady Flow ) ‘P‘ill'ltlﬁ& AT IVDINNOYNA W AU

g = 3 o oA o = o
UuWi&WﬂﬂWlﬂLﬂEl’Jﬂuiu‘Uﬂ&Llﬂffﬁllﬂ'lﬂﬂ?]?l

1 a £
2.8lumsInaTao Ty (Totational flow ) Ao TS lavseuganiisn luves

1 4 P o < a 3};
Inasg lufloumavesvas Inamndenfidrusniid nFayusougeiueg oy

= { 1 4 1
34Hums lvaf liflussduiiosninanumila ( Nonviscous flow ) luflusadlag

4 o i
mouludloves lnamnszihaeouninveslna

4. lim13080 18 (Incompressible flow ) Tuynqdiuvesves Inalinnunuuniuag



31l 22 M3 lnavesvasInagaund (Liflanuwila)

2.2.3 AUMIANNADIHDY

3 . A w d =) 9 A @ o a
Eﬁu’ﬁ’]ﬂ'ﬁ]ﬁmﬂQﬂ']ﬁqﬂﬂ (stream line) Wi@ﬂﬁﬂ“ﬁmﬂQﬂTﬁiﬂﬁ AL UNDINTUNTND

1

=

a &
namevesns Tuanynagaluauums lvaluvas lavaznila

LAWY

¥
/,‘”/-— HE

(a) (a)
U7 2.3 2) iunandudaiuiianmems lnanynage Aedumoss

b) LAAINADAUDINS 11A BRTIN3 IMavzINUNMadav1alay
At :3 Qs 3 < 9/ o lé A
you lvanling lmauumivanensdy musaadraduduamesissiaunil vio
a & & @ 2 A =t 1 = 1 ) " 1
vanilaelszneunuilunenievasa misendiulizlirailunoudt vasavesnis lna

(tube of flow)



{1} 1)

319 2.4 (@),00) uaz () waeudumes1sh lnaduasiaugns e

T ' C;.C-! t‘-%’ Ci. ar
U (d) ll‘ﬂﬁclu“HEN‘I"INﬂﬁJWN‘VIﬂ'IﬂGIﬂﬂJ’JNLLﬂ‘UfN

c!: 9

a : 1 g <
HFaaueIns na avedIna lvadmuiuinniiiae A, A1ea210157 v, uag

= Y

l oA d oy o y 3 v o A
vaven WIuAUNNIEA A, A20au57 v, A3 2.5 Bnasves lvahmuiiuinidisda A,
H ¥ 1
Tugaanal dt Ao A, v,dt s ldanunuwiuvesvesInade P waaveslvah lnamuiiui A,
v 1 v
lunardar Ao PAvdt Tu vhuesdernuy vanvesveslvan Inariunun A, luriwia

Hoarufe PAv,dt suiluvesluansad ild waan lnadezwduuiah lnasen

lA,
by Ad

s
>

~ )
ﬁ‘ﬂ“lﬂ 2.5 L!.’ﬁﬂ\3ﬂ'lﬁulﬂﬁL“U'ILLﬁ%EJﬂﬂﬂWEﬂHﬁﬂ@ﬂﬂJENﬂﬁul‘}’fﬁ

U

EY
@

AUY PA v dt = PA,v,dt



1 1 4 a 1 ]
Fon1 AUMSUBIANNABIILDY (equation of continuity) taaelWiAUIIANLEY Y09

d' Y w 1

1 o @ ¥ g a o w <
Gl]@\iulﬁacluqﬂ@uﬂiWﬂﬂuﬂﬂﬂu‘]ﬂﬁﬂWHuqﬁﬂmgqqﬂ@ Waﬂmﬂl@Qﬁuﬂﬁﬁqﬂﬂﬂﬂﬂq‘]ﬂJﬁ? (Av)

o

& ¥
o mwms"lwmmume Q

2.2.4 M3 lvameans

wa aa  d 1 @ 1 =]
ﬂﬂlﬂilUf”l‘l’]N‘NﬁﬂﬁUNﬂﬁ$ﬂﬁ%'E'N"U'ENVI,?T@ "1{5'uﬂ ANUAN AIHHUULLU AT
o o J 1 v & = v @ d & T 1
mu’mmmﬁﬂua@ (Reynolds’ number) ANLHATU "l]giJﬂ'ﬂi.lﬁﬂwuﬁﬂ@ﬂ'ﬁ"lﬁﬂ“ﬁ\?ﬂ&’ﬂﬁnﬁE]Ul,“lJ

a
=1 ywwg’/aﬂ'd

2.2.4.1 ANUAY W09nANNEUTANYFURUS A UUs I aNL AN ad ety elims

'
= Y a o

; ¥ . o A N o y :
alaswalasiuniigasemldannusunlasualas lade maansndwmannmail 11 14e
3 = v .2 g o o
MG M Inavesved lva'ld 11naunsves Bemoulli Fadlumsdmsums lvaves

Steady. incompressible, in viscid L101& T4 1 &aummizms e

2.2.42 anwruiu 15 lunsniuamannuauvesves lva o yalen Tasaiw

] 1 =2 2
NUWUULIUONDE WA uMS

a a T el ! o =y [ I~4

2.2.43 a2 wilumdulsndvuanganssums Ivavesves lvadnezdlu 1yl

@ oA A 3 a 3 vy ~ A
anuela nanfe WennuEimavuesves vadluliled19de 151vzFonms Inauuuiio ms

= . w = a Y1 a Yo ¥ 1 s
Tnauuus G ey (Laminar flow) uaasasgli 2.7 wzmnldnluisnaladnuduriugudnans

" < a0 1, = =Y S A 2 =

YDIND ANI5IVDINT WavzliawnaLinauivisesn 1 tagninanuiE A mnTud e
seaunilaazmldinants nanuuiiugl i (Tusbulent flow) naaasagin 2.7 Fams Tvannuwds

& g o 4 ' & Y 3 | o
Heznumuniududaann atlams nauvuiutlwilszdlums lvanfisuuunlimiven

o < o add ¢
2.2.4.4 $10UAVTO TUAR (Reynolds Number) 1 iavdaiinFuenanmilsingmssins
2 g w 1 . - . 2 ¢ a1 X ) =]
ulﬁﬁﬂlﬂﬂﬂlﬂﬂllﬂﬁ mtﬂuﬁﬂﬁ’mmm inertia/viscous mu’mmmiﬂiuaﬂ%mm‘uuagﬂ‘ummm%
1 a " 1 -
ﬂ'!ﬁ'vl‘ﬁﬁ ﬂ'l’]llﬁﬁﬂ ElJu']ﬂLﬁnguW']ﬂuﬂﬂﬁ'N“ﬂﬂ Llﬂgﬂ’ﬂwﬁu'luuu“u@ﬁm@q”!ﬁﬁ 1319718 U

o w oo 1 <
anuFuRutasna 1y




A o o' 4
e Re = 91U IU@USE [Uaa (Reynolds Number)
<
V = A710159015 118 m/s
9/ T o 1
D= ifurugugnanmelue m
p = anuruLuveed Ina kgm’
L =AnuntinvosusdIne keg/mss

o o 14 1 =1 o ] 1 A :3: TR~ ]
mmmamiﬂuaﬂﬂluwmﬂ HASHUANUMIAYDUNNIN ﬂm’mammumwiﬁmﬂumm

1 .d] I
ruagluuums lnaveswes manithuwule wu
1 1 = i
Re 0 1434 0 - 2000 e/ M3 Madliuuy Laminar Flow

" 1 = — A A =
Re 8¢ 11229 2001 - 4000 90 M3 Ital uuyy Transition fe Hms lvia 2wy fe

Laminar + Turbulent

Re 1101721 4000 ﬁmwmﬁ"lwarﬂmmu Turbulent Flow

2 a
2.2.5 ANUAINT

=2 a = A a é} aa o I~ =2 =
WIINIHT MU0 LIITINAVYUNHIYUIUDIVDILH A L‘]Ju%lﬁﬁ’)ﬂ‘il@%ﬁﬂﬂﬁlﬂu&ﬂ

1 [ = = | '
seni1elulanavedveunalInleiy vialunaswusaussdamiionsznaiteluianavog

@ o

YoUHAINL IumnaveInIsuvioved narliaduiiuduna nsefsinzeg luumvunuy

o
YN a

1Y ] v
Avveeunanaye usinnewyh liiuiivesweuradiinnadesiiga

=)

111317 2.6 Twanavesveuraiudos lumnavzgnusinsziuiiesnnluanaduhioy

o 2 ' =] o 1 ~ 1A a
50U 9 wadevhdussswdsnaniindugud ualuanafieguinalnd q Arvesveunaign

o= R

= = T =3 3 o o U e 9/
LINAAINUUTIANINNALTIAIUY LLiQﬂW'ﬁ‘ﬂﬂﬂimﬂf}ﬁﬂ\‘iﬂf’l’l’éf’d“ﬂﬁ?ﬂ'lﬂﬂﬂulﬂﬂ'lﬂnluﬁllﬂﬁLﬂﬁﬁ

=

o q Y & w pm w g A A 2 g y= e i
'Vl'ﬂﬁN?ﬂ]@ﬂm@ﬁlﬁﬁ?ﬂﬂﬂHm$£ﬂll?]uﬂ‘}JiﬂulfJ@ﬂ'N 9 ﬂQﬂﬂNl‘ﬁﬂ\? ﬂ'i"lﬂ{;]ﬂ"l'iﬂl”L gnIA ANY

a7 (Surface Tension)



10

= o o o 1 = ' Ya o Y a 2 a
31/ 2.6 usedwsninszihae luanaiied Indrrvoweaman MldiAaanudsia

G

9) v =

o = o s i = 1
Usingmsalludiailsssrinnifeadosiuns siaduagy vounal lnasznasadan

< 1 I~ = = é} 1 a o Y o
Aunea 9 Tulnadune mazhiiussfeduseniem luagavesuounad 1w,

¥ iy 4

o o AA Aa 4 & v d a 3 0 oy
L‘ﬂ‘uﬂ?NWﬁmﬂ o IﬂﬂﬁJWU‘V}W’Juﬂﬂﬂﬁﬂ MITINVVLGVNUAN ¢ AIUUNIUT L‘Uﬂd%xﬁﬂﬂ@gul@]

q

1

=2

A a &\ Youi 'S o Y A oA o A AR
HIo LLﬂJﬁﬂﬁTTJJ'Iiﬂiﬂu‘]JHNZIH’]Llﬂ LW?JWH’J“UEN‘UﬂﬂL‘Wﬁ’Jﬂ"lﬂu’mLﬁilE]‘LWULTJHLEJE]W‘UWN
o % @ 9 T Y aa =] y ¥ 4 3
amsaiuimin ldweaunds nsquuasautiiifignacadn q asluudain thesau i1y

= 1 o ¥ v L e Jy o c? 1 )
‘I’Tﬁ'EJﬂLLﬁZEJ‘F]’JﬂJ’QT\‘Iﬂ’l'ligﬂ‘}JU']ﬁl‘LJLLﬂ'J LADIINHADALNILAN 9 uaﬂumaﬂiw szaulson
3 :: T [ U @ 1 dyy (=1 P 9 [N
1uﬂﬁBﬂLLﬂl%3ﬁ1ﬂ'ﬂ']ﬁ$ﬂﬂﬂ§ﬂ‘ﬂ1‘“ﬂﬁ ‘]Jﬂﬂ{]ﬂ'iﬁmﬁﬂﬁ A HATUAIULATA TN IUDIND
=S =
FAITUAIND
= e v a kY LU~ 9+ I
NANWNUBDILTIAIHIUNAVUIUANUN IV HUIUDIUDUW AN ﬁ?h’lﬁﬂllﬁﬂﬁiﬂlﬁujﬂiﬂﬂﬁﬂ

o .9

,3,’ | ' LY = g g g < ' 1 o cg
U uuﬁumﬂmﬁjmﬂmﬂﬂﬂummznmﬂmumﬂ 9 ﬂﬂlﬂﬂﬂ’)ﬂﬁ]gﬁiﬂﬂﬂﬁ?ﬂ UITNAAU

8

1 5 T é’ J 1 {1 1 1 = a o

wasluhajudrenvuegldilduajung q lursasalasiithedwacsog edradase auus
1 1 A 2 A i ot Y oA A =2 i a1 =
Hzagluanmiivedanioogluraugniianududolivs feegluszuvesilduil (gzuld

Y E:y o 3 ]

=3 = o 1 " o <
2.7) MlFnvmh lidumjneluisedeliune dug dasdwasvnedioenduinan

U

= @ [ = g’;

2 = d ~ 2 o A T o =
iesnnlanszaseansaudmuuulindl (viensyvh lufisnamindedula o luilduuay

v

ad v @ = o 1 1 T oo o
dusou o Haw) ussdniimuaiinszyhdenn o danveududosziiusug



11

o %‘ ' A 9 T =
31 2.7 (@) Wavvonhejuureaalaeiiasdreegetiedase
(b) Wovh IdTldumaliredenna taszgnussdseenseudaiuianay

A = = Qj : d'.
diewnsandmihvesweunad danduanuAvumidunils Tuanavesveunadf

v & = = o R w o
EIQ‘V'IQﬂﬂﬂﬁ'lu‘l.l’EN%'ﬁuﬁﬂﬂﬂﬁﬁ'l\iﬂﬁ“ﬁﬂﬂi%‘l’l'l“ﬁﬂﬂulLﬁZﬂuﬁﬁﬂﬂﬂ'ﬂMﬂT}] L Uu1au094599
3 & & AT

LﬁﬂJlJ"lﬂ‘lJ‘l-lﬁ"lﬂ’J'l?Jﬂ'l’] | TIEYRNIE !

! ¥
LL‘N&QN’J(F ) uﬂwumeﬂ‘umwmwmm'ﬁﬁ’wawmmmmmuuniwﬂu

9
HUIAIRIN

FXL
F=YL

" - s a a A 1 =1 a o <
Y1) fie anudsimsedulseinsanudns Ivdaedludiadu was Huuss

= =2

¥
ﬁQN’Jﬂﬁl‘Hu'}ﬂﬂTmﬂ‘]? ‘L!‘L!H’J‘H‘LT']‘UfN‘UEJQm'ﬁ'J'VILL'Sﬁﬂﬂﬂ’)ﬂi%ﬁﬂuuu’)ﬁﬁﬁﬂﬂ ) L‘ﬂuﬂ’]']llﬂ"l'!
{ o o o o A 1 o o a
‘umafgfuﬁ QJN’CTﬂ'LI‘UﬂQL‘Hﬂ'Jﬂ%ﬂilﬁ)ﬂ“llﬂﬁ?ﬁ@‘ﬂlﬂﬂﬂﬂlﬂﬂlﬁﬁ’) U UUVNYIT d INUUHIUDY
@ Y
VOUHAI ANWUYII L 3NN 2d LW‘B"]%‘U?NE‘Hﬂ'Ji]xﬁﬁJWﬁﬂUL{‘lﬂJﬂﬁﬁﬂﬂﬁ'lu “l‘]_lblfl’ﬁﬂﬁicluu"l

o ¥
ANuea L Aodusougivesly ldaidlsn



12

2.2.6 amgnasadnnIsamwazilaal3 (Capillary )

IS Qs

4 " =] o
iogunevsenasaidn q adliluveunar veunaimolunasarziiszduganion

anlk
=

9
%

1 o 1 =] s J )
NITTEAVUBIUNAITOU 9 ww?awaamaﬂ 1 HU a;mmmmsamuﬁﬂﬂﬂwaumwzumz

) 4 Y A sy ! o
TR wuih luvasaudmse 1aeas wu Usenlunasauda

v 3 & 5 v
ﬂ]'ﬂﬁlﬂﬁ'ﬂlﬂ’]gﬁﬁﬂﬂuﬂ?l;ﬂugﬂ?@ﬂﬁll ﬂﬁﬂlﬁuiﬂ‘ﬂ?ﬂuW'Qﬂl@\ﬁl@ﬂlﬁﬂ?ﬂ’]i;m e U
9/ ﬂ%’ 1 o 2 "o
HaeAuAT Fonyuiid yuFuAE (Contact angle) vounadlunasausvzgesiumify y
H t:{d dy =} 1 o = { q.
HIMUNVDIVDUNAINUANNGI y Uﬁ]gllﬂ"ll)ﬁfl']ﬂﬂlliﬁﬁﬂNQﬂLLﬁﬂLﬁQﬂﬂﬂkLﬂ“luuu']ﬂﬂ

I~ a [ o @
19 Y Wuanudsia wez r Aeaiivesnasaudi vounanhyuduiasounasauia

"L'}Jmmﬁ’uiamwn =2TTr

2 2
U IR IUUN IR F = 2TTrYcosB
¥
Lmﬁamﬁaumuﬂwwaammqa y=mg=PgV= pgTTrzy
INSIZYDUNAIAUAA PeTTr y=2TTrYcosO
20ycos
y 7 T T

2pgr



13

@ =1

a3 o 9 o £ kg A Y oo = o @ A
NIUHUINUUADALLND HNﬁﬂJNﬁNﬂ’]Hﬂiﬂﬂ 0 93 NIUUINUHADANU HUTUATUAT 90
¥

= o @

1 ~y —_y g (=1 ar ] Qf
e tuAoiee linzi Tanz Gy sgauinelunasauiumeneniasazegluszay

ReINU Yyududasgndelsendunasaudaiial 139 a9 A1y sgimAnay uaniiisya

Qs @

9 % 1 @ - 1
Usonlunasauniszdiniiszavlsonniosusnrasaudl s1uuduiaiiaseniie o 5990

9

pemupamaIunmyue duududaiiannnand 90 ssmusiesndi 180 parn vounale

L=} a k1
Il‘i.l!,“]_]ﬂﬂﬂ’l‘lfugllﬁgw’lﬁlﬂ\‘i‘llﬂﬁmﬂ?ﬂgiﬂﬁﬂﬂ

2.3 nianmanuguvesvlgearsarie

2.3.1 MsNMMEALELMsITeaIvesluana
n:i = é’ U 9/
51199 (luminescence) vo3a15VNTHAsAIIT T INgMIAINIRATY Aot

g ]

wermmmsnd il 9 lunsassaeunieasniguisiiavesaisiug 18 Tasmnz u

a A a  ya

¥
TogiuilldnmoidlumaiialflunsTinssdmani 1doded finuisingnisainis

= @ A

1 dy =9 y 3’, 1=
nlasuasiiluauusn fe Wninerrnansesamiludie Nicholas Monardes #auddl a6, 1565

w [~ A { Y 4 d 1 ';‘,’ =Y
Tasndaungituifefiana 18910 19%e “lignum  nephriticum” aansanldenasdibuld

@ R

uaziioll n.7. 1833 Sir David Brewster latneriuiinlihaaelsiagildauaiduagld

a @ = Y a

wuReInu Tul a.a. 1852 Sir G.G. Stokes nREnd 12830y WudeFuefenszuiums

U

1 { o = 7 w g3
ganduuauazmsiawesiezi il ue e sufe 1daudunmsanesingrums

@ 1

a da = g Xy o g wey ¢
ANuAANTUNoANIIUDITITUY UDNIINY Stokes Tl uTRyRiAR191 WgooiT AU
3 4 1 1 4 1 E,’ a
(fluorescence)  ANM1F 1WorvmuIusHgeniathy (luorspar) iasnasdinGueinld
e o o 1 ;&’ 3 o Y P s =5 o = a e A~
AuautaneInumslawesvssssi g 14ilu3smsSmnsimanidlunsws nided)
f.71. 1864 31882108AA199 1ABINUYIEIRYRINSIauas T.C.O.  Haver laidon'131u 1.
Chem. Ed. 55, 423.1987 dmunoaneisairud(phosphorescence) WU 1dasauun1e
] vy = I A An Yo 9 a a A
Auiaun 1 .. 1500 HAIINNUVEININIT N MM e 1Fuenfianig AUIIIFOHY
v a8 & = = T = [y [ o
WeoaneTanasyuninauvesninlull a.e. 1669 wuRety msizeansSaeuisarh

TdRaumsanedr luroaila 18 (h ousdn® uas ous masay, 2539)



14

a 4 o3 = {
glieaugeinlasalny (Luminescence spectroscopy)  lenateunilumatian

Y 9w 1 ) a 7 o A & a a daa
i ‘i’guﬁgll‘l)'ﬂu'ﬂﬂ'lﬁﬂ’ﬂ\‘i‘!J'JNGl‘l«!ﬂ'l‘i'JLﬂ‘ﬂ&ﬁWNL‘ﬂiJ L“LJEN"1]']ﬂiﬂ‘L!'J‘ﬁﬂ'lﬁ’Jm‘i"!&“PT“r’liJﬁﬂ’quh

o

- o

[ =] ) 4 = o ] oA ] =Y
ge anvazmwizawzmu ldnniwausanuhanuesnuiediann ualefeunumaiia
aa A .. o @ %
msgI-amdia minInsalni (UV-visible Spectroscopy) tatawad gl ndavaisuay

= 9 1
e l¥uinn

232 yhavsamsalaues

9
s

J =y as = g 9 1 1 a A o 2 Ve
msnlaaelidreiuratesia Naludiuanvasvesnasnuim i Tuana luegh

1o

Y = 1 A a Y] an o =
FOIUSNTEAU (excited state)  LYU Tllmf:]ﬁ‘ﬂlﬂﬂﬂu{ﬂ‘iﬂﬁUWﬂUIﬂﬁﬂuﬂJ’ﬂﬂﬂ’]ﬂLH‘Nﬁ
' 3 o a : ' . b o ' [~
waiian I 49119179 luminescent molecules (38077 photoluminescence 963113000 Il

3’, a"g ] s
N13INULE (fluorescence) HATNIE 0 aLLaa (phosphorescence) mﬁaaﬂmﬂammuummaﬂu
8/

~ o ' A T il Y w v aan a
‘Vlﬂﬁ$U3uﬂ15ﬂﬁuw-lgﬁﬂ']uxwuclﬂn Q'IINLﬁQﬁ‘UENﬁ'ﬁuuG],%Wﬁﬂﬁ’luﬂulﬂﬂ_]ﬂﬂgﬂiﬂnﬂu

=

{38071 chemical luminescence %139 chemiluminescence Lmzﬁ'w'Imaqa“lﬁ’%’uwﬁ’wmmﬂwmﬂ

s

e s =] ~ g =) T A g 2 =t
nindsnuge it Tuagananiugnszdu (58071 radioluminescence  UBNIINTEIT
. . - £ T - ' & da

bioluminescence *3® thermoluminescence 1UUAY AW photoluminescence mundion]

Re

2 a a ¢ et ) L Ay oy ) A aaad
L‘IJumﬂuﬂElumi’amﬂ$w1qWﬁLﬂ1J?JEJ”I\1ﬂ’JNﬂJ’JN “ﬁﬂumﬂqﬂlﬁﬂﬂﬂjuﬁﬂWWQQﬁ‘j@ LY UHYE IR

s = L L a o 1 |
(sensitivity) NANHMUZIRIE (selectivity) A AATIEH 1A MFIIANUTUTUANING
o a d
2.3.3 wanmsvealWlngiiivanancs

= ¢ g 1 @ 1 iy
T laglmemusitunssuaums ldganiugnseduuaznmsnaugaaiugiy

(excitationdeexcitation process) Iﬂﬂﬁiﬂﬂﬂm‘uﬂﬂﬁﬂ?‘ﬂm ﬁaﬁmﬁ@ﬁﬂﬁuiﬂmammﬂﬁ’w

Fd
@ o o =

4 d' = :%}. 1 o L%
ADUBDDNUN Lﬁﬂx‘ii]'lf]ﬂ']§$‘1J’Juﬂ'li“lﬁlﬂﬂ‘ﬂu%%ﬁﬂﬂw\ﬁjuﬂu ANHU BATINITINAUDA

=< [

Y
ATTUIUMSIMANIITA NN AT

a

9 5 e
-NIEVIUNTINTSHU (Excitation)

d w [ =] E 1
deluanaganauiadainnisunisduuman Tivhyuldegnanuznszdu

] 1 3/
(excitedstate) 1zApalina lnueedresnazaandinunuInPuneaINIgan U Ay (Deexcited



15

state) 81 1H 1 aANASE (Multiplicity) maﬂmaqa M &ULaAdD3 orbital angular momentum U®4

UAAZ 901U (State)aziNBINY spin AIAUAT
M=2S+1

. ] 2 a g
S= spin quantum number mmimaf}mmmﬂuwammm spin mmamﬂmau‘luimaqa

o o a A d ' o a g = !
dmiuTumanavesmsduniddulng s—0 msizTumagasnoudidnasouihuaug
1 1
B=iahg— ~)=0
2 2

3
M=2(0) + 1 =1 FonN singlet state (Singlet electronic state) uazld singlet stateW1d
A & =

. Ei S . i
(ground single state) SIATI ﬁ?lluﬂ‘lﬂ! S ag S, ﬁ]zﬁuﬂﬂaﬂ singlet state ﬂssﬁ’umwumawma
g g 0 1 2 g q

AUAINY (First and second excited singlet states)

a 1 Y ac ar - A = w o Eg
vagh luanaeg luaniuznszdudiinasoudmilsl Temenyfen spin ndumasniy
| A
S (R T ABT
1 Js%

M=2(1)+1=3 Fun triplet state

L Y Aaa

4 e o [~ o & =4 1 1
uae riplet state NUNAWUHHgalidu T daiu Twanalahiididnaseudhuag

1 . é{y . a o v ol = ¥
lueunsodl wriplet state Wi (Ground triplet state) MIIZAANATOUNNAINUMNFAT spin
paired

F
@ @

Ao & . o ad o a g 2 o
AniuTuanafinis unpair Siinasou (Fwudidnnseunluaug) Selanmziy
T =1 | o =
doublet state L¥UWIN free radicals 1WUAY 19 2.12 zuaasdenszuaumsvldifans
9 T = [~ " . = =4 )
NIEAUUENITUNG TN T singlet ta triplet state ¥oe TuanavesmsdunSd Taeld

LHUNWLEAITZAUNAIIY Jablonski



Singlet Excited States

Internal Conversion

5 /
S "

Internal ar

16

Triplet Excited States

Intersystem Crossing

external conversion

T:
Engrgy
Absorption Fi Phost cence
\
(
W
So

JUN 2.9 UNUMWUAAITEAVNAIIY Jablonski LﬂfJ’Jﬂ‘].lﬂ’]'i@]ﬂﬂ’ﬂmm AITUNSIT

4 Qs Qo Y a 4 g i
Tuumunniuaassaunasnu liwiunme electronic 1A vibration energy levels

1 2}/ 1 ] 1 %3 4
IMUULA rotation energy level 3¢ lifimsz luaunsatanazienoenldaltomsssaning

= GJ d‘. lé ot o 4 d‘. 1 o
Tinefrssua daanslugalii 2.12 Ferzdundeauanuenaauuasihlioonuuansiady

&
‘SU'I<1iJ']ﬂ!L’ﬂmENﬂluﬂﬂﬂﬂﬁh’uﬂﬂlﬁﬂﬁﬁ@u‘lﬁﬂﬂ’w

G

' ¥ 1
2.3.4 1n509vlgeelsiimes (Fluorometer) 113n5 1019500 Idnaneuuy 131

- Luminescence spectrometers
- Fluorimeters
- Fluorescence spectrometers

- Spectrofluorometers

1
=

v I~ 4 Qs % [l I~ =
17594 Fluorometer (utaTadiian 143an15 mueas Femusouia1dilu 2 wila Ao



17

=y =~ s o [ s {
1. Filter fluorometer 1¥Man03 (filter) 1S uUfINTowa Mz dmSumssalSuiad

doamsaahidmiumsiaasdszneuiiamizingas dwlumslfounazsimgn

; Y _
2. Spectrofluorometer ~ Filter Fluorometer 9¢ 19 excitation monochromator 1114
i .. .o A ] Y
excitation filter (I8¢ emission monochromator LN emission filter wmmmaﬂmﬂmm%w
d:l 1 o =2 o d‘ =t
ATUYIINAUY AN ﬂ15W1Q'luiNﬁ’]iﬂ3‘5.]{5]‘J’Ji]ff’t']llﬂﬂﬂﬂigﬂi’)‘]_lhlmuﬂﬂWﬂﬂTliJm'Jﬂﬂ‘u y

o s IS A 3 9

ﬂ'J"I‘J.IUl’J LLﬁ%ﬂ'J"IlJﬂ']L‘W1$i$ﬂﬂﬂ"luﬂﬁ’lﬂ 31mammmﬂauiumﬂﬂmmmw (200-1000 11
Tumm m?mmaguawﬁ excitation monochromator ‘PT%EI emission monochromator L‘]J HUUUR

2 1 = 3 =y
(dual) Fevzaelvn1u Iuniu uazaansidsauve e
: 4
aulsznevve A0 Fluorometer
1. Light Source

—— 4 A 4 y 4
mnihfiddesuasnanueaiuviliesnuuienszduasilsznoviiaula Tag

1 e A ~ A a a 9
Llﬁﬁﬁﬂ’lmﬂuﬁwﬂﬁumﬁ‘e]\‘iﬂuorometer WHagsUa hlmm

Yl

=1 1. e & {~ 1
- viaoa IWaueu Wuuvdstuiauasiiilse Tvsivawedie 1uasesnu1ldfiniy

8138 190-1200 W1 1S

) o O L] 1 =
» ¥a9A Mercury vapor 1agna lnasasiiaiiae Idanuduugannnimasaduey
T 9 .:3) a Y (- c; Y 1 d‘ at
uan NNtz lduaifiosuasfioonun 1dluarannueaduvesailaaduvesilson
¥ '
111U 909NN 151 A0 UEITTINIA fluorescent phosphor HaAwTIa UuNavAa a0

I v P ¥V
nlasuas lananueniidesms1a Taeviall vasayiiaiszawisnllddunaiuiy

d < 1 o = aa 9w Y % g/ 4
- iaed Wuuvasnuianasnionldnuuinluandiu spectroscopic w1z 199114
A o A Y1 oA 3 Y o o Y
qEAIN LLﬂgﬁ”Ill’liﬂlﬁﬂﬂﬂﬁﬂﬂ'ﬂﬂﬂ’nﬂﬂﬂllﬂﬁ']f] HANUNINUDUTUAUTINUAY AT A

i A o -:%’d o 1 o A a Yt
ﬂammammﬂlumsﬂsuumuﬂﬂgﬂammmﬁniumﬁmamwm’Jmﬁzmﬂﬂqﬁﬂﬂ

' ©

« LED Huma TuTad lniiiun 14 uias 09 fluorometer ana LED Saoaaslia

)

1 4 1 = 2 Io 1 o 4
apitlosueduad laanvasarinou uazldwssnuainit vazansas 1U144se Toas

9 1 Yt g
Al 149ndne



18
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- Photodiode (PD)
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Linear Regression and Excel

(See our Tutorial Page for more information about linear regression methods. You may also wish

to take a look at how we analyzed actual experimental data using linear regression techniques.

Sample data

x ¥ ’
1.0 2.6
2.3 2.8
Fel I
4.8 4.7
3.6 5.1
6.3 o

Say we have a set of data, (‘ri’yi) , shown at the left. If we have reason to believe that
there exists a linear relationship between the variables x and y, we can plot the data and draw a
"best-fit" straight line through the data. Of course, this relationship is governed by the familiar
equation ¥ = "X +5  We can then find the slope, m, and y-intercept, b, for the data, which are

shown in the figure below.

y=mx+b

x

Let's enter the above data into an Excel spread sheet, plot the data, create a

trendline and display its slope, y-intercept and R-squared value. Recall that the R-squared value is

the square of the correlation coefficient. (Most statistical texts show the correlation coefficient as
"r", but Excel shows the coefficient as "R". Whether you write is as r or R, the correlation
coefficient gives us a measure of the reliability of the linear relationship between

the x and y values. (Values close to 1 indicate excellent linear reliability.))



Enter your data as we did in columns B and C. The reason for this is strictly cosmetic as you will

S00n see.
Linear Fit
B
X ¥
10 [ 28
23 2.8
31 3
4.8 4.7
56 g.1 %
6.3 5.3

Linear regression equations.

If we expect a set of data to have a linear correlation, it is not necessary for us to plot

the data in order to determine the constants m (slope) and b (y-intercept) of the

equation V =mx+b Instead, we can apply a statistical treatment known as lincar regression to

the data and determine these constants.

Givena set of data (%73 with # data points, the slope, y-intercept and correlation

coefficient, », can be determined using the following:

> HE (x_y)— E xz_y
n ) (2

. Zy—mZx

(Note that the limits of the summation, which are i to n, and the summation indices

onx and y have been omitted.)



Implicitly applying regression to the sample data.

[t may appear that the above equations are quite complicated, however upon inspection, we see
that their components are nothing more than simple algebraic manipulations of the raw data. We

can expand our spread sheet to include these components.

L. First, add three columns that will be used to determinc ihe quantities xy, X" and yz, for
each data point.

2. Next, use Excel to evaluate the following: Sx, Sy, S(xy), S(xz), S(yz), (Sx)z, (Sy)z. Recall
that the symbol, S, means "summation". Additionally, the term xy is the product
of x and y, that is: x * y. Also, the term S(xz) is very.different than the term (Sx)z. Be
careful with your order of operations!

3. Now use Excel to count the number of data points, n. (To do this, use the Excel
COUNT() function. The syntax for COUNT() in this example is: =COUNT(B3:B8) and
is shown in the formula bar in the screen shot below.

4. Finally, use the above components and the linear regression equations given in the
previous section to calculate the slope (m), y-intercept (b) and correlation coefficient
(r) of the data. If you are careful, your spread sheet should look i@ke ours. Note that our

equations for the slope, y-intercept and correlation coefficient are highlighted in yellow.
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F=

Linear regression with built-in functions.

= 2856 | 314 | 260 N S
84 | 63 53 | 3339 | 397 | 281 B .
gk f .
qol n Iz | Ly |2y 2626
M 6 23.1 | 236 [103.16 | 1100 | 1004 ’
:1-2- *
1B | & ey N\ ]
| 533.61 | 556 96 ! |
| g‘._lq;.ljer,r_m}_ 0.5842 =(A11*D11-B11C1 1)(A11°E11-B14)
y-int, b =| 1.6842 =(C11-C16*B11)/A11 :
- 0.9741 =(A11*D11-B11+C1 1)ISQRT(CAT1*E11-B14)*(A11*F11 -C14))

It is plain to see that the slope and y-intercept values that were calculated using linear

regression techniques are identical to the values of the more familiar trendline from the graph in

the first section; namely m = 0.5842 and b = 1.6842. In addition, Excel can be used to display the

R-squared value. Again, R’ =r". From the graph, we see that R = 0.9488. From our linear

regression analysis, we find that r = 0.9741, therefore r- = 0.9488, which is agrees with the graph.

You should now see that the Excel graphing routine uses linear regression to calculate the

slope, y-intercept and correlation coefficient.

Excel has three built-in functions that allow for a third method for determining the slope,

y-intercept, correlation coefficient, and R-squared values of a set of data. The functions are

SLOPE(), INTERCEPT(), CORREL() and RSQ(), and are also covered in the statistics section of

this tutorial.



The syntax for each are as follows:

¢ Slope, m: =SLOPE(known _Y's, known x's)
* y-intercept, b: =INTERCEPT(known_y's, known_x's)
e  Correlation Cocfficient, r: =CORREL(known_y's, known_x's)

e R-squared, v =RSQ(known_y's, known_x's)

Here is how we would analyze our data using these built-in Excel functions. Again, the equations

for cach calculation are highlighted in yellow.

e R R R D P e
i '] | | :
24 X ¥ | %ioge o, =|05882

SR 1.0 2.b =SLOPE(C3:C8,83:B8)

4 23 P EN4 |

5 3.1 5.3 > _[1.6842

6 438 47 yintere et b, = R CEPT(C3.08 B3.85)
7 56 51 |

8 e %S | Correlation, r, = Opes

9 ' ' |=CORREL(C3:C8,B3:B8)

So, to reiterate, we can determine the slope, y-intercept and correlation coefficient of any set of

data using three Excel methods:

1. Plot the data and add a trendline
2. Implicitly use linear regression techniques

3. Use Excel's built in functions
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Next Generation OP07

DEVICES Ultralow Offset Voltage Operational Amplifier

OP77

FEATURES

Outstanding Gain Linearity

Ultrahigh Gain 5000 V/mV Min

Low Vgs Over Temperature 60 pV Max
Excellent TCVos 0.3 pV/°C Max

High PSRR 3 pV/V Max

Low Power Consumption 60 mW Max
Fits OP07, 725,108A/308A, 741 Sockets
Available in Die Form

GENERAL DESCRIPTION

The OP77 significantly advances the state-of-the-art in precision
op amps. The OP77's outstanding gain of 10,000,000 or more
is maintained over the full 10 V output range. This exceptional
gain-linearity eliminates incorrectable system nonlinearities
common in previous monolithic op amps, and provides superior
performance in high closed-loop gain applications. Low initial
Vos drift and rapid stabilization time, combined with only 50
mW power consumption, are significant improvements over
previous designs. These characteristics, plus the exceptional
TCVgs of 0.3 uV/°C maximum and the low Vgs of 25 1V maxi-
mum, eliminates the need for Vs adjustment and increases
system accuracy over temperature.

PSRR of 3 uV/V (110 dB) and CMRR of 1.0 pV/V maximum
virtually eliminate errors caused by power supply drifts and
common-mode signals. This combination of outstanding char-
acteristics makes the OP77 ideally suited for high-resolution
instrumentation and other tight error budget systems,

PIN CONNECTIONS

Epoxy Mini-Dip (P-Suffix)
8-Pin Hermetic DIP

Vs TRIM [1] [5] Vos TRIM
-IN [2] [7] v+
+IN ﬂ‘} (6] out
w7 fa

NC = NO CONNECT

TO-99
(J-Suffix)

Vos TRIM

4V- (CASE)

NC = NO CONNECT

V+ O——
7 $R2A s R2B CY)

3 (OPTIONAL 4 zR7
NOTE: Cr $——0O NULL) O——eo ==C1 v C)
R2A AND R2B ARE Era | 8 tR1E
ELECTRONICALLY 1 ¢ e
ADJUSTED ON CHIP
AT FACTORY. E:;s Q10

o - »—E;? rma R ourput
Qs Q3 Qb Q4 i ] o6
-~ 2 Q17 2 R10
NON- 3 R3 c3 Qe 2
INVERTING ] -g'“
MELT % Q21 Q23 J' o
2 R4 %sz Q24 |J s
INVERTING O——e- & b Q2 Q18
INPUT 14
RS
’ @ @ ann | @ R6
V-0 <+ < g
REV.C

Information furnished by Analog Devices is believed to be accurate and
reliable. However, no responsibility is assumed by Analog Devices for its
use, nor for any infringements of patents or other rights of third parties that
may result from its use. No license is granted by implication or otherwise
under any patent or patent rights of Analog Devices.

One Technology Way, P.O. Box 9106, Norwood, MA 02062-9106, U.S.A.
Tel: 781/329-4700 www . analog.com
Fax: 781/326-8703 © Analog Devices, Inc., 2002



OP77-SPECIFICATIONS
ELECTR]CAL SPECIF'CAT'ONS (@ Vs = =15V, Ty = 25°C, unless otherwise noted.)

OP77A
Parameter Symbol Conditions Min Typ Max | Unit
INPUT OFFSET VOLTAGE Vos 10 25 uv
LONG-TERM INPUT OFFSET
VOLTAGE STABILITY' DVgs/Time 0.2 uV/Mo
INPUT OFFSET CURRENT T 0.3 nA
INPUT BIAS CURRENT Iy 0,2 1.2 2.0 nA
INPUT NOISE VOLTAGE? Bhii 0.1 Hz to 10 Hz 0.35 0.6 uv p-p
INPUT NOISE VOLTAGE DENSITY? | e, fo = 10 Hz 10.3 18.0 | nVANHz
fo = 100 Hz 10.0 13.0
fo = 1000 Hz 9.6 11.0
INPUT NOISE CURRENT? b 0.1 Hz to10 Hz 14 30 pA p-p
INPUT NOISE CURRENT DENSITY?| i, fo =10 Hz 0.32 0.80 | pANHz
fo = 100 Hz 0.14 0.23
fo = 1000 Hz 0.12 0.17
INPUT RESISTANCE
Differential Mode® Rin 26 45 MV
Common Mode Rinewm 200 GV
INPUT VOLTAGE RANGE IVR £13 +14 %
COMMON-MODE
REJECTION RATIO CMRR Vem=213V 0.1 1.0 Y
POWER SUPPLY
REJECTION RATIO PSRR Vs=+3Vto+18V 0.7 3 A%
LARGE-SIGNAL
VOLTAGE GAIN Avo RL22kQ2VO =210V 5000 12000 VimV
OUTPUT VOLTAGE SWING Vo RL2 10 kQ 175 4 14,0 v
R 22kQ 125 £13.0
R.21kQ +12.0 %125
SLEW RATE? SR RL =2 kQ 0.1 0.3 Vips
CLOSED-LOOP BANDWIDTH? BW Avcr = +1 0.4 0.6 MHz
OPEN-LOOP OUTPUT RESISTANCE| Rq 60 Q
POWER CONSUMPTION Py Vs =%15V, No Load 50 60 mW
Vs =13V, No Load 38 4.5
OFFSET ADJUSTMENT RANGE Rp = 20 kQ £3 mV

NOTES

'Long-Term Input Offset Valtage Stability refers to the averaged trend line of V o5 vs. Time over extended perlods after the first 30 days of operation. Excluding the
initlal hour of operation, changes in Vg during the first 30 operating days are typically 2.5 pV,

ESample tested.
*Guaranteed by design.

g

REV. C



SPECIFICATIONS

ELECTR'CAL SP ECl FICAT'ONS (@V; = 15V, -55°C < Ty < 125°C, unless otherwise noted.)

0P77

OPT7A

Parameter Symbol Conditions Min Typ Max | Unit
INPUT OFFSET VOLTAGE Vos 25 60 pv
AVERAGE INPUT OFFSET

VOLTAGE DRIFT' TEVos 0.1 03 | pvrc
INPUT OFFSET CURRENT los 0.5 22 nA
AVERAGE INPUT OFFSET

CURRENT DRIFT? TClps 15 25 pAFC
INPUT BIAS CURRENT Ig -0.2 2.4 4 nA
AVERAGE INPUT BIAS

CURRENT DRIFT? TClg 8 25 pA/°C
INPUT VOLTAGE RANGE IVR +13 +13.5 0.6 v
COMMON-MODE

REJECTION RATIO CMRR Vem=%13V 0.1 1.0 uvv
POWER SUPPLY

REJECTION RATIO PSRR Vs=£3Vto£18V 1 3 uVHV
LARGE-SIGNAL

VOLTAGE GAIN Avo RL22kQz2Vo=210V 2000 6000 VimV
OUTPUT VOLTAGE SWING Vo Ry 210 kQ 12 +£13.0 \
POWER CONSUMPTION Py Vs =15V, No Load 60 5 mW
NOTES

'OP77A: TCVs Is 100% tested.
{Guaranteed by design.

REV. C



OP77-SPECIFICATIONS

ELECTRlCAL CHARACTERlSTICS (@V, = =15V, Ty = 125°C, unless otherwise noted.)

OPT77E OPT77F
Parameter Symbol Conditions Min Typ Max Min Typ Max Unit
INPUT OFFSET VOLTAGE VOS 10 25 20 60 uv
LONG-TERM
STABILITY' Vos/Time 0.3 0.4 uV/Mo
INPUT OFFSET CURRENT Ips 0.3 1:5 6.3 2.8 nA
INPUT BIAS CURRENT Ip -02 12 20 -02 12 2.8 nA
INPUT NOISE VOLTAGE? Enp-p 0.1 Hz to 10 Hz 0.35 0.6 0.38 0.65 HVpp
INPUT NOISE .
VOLTAGE DENSITY e, fo =10 Hz 10.3 18.0 10.5 20.0 nVAHz
fo = 100 Hz? 10.0 13.0 10.2 135
fo = 1000 Hz 9.6 11.0 9.8 11.5
INPUT NOISE CURRENT?* ling 0.1 Hz to 10 Hz 14 30 15 35 PApp
INPUT NOISE _
CURRENT DENSITY I fo=10Hz 0.32 0.80 0.35 0.90 pAVHz
fo = 100 HZ? 0.14 0.23 0.16 %.0.27
fo = 1000 Hz D2~ D M7 0.13 0.18
INPUT RESISTANCE
Differential Mode? Rin 26 45 185 45 MQ
Common Mode Rinem 200 200 GQ
INPUT RESISTANCE
Common Mode Rinem 200 200 GQ
INPUT VOLTAGE RANGE IVR 13 ageld gl +14 \
COMMON-MODE
REJECTION RATIO CMRR Vem=*13V 03l 1.0 0.1 1.6 uvnv
POWER SUPPLY
REJECTION RATIO PSRR Vs=3Viwl8V 0.7 3.0 0.7 3.0 pviv
LARGE-SIGNAL
VOLTAGE GAIN Avo R 22k 5000 12000 2000 6000 VimV
OUTPUT VOLTAGE
SWING Vo Ry 210 k) +13.5 +14.0 +13.5.%14.0 \
Ry 22 k(2 232.8| #£713.0 +12.5 *13.0
RL2 1k £12.0 x125 +12.0 *12.5
SLEW RATE? SR Ry 22 k() 0.1 0.3 0.1 0.3 Vius
CLOSED-LOOP
BANDWIDTH? BW Ayer 1 0.4 0.6 0.4 0.6 MHz
OPEN-LOOP OUTPUT
RESISTANCE Rg 60 60 Q
POWER CONSUMPTION Pd Vg = *15V, No Load 50 60 50 60
Vs = *3V, No Load 3:5 4,5 3.5 4,5 mW
OFFSET ADJUSTMENT
RANGE Rp =20 kn +3 =3 mV
NOTES

'Long-Term Input Offset Voltage Stability refers to the averaged trend line of V gg vs. Time over extended periods after the first 30 days of operation. Excluding the
Initial hour of operation, changes in Vg during the first 30 operating days are typically 2.5 uV.

2Sample tested.
Guaranteed by design.

REV. C



OP77

SPECIFICATIONS
ELECTR'CAL CHARACTER'STICS (@V, = 15V, -25°C < Ty < +85°C for OP77E/F) and OPT7E/FZ, unless otherwise noted.)

OPT77E OPT7F
Parameter Symbol | Conditions Min Typ Max |Min Typ Max |Unit
INPUT OFFSET VOLTAGE \ J. Z Packages 10 45 20 100 pv
10 55 20 100

AVERAGE INPUT OFFSET TVCgs J. Z Packages 0.1 0.3 0.2 0.6 uv/eC

VOLTAGE DRIFT! 03 06 04 1.0
INPUT OFFSET CURRENT Ios 0.5 2.2 0.5 4.5 nA
AVERAGE INPUT OFFSET

CURRENT DRIFT? TClgs 1.5%, 4%, 1.5 85 pAFrC
INPUT BIAS CURRENT Iy EF 02 24 4.0 -02 24 6.0 nA
AVERAGE INPUT BIAS

CURRENT DRIFT? TClg 8 40 15 60 pA/°C
INPUT VOLTAGE RANGE IVR T180 =135 = I%0Nt13.5 v
COMMON-MODE

REJECTION RATIO CMRR Vem=213V 0.1 1.0 0.1 3.0 pVvIV
POWER SUPPLY

REJECTION RATIO PSRR Vs=*3Vto£I8V |, 1PEL) 1.0 50 uv/v
LARGE-SIGNAL

VOLTAGE GAIN Avo Ry 22 kQ 2000 6000 1000 4000 VimV

, Vo==10V

OUTPUT VOLTAGE SWING Vo R, 22kQ 1% it T2 &413.0 v
POWER CONSUMPTION By Vg ==*15V, No Load 60 75 60 75 mW
NOTES

"OP??E: TCVos Is 100% tested on ] and Z packages.
“Guaranteed by end-point limits.

REV. C —5—



OP77-SPECIFICATIONS

WAFER TEST LlMlTS (@V; = =15V, Ty = 25°C, for OP77N devices, unless otherwise noted.)

OPTTN
Parameter Symbol Conditions Limit Unit
INPUT OFFSET VOLTAGE Vos 40 uV Max
INPUT OFFSET CURRENT los 2.0 nA Max
INPUT BIAS CURRENT Ig +2 nA Max
INPUT RESISTANCE
Differential Mode Rin 26 MQ Min

INPUT VOLTAGE RANGE IVR 13 V Min
COMMON-MODE REJECTION RATIO CMRR Vem=%13V 1 HV/V Max
POWER SUPPLY REJECTION RATIO PSRR Vs=+3Vio+18V 3 UV/VMax
OUTPUT VOLTAGE SWING Vo R, =10kQ +13.5 V Min

RL=2kQ £12:5

R, =1kQ +12.0
LARGE-SIGNAL VOLTAGE GAIN Avo Ry =2kQ 2000 V/imV Min

Vo=£10V
DIFFERENTIAL INPUT VOLTAGE +30 V Max
POWER CONSUMPTION Py Vour=0V 60 mW Max

NOTES
'Guaranteed by design.

“Electrical tests are performed at wafer prabe to the limits shown. Due to variations in assembly methods and normal yield loss, yield after packaging is not guaranteed
for standard product dice. Consult factory to negotiate specifications based on dice lot qualification through sample lot assembly and testing.

TYPICAL ELECTRICAL CHARACTERISTICS (@ v, = <15V, 1, = 25°C, unless otherwise noted,

OP77N
Parameter Symbol Conditions Limit Unit
AVERAGE INPUT OFFSET VOLTAGE DRIFT | TCVgs Rg=50Q 0.1 uv/oc
NULLED INPUT OFFSET VOLTAGE DRIFT TCVosn Rg =50 Q, Rp = 20 kQ 0.1 pv/ieC
AVERAGE INPUT OFFSET CURRENT DRIFT | TClps 0.5 pA/fC
SLEW RATE SR R 22kQ 0.3 Vs
BANDWIDTH BW Aver + 1 0.6 MHz
-6- REV. C



0P77

ABSOLUTE MAXIMUM RATINGS!

Supply Voltage . ... $22V
Differential Input Voltage ....................... 30V
Input Voltage® ............ ..o +22V
Output Short-Circuit Duration .. ............... Indefinite
Storage Temperature Range

Jand Z Packages .................... -65°C to +150°C
Operating Temperature Range

OPTTA i o5 o vvsmnan ov o o s -55°C to +125°C

OPT77E, OPPT7F (J,Z) .............. .. -25°C to +85°C
Junction Temperature (T}) ............. -65°C to +150°C
Lead Temperature (Soldering, 60 sec.) ............. 300°C
NOTES

'Absolute Maximum Ratings apply to both DICE and packaged parts, unless
otherwise noted.

For supply voltages less than £22 V, the absolute maximum input voltage Is
equal to the supply voltage.

BONDING DIAGRAM

1. BALANCE

2, INVERTING INPUT

3. NONINVERTING INPUT
4. V-

6. OUTPUT

7.V+

8. BALANCE

DIE SIZE 0.093 x 0.057 inch, 5301 sq. mm
(2.36 x 1.45 mm, 3.42 sq. mm)

Package Type U7 Bic Unit
TO-99 () 150 18 °C/W
8-Lead Hermetic DIP (Z) 148 16 °CIW
NOTE

"0a is specified for worst-case mounting conditions, 1.¢., 64 Is specified for
device in socket for TO, CERDIP, P-DIP, and PLCC packages; 6,4 Is specified
for device soldered to printed circuit board for SO package.

CAUTION

ORDERING GUIDE
Package Options Operating
CERDIP’ Temperature
TO-99 §-Lead Range
OPT7TAZ MIL
OPT77E] OPTTEZ IND
OP77F] OP77FZ IND

‘Not for new designs; obsolete April 2002,

For Military processed devices, please refer to the Standard
Microcircuit Drawing (SMD) available at
www.dscc.dla.mil/programs/milspec/default.asp

SMD Part Number ADI Equivalent
5962-87738012A OP77BRCMDA
5962-8773802GA OP77AJMDA
5962-8773802PA OP77AZMDA

ESD (electrostatic discharge) sensitive device. Electrostatic charges as high as 4000 V readily
accumulate on the human body and test equipment and can discharge without detection. Although
the OP77 features proprietary ESD protection circuitry, permanent damage may occur on devices
subjected to high-energy electrostatic discharges. Therefore, proper ESD precautions are
recommended to avoid performance degradation or loss of functionality.

WARNING!

i ESD SENSITIVE DEVICE

REV. C
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OP77-Typical Performance Characteristics
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Figure 1. Typical Offset Voltage Test Circuit
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Figure 2. Typical Low-Frequency Noise Test Circuit

o— 2
INPUT 4

Ay

Figure 3. Optional Offset Nulling Circuit
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Figure 4. Burn-In Cireuit

TYPICAL
PRECISION OP AMP

MO

Ayg= 650VImV
Ry =2k

NOTES

1. GAIN NOT CONSTANT. CAUSES NONLINEAR ERRORS.

2. Ayp SPEC IS ONLY PART OF THE SOLUTION.

3. CHECK THE OP AMP PERFORMANCE, ESPECIALLY AT TEMPERATURES.

Figure 5. Open-Loop Gain Linearity

Actual open-loop voltage gain can vary greatly at various output
voltages. All automated testers use endpoint testing and therefore
only show the average gain. This causes errors in high closed-
loop gain circuits. Since this is so difficult for manufacturers to
test, users should make their own evaluation. This simple test
circuit makes it easy. An ideal op amp would show a horizontal
scope trace.

Ay,

T T >
=10V ov +10V Vy

Figure 6. Output Gain Linearity Trace

This is the output gain linearity trace for the new OP77. The
output trace is virtually horizontal at all points, assuring extremely
high gain accuracy. The average open-loop gain is truly impres-
sive—approximately 10,000,000,
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APPLICATIONS INFORMATION

R2

1MQ

+15V

R1
O—AMr
1k§2
R3
o
1k

=15V

Figure 7. Precision High-Gain Differential Amplifier
The high gain, gain linearity, CMRR, and low TCVos of the

OP77 make it possible to obtain performance not previously
available in single-stage very high-gain amplifier applications.

For best CMR, % must equal % In this example,

with a 10 mV differential signal, the maximum errors are as listed

in Table I,

Table I. Maximum Errors
TYPE AMOUNT
COMMON-MODE VOLTAGE 0.01%/V
GAIN LINEARITY, WORST CASE 0.02%
TCVOS 0.003%/°C
TCIOS 0.008%/°C

Rs
INPUT O——4

10002

O OUTPUT

T
I

=15V

Figure 8. Isolating Large Capacitive Loads

This circuit reduces maximum slew-rate but allows driving

capacitive loads of any size without instability, Because the boon
resistor Is inside the feedback loop, its effect on output imped-

ance is reduced to insignificance by the high open-loop gain
of the OP77.

REV. C

Bilateral Current Source

R3
1kQ2
L
o op77 >t b lour < 15mA
3
100k T
<R5
11042
R4

& 99002
Figure 9. Basic Current Source

R3

2N2222

Vin ©

2N2907

L
> RS

R4 -15v

> loyt < 100mA

R3
tour =Vin (77— 75
GIVEN R3 =R4 + R5, R1 = R2

Figure 10. 100 mA Current Source

These current sources will supply both positive and negative
current into a grounded load.

%(m +1)

R2

Note that Zo =t =3
R2 Rl

and that for Zg to be infinite,

-11-
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R5+ R4 —— 3
R2 Rl
Precision Current Sinks
V+
Ry
I v,
Vino 2000 Vin > OV
IRF520  pyLL SCALE OF 1V,
o= 1AN

Figure 11. Positive Current Sink

R1
20002 J
IRF520
Vin ©
‘Io D
%" R
RL VN > OV

Figure 12. Positive Current Source

These simple high-current sinks require the load to float between
the power supply and the sink.

In these circuits, OP77's high gain, high CMRR, and low TCVg
ensure high accuracy.

R1
th 1.8k
15V
3 N7
6
,| OP77 p——~0 Eg = 10V
+_1a +R2
1N4579A  |D1 2 3.6k
6.4V £5% A -
+5ppmFC AveL=1.6
R3
6.4kQ2

Figure 13. High Stability Voltage Reference

This simple bootstrapped voltage reference provides a precise 10 V
virtually independent of changes in power supply voltage, ambi-
ent temperature and output loading. Correct Zener operating
current of exactly 2 mA is maintained by R1, a selected 5 ppm”C
resistor, connected to the regulated output. Accuracy is prima-
rily determined by three factors: the 5 ppm/°C temperature
coefficient of D1, 1 ppm/°C ratlo tracking of R2 and R3, and
operational amplifier Vs errors.

VOs errors, amplified by 1.6 (AVCL), appear at the output and
can be significant with most monolithic amplifiers. For example,
an ordinary amplifier with TCVgs of 5 uV/°C contributes 0.8 ppm/
°C of output error while the OP77, with TCVgg of 0.3 pV/°C,
contributes but 0.05 ppm/°C of output error, thus effectively
eliminating TCVgg as an error consideration.

The high gain and low TCVgg assure accurate operation with
inputs from microvolts to volts. In this cireuit, the signal always

-15v

1k$2 k{2
‘[ c1 D1
30pF 1N4148
———o Vour
0 <Vgyt <10V
N 2N4393

Figure 14. Precision Absolute Value Amplifier

The high gain and low TCVs assure accurate operation with
inputs from microvolts to volts. In this circuit, the signal always

appears as a common-mode signal to the op amps, The OP77E
CMRR of 1 pV/V assures errors of less than 2 ppm.
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15V 0—q -
10nF ]2 L L‘

REF-01
Vol&

L

I

——0 Vourt

|

~ 0.1pF

Figure 15. Low Noise Precision Reference

This circuit relies upon OP77's low TCVogs and noise combined ~ Cyy must be of polystyrene, Teflon*, or polyethylene to minimize
with very high CMRR to provide precision buffering of the dielectric absorption and leakage. The droop rate is determined
averaged REFOI voltage outputs, by the size of Cyy and the bias current of the AD820.

*Teflon is a registered trademark of the Dupont Company

Figure 16. Precision Positive Peak Detector
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R

100k{2

PR, . 9 D1
1k 1N4148

R1
2k

o

=18V

Figure 17. Precision Threshold Detector/Amplifier

When Vi < Vyy, amplifier output swings negative, reverse
blasing diode D1, VOU'I' = VTH if R = e when V|N > Vry, the
loop closes,

R
Vour = Vi + (V.’N a VTH) [1 > T??)

Cc is selected to smooth the response of the loop.

+15V
0.1pF
]

Yino g

Vo
TRIM |5
REF-02

TEMP
GND

-15V

Figure 18. Precision Temperature Sensor

Table II. Resistor Values

TCVpur SLOPE (S) 10 mV/C {100 mV/°C | 10 mV/PF
TEMPERATURE -535°Cto [-55°Cto -67°F to
RANGE +125°C +125°C +257°C
OUTPUT VOLTAGE [ -0.55Vto |-5.5Vto |-0.67Vto
RANGE +1.25V +12.5V +2.57V
ZERO-SCALE OVepC |0V@(0°C |[0V@O°F
R, (+ 1% Resistor) 9.00kQ  |15kQ 7.5 kQ
Ry (1% Resistor) 1.5 kQ 1.82 kQ 1.21 kQ
Ry, (Potentiometer) 200Q 500 Q 200Q

R. (1% Resistor) 5, ek 84.5 kQ 8.25 kQ

REV. C
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OUTLINE DIMENSIONS

8-Lead Ceramic Dip - Glass Hermetic Seal [CERDIP] 8-Lead Metal Can [T0-99]
(Q-8) (H-08)

Dimensions shown in inches and (millimeters) Dimensions shown in inches and (millimeters)

0.005 (0.13) 0.055 (1.40) ,"‘*REFEHENCE PLANE
MIN :AXI' | 05000 (12.70)
= oo 01850 (470) MW
0.1650 (2.19)=——>F-0.2500 (B35 MIN ¢ 000 1> .1 s
9.410(7.87) o 00500 (12 MAX O e 0.1600 (4.06)
0.220 (5.59)
0.1400 (3.56)

0.100 (2. 54}550 E @ @S 0.0450 (1.14)
0.405 (10. zs) MAX 0.320 (8.13) '8-' § Zl oozro (0.69)
w
¥ g o1 0.060 (1.52) '7 0.290 (7.37) &8 8 § ,-
0200(505 0.015 (0.38) o o
A e
0.200 (5.08) 0150t331) 0.0340 (0.86)
0,125 (3.18) 0.0400 (1.02) MAX—> 0.0210 (053) e
oo osn [ o= | 73) SE:{'EG T 0015(038) 0.0400 (1.02) | ‘:_ 0.0160 (041) ' 2 ,;sc
- LLALLL) TR 0.008 (0.20; 0.0100 (0,25 i
00T (0.38) “’ 0,030 (0.76) T %% [CED R M SEATING PLANE
?DNTHOLLING DIMENSIONS ARE IN INCH; MILLIMETERS DIMENSIONS COMPLIANT TO JEDEC STANDARDS MO-002AK
IN PARENTHESES) ARE ROUNDED-OFF MILLIMETER EQUIVALENTS FOR CONTROLLING DIMENSIONS ARE IN INCHES; MILLIMETERS DIMENSIONS
REFERENCE ONLY AND ARE NOT APPROPRIATE FOR USE IN DESIGN (IN PARENTHESES) ARE ROUNDED-OFF EQUIVALENTS FOR

REFERENCE ONLY AND ARE NOT APPROPRIATE FOR USE IN DESIGN

REV. C ~15-
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