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SWITCHING AND MODULATION
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OUTLINE

1)  Introduction
2) Interaction of light with matter

3) hysical effects and basic devices
for the modulation of light

Electrooptics
- Acoustooptics
z— Electroabsorption
- Electrorefraction

- Carrier injection

Quantum effects




4)

5)

|

Integrated optic devices for
modulation and swilching of light
- Electrooptic devices

- Acoustooptic devices

- Semiconductor devices

Applications

External modulation

Switch arrays

Coherent receivers

MOTIVATION

FOR : OPTICAL MODULATION AND SWITCRIN G
® OPHCAL COMMUNICATIONS

- Need for hi,k fre,uencr mwodulators
fo utilize the Terabit/sec /nformation
cafaciiy o/' coherent (:;’lvt,

= Necd far optical switching iu Jﬂ'éer optic
netweorks {or routru 7 aud ma[:‘y{exiu;
LY J"‘(-’ n Yhe offfco/ dowarn.

® OPHCcAt SENSORS
— Ewhanced .rensih'm‘l/ » o/nffi:-a( Seusors
esfeciq/(/v I 1 /er/cromc fric Seusors
by phasemodulafron /re;l«:ac/v J‘h,’f,#ig/ ek

o OPT[CAt SI6N AL PROCESS! N &
Process/n 5 of qvﬁ'ca( s{fno( s & o,é'cv(
-Sf;lm/ S, —* Need of op Frcal bistable elem.

~» Opt loyc ; Opt cam"nl‘er ; Opt. newr. petw.




MODULATION OF LIGHT

[Iléﬁf: Coherent O’fl'ca( radietson
: € A

e A 7(Ta Y

N7 AN
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g(;':é)a £ e cu(j:—z,t) "’%En
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SWITCHING OF LIGHT

MOoDULATION OF LIGHT :
Controlled clun’e of ome of the ,lmwh'g‘r'es o/ r3

An,l:’:‘ua’e (An/Z#)
v Polarizetron
Direction

Fi-e}-aa'cy CFH)
Phase (PH)

~ T w0 M

SWITCHING OF LI6HTF :

c‘tave of He locel /asi/ion of @ {?"‘ beam

Tm
?' o - ?3
¥ o < P,
| L
"STRAIGHT - THROUGH™ Or "BAR' - STATE : ©
r
1 Tuz
4

‘cCross®- srare +

Characleristics of opfical switches :

~ Jidivectional

= Independent of data-rate aud-for
- In general uot d-c'j.'t‘a(

forma

s
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INTERACTION OF LIGHT WITH MATTER

VACUUM MEDIM: 23
- An

Em' I ' /-Einf.
- 4, L ot

Lt Lpgtpne

™y
-

:Inllucel ’olari.?tt.‘ion= P - e’,/r E;
Re.wlh'n; electrical /mé(:f the _n:edr-'g’m
is characterized 6); : D = “°£a.* P
2=z¢cf,
E= At) - n?

. 4

INTERACTION OF LIGHT WiTk MATTER

All information aboul the inlerachon
of li’ﬁl with malter /s contarmed
in the ( jeﬁera!(/ @Hffer ) refractive rudex :|

nan-:Je x=a¢'¥'

EunEL:Th 'olnse ve focif)v o\{f' {:}In‘ n @ mediam:

‘U'Pa ./ n

t‘kanv’:'n; 0/ V/', im,lz'es - cbeuje o,{.-
@)~ — 7

(h_&n,in} o/ the fo/arieat(fan P Teguires

a redx‘s:‘r:‘é«t‘iau af bouol clurr;es { ey j/

S\‘r'ou’ electric fidls ) or a de/ormaﬁpu o {

the iom Cattice (€2 by sousd csaves).
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PHYSICAL EFFECTS FOR THE MOQDULATION
~ AND SWITCHING OF LIGHT

MOMULATLON AND SWITCHN!NE OF LIGHT
IMPLIES A
CHANGE OF THE RERRACTIVE INIEX |

PRYSICAL EFFEcTS

- ElECTROOPIIC BFPECT
- Acousreoprrc EFPECT

cc«Tu‘n’ a chan;e o/’ the ref_rae{-:'ve index :
|
i
|

- THERKOOPIIC EFFECT

- ELECTROABSORPTION

- ELEcTROREFRACTION

- CARRIER IN}ECHON

— BUANTUM CONFINED STARK EFFECT

- CPTICAL CONTRIL

‘THE ELECTROOPTIC EFFECT

The electrooplic effect describes
ﬂuc chan;e 'o,(‘ the re{roc!ive index
of @ medium in the presence o;
sfrou; electric /;‘W:.

f’lﬁﬁjl.‘lj o[ n b/v electric [:‘e/a’s

equires a c{oan;e oﬂ P/E 6/
lectric /a‘clds.

CAanJ:'n; of P/E &7 elec trie /:df
N, P lies a wowlinear d'e/eum:ace of
Porn £ :

Pe) =& (1 + ,r“’eﬂ 'x"’e’;f--)
PE)/eE = Vs (Ve +;"’E‘+--~u(s&

Strong electrooplic cliamnges
1y electroophic changes of n
re,u:rc [ # 0.

[9% 0 is obtaimed anly iu cryspals

Wit inyerss, e irie.
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POLARIZATION IN CRYSTALS
WITH INVERSION SYMMETRY

® g — @r?(é’)
Ot — e

- - _—
-~ P(-€) =-P(&)
In crystals with inversion Symmefry

P must be an odd function o_,f e

AP

mY

Peer = 5, (P ¢ fUE )

/f‘)s /ru')’ e = O

POLARIZATION IN CRYSTALS
WITH NO INVERSION SYMMETRY

@lg’ 1%’(6’)=7‘:
+
@ f-2 @ V FCEE)- P

- T(-€) #-P(F)
® A
B b--
)
|
- £, ; N
1 +E, L
___Pl E

T’(E) - “'-([“,E *[(z)Ez.' /r(.vE.?fm_)

F 4
/{‘ ) EFFECTS REGUIRE CRFSTALS
WITH NO INVERSION -smnsrn."
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How does ‘tue elecf-roop-h'c cffecr"
chauje tee ,DrOferJ‘:'es of ax
iucideut (ight wave 2

THE INDEX ELLIPSOID

Electroopt.
crys{»:(

The answer is given b] the

Y INDEX EtLirPsord

The Light Propa;eh'ou n ani.sofrof:fc media
is determinesd 6)« the cner// Jcns.r'f/ a/
the stored elecérical ,l.'z'eh(-'

Ue= 12 ED E=«D/en?

F3 2 2

2“:". = & 4 fz + ‘Dt'
2 <

% " n;

"INDEX
ELLIPSCoID"
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THE INDEX ELLIPSOID

Without ar')“ed electric f;'eld:

i 4,23

|Z 7:"([1 - A
t =Xy, E

with p, = a/nf' : Dielectric iwrcrmea’oil.iéy

with qrrh'cd electric (fc(o(-'

52{,(5’) £ = "l sf =453

The chcu}¢ o/' the im,erauec‘f(:// fewsor 79
under electrical [relds /s called :

ELEcrRoOpP?IC EFFECT

4 = £) - = Z 7.4 £ *Z'St"‘lgef
A”g(é) ?y(ﬂ 1, = § Tk TR TVER

Linear 7aadnn’f'c
clectroopl e cae/}f/'c/enf
‘z) {3)

~ X . AN

'

THE ELECTROOPTIC EFFECT

Pocr€Ls ) ( KERR )
. EFFECT . EFFECT

THE LINEAR ELECTRCCPTIC COEFFICIENT:

r

Ly k
=

Comroueui’ of Com rouehf of Component of
induced Polar. ne. orf. F'M arrl. electr. Fg(ﬂ(

ABBREVIATED NOTATION: ”;‘i
11 = 4 ap, Ta "2 T3 E,
22 Ar, Ta T2 iy |*| €2
33 =3 Aps| _ | T T2 Tz | L Fs
23=32 = Ay, Tor Tvz Ty3
13 =31 = § Ay, 1 Ts2 Ty
122216 By, Toe T2 Ti3
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THE ELECTROOPTIC EFFECT

INFLUENCE (N THE INDEX ELLIPSOID

LJ f,
s 7 (E-o)i-‘z f/“ ‘

EXAMPLE 1: LiNbO,

x

+ _Z)re A

2 2 /4 2
({1* YA (%,* 24 Eﬁ)Y *(F;“E*E")"-'
y

STMHETRY s#cuP 3m

Y

Unaxial Cl‘)l.\‘l‘cr( :
* 'Ze = ’le

Electrical {:‘e(l ar(au; 2- aX/S Ex = £,

R en, N,

*E‘* + Zax‘(;.‘fi +2x742* E*=‘I

EFFEcTS :

Tk o Tea T | change the Length of lhe

ares a,f the sudex e/(,)aaw'a(

4'9‘ ' ‘f

56+ Teq ' ALead fo & rotation of ‘the

index e((:,‘-sw’d

The mew maiu qres a{ fhe rndex e((:/::mt(

may be /’oun( 6)4 a coordiunefe /raar/orm
info the ,y 2 - S/:/em

(4

Eteci-roorfic coaff.-‘cicuft:

= . , = = 7

4:1&/' ’;3 ‘rﬂ/ 53/ 'r;-,; 75_'3 ‘3=O

:t /4 L P E) -

gi‘ga*"’h Ee)X*(;,';*";sEa))’ “(z; 2)2=1
b
1/n;"
T i ntz = “2" Tk,
Ans = "’l -Mo = - JI?- no fISEé

3
All.; = -{/2"61;355

) 3
arg = -t g %, £,
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ELECTROOPTIC PHASE MODULATOR

Zo

Polarizer

Electrooptic -
] crystal E d
Input Phase
Outpu
beam
E. - Eout

n

VWA W

Phase—modulated
wave

Carrier
wive

Electroophically in duced 'ohnse C"‘“",je’
Ap(Ey) = ko An(EL) L
B (008 A?E (E,) = &, n: ﬁs E,/2-L

EV/d | By (v)= TR,V L
oA

Ein= A-cosat
Eout ™ A cos (M’: + A(-Pa(v'))

EXAMPLE 2: GaAs

CuBic coYSTAL ;| SYHMEERY: §3m
{SerRoric CRYSTAL: n, -K,, = ﬂa =n
Electric [Lield a[au; the a’:'alona(: E/2 (0,4,4)

Electro orf-;c co eff:’cr‘eul’s :

”';f&- 4}4 = "“1 (a//o“er ?‘-/.tc)

nt q

2 2 2 ——) 1
X +£—2 +_E-t- + 42 r x2E+ 2 f;4xy£=4=

Traus,t’orma#ou info the new wmarn axss
coordinate Syt}‘cm.‘

21
il + yt + _E = ’1
"x‘ nylﬂ 'Ea_l
A { 4 4 A A
— = — =4 E = L 4T E —_— —
T Y4 2 ] ¥4~ ;] pt n®
h.:, n / "7' h ne,
3 Electroophc
An, = n"7, E/2 7
i x! ¥1 inofuceol
D Ry — Ty E/2 b;‘re,&‘n‘n;en ce |

iAnef = C

*
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ELECTROOPTIC INTENSITY MODULATOR

BY POLARIZATION ROTATION

E Il <110>
<
Input Output
bea (10 1 beam
——t— |
GaAs||
Input y Qutput
polarizer polarizer

{crossed with respect
to the imput polarizer)

In cubre crrsh(s the e/eclraofn‘:'c e/o/ecf
induces BIREFRINGENCE .

_ 3
n.,.= nh + nrwé/z

. 3
Ry=n - n' 7, E/2

POLARIZATION ROTATION
IN BIREFRINGENT MEDIA

At z=o0 : E:(E“)

At zal : E . (Eyp'ws("onl"-/-))

- [ e .
At Z=Ly: E = '> A (1) L = T
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BASIC OPERATING CHARACTERISTICS

ELECTROOPTIC INTENSITY MODULATOR
OF SWITCHES AND MODULATORS |

ModsurLAaror |
o INSERTION (o0ss |

Loss [d3] » 40 Ly (Pa::x /P, )opt.

Condition for mapmwmum Lransmwm ission
at pc{an’eaz‘fou rotation b)r fc®:

Alﬂ‘? = ‘ﬁ,“ (& = &,, ("z'ny)'l =7

Here : 1 _
b, 0T, E LETF £ Yr
T
A o Moducation IEPTH /EXTINCT!ON Mo
cod ) | _
r ® L anf’; Exct. Ralso [aZ] = /o Log Toie (V2) T
1 Mol ahid
~=2¢dR L aax (V‘)

®  ModULATION vorTAgE [m//oﬁ'/-‘)

Von/orﬁ‘ = Vg. { f "'M) - ”4‘ (&:'n )

Transmission :

T = Poué/Pc'n - /'5’;"2(;1—‘/1)
' T

P

™ A '

. owi- Voy/o - V M o
. - Pori‘ PE T M ik f'e"r’erouf. kmd’a/&l‘orﬂl

A 4
-P.'r\
V]r = 3o0v-Aky
(for butk wied.)
» !
: - |
VA V Pour i
1

<V
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BANDWIDTH

RC - LIMITED

T TIZIE For broﬂd bandidih :
BLECTRO®PT . con
vie *J @ CRYSTAL c thrm'ml-.‘...
T(d3) 4
B ~3d3  (ophical)
3 -——-—-—-—- /s (elech-‘al}

~

*—Atgf/ru——J {

T/a5] = 40 tog [ P /p
= [a2] "/'t

- o fu,/u)

( 4
T3] = 10 g [R0 /0] = 204y Jt174)™F

. = ] a2)*

Af,pt A6HE

Pod&
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TRANSIT-TIME LIMITATION IN A
LUMPED MODULATOR

uT
VA
L
'T"t'z"'/“’rn
F L Traus/t dime: t=nL
c
For ¢ =T, (wet=2r)
there s ne moolulation
Kbp:
n=4%
({m)m‘a“ C/2in Le2cn
— {“.“5‘“65
! l\l'“ T 1T 1 1T 1
a L
09} o, t=% -
0.8 -
0.7 ‘ . -
sin}w,7
0.6 - pﬂ % —
w_T
i5 0.5 t - -
0.4 : —
0.3 - | -
02 : —
0.1 | 2 —
[ | U N N
0 1 2 3 4 & 8 7 B8 9 10 11 12
Wiyt
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TRAVELING-WAVE MODULATOR

Electrooptic Transmission
crystal @P line

Modulation Matched
gm.l termination
soufrce

® No fransit dime lLimitatiow f(,‘r
Fhau -ve(ac.«';f/ mafch:‘u;

el Oft
v = U
P

=5 .Af—-)oa

For /ulm:eu ve(acr';‘/ mismatch

(fm) = c/2t(n-n,) "
m: index of re{rach‘au of wodylabon

fre,ueuc);

Mmay
| bypieal fm > S CHi. om
_ Jpica

) max

n

zy

—

BASIC OPERATING CHARACTERISTICS

OF SWITCHES AND MODULATORS

SWITCHES

® CRCSSTALK

— > P o L 0 Py ——»
on—' _0?1_"'—>
m A S ? /%/&
|

V, k—
$ "
\S\-ik-lnﬁu‘r \mlh’e
v’-‘:“"‘-'!ias \m(iu;e (Oreraﬁou roiuf)

Cresstalk .For the bar- state:
Cg = 40 2og [P:,/P.; (VB]]

Cress talle for the cross- state:

CO = A0 b} [ stﬂ; (v\g+v4)] ]

|
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ACOUSTOOPTICS ¢

INTELACLTION OF LIGHT WiITH |
AlousTiC WAVES IN MATERIAL MEDIA

l ACOUSTIC WAVE

(rcn'odicaur mordu lafed dey sr'fy o{a med/'wm)
: v

|_ MECHANICAL  STRAIN

|
( Pwoto elisf-ic effecf‘)

I CHANGE IN THE REFRACTIVE INDEX
(periodica((y wodulated )

The {-raue(m9 re.rrachvc in dex 3raf-m:
is utilized {er

© TBRAGE REFLECTICN

® TDcepteR FREGUENCY SHIFT

|
THE PHOTOELASTIC EFFECT
\._
_> =_/\_ Q/ZF
ACoushc
<- - T {rqueucy

= 2r /K

l'—'.>

An ( “ -.

lndex of refraction

Y. 2 p.
AY‘:J = A(n;)g" *Zz FLJ&( S“-‘

5&1 : Strain fensor

3
P[J'& ¢:  Strain - apf;'c teusor (~ /r
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BRAGG REFLECTION

Maving
L4 Tsound wavefront {£1)

Constructive ;'u#er{erence ,for-‘

Crﬁca{ Pafh A-C-8B = A ormA
2-./\.'D|'M1?'- n = A
= BRAGG CONDITION:

Aim U = )\/ZAn }

o
32

ACOUSTOOPTIC LIGHT MODULATOR

=
N

b~

-

Incident —_— . Diffracted

light light
P ———— J,—'

e — /
Trans ducers *Modulated of

® DIFFRACTION EFFICIENCY ! ?= Pa’:‘/[-
2 ﬁhc.

| ?‘m(f}”ﬁc.

M= n‘ Pz/g v? (bif{r. rf{urc ar hert
lz f)’f' x Sp % {;r Pac = 0.5~ 4 Watt
® BANDW/IITH : Af., is limited 4/ beam &rr.

IA;’». [fo = 4/2.! {:”': £0 hH?
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DOPPLER FREQUENCY SHIFT

P7-G) 1*

U

Collision of ,kolo»s ans /nlwnons-

® Conservatlion o{ womw en bum

-y | -3

~>
=% +K — 24mml=K

(B ragg Condi ‘h'MJ

® Cecnservaticn o{ energy

W = w-0
Aw=ﬂ=2ﬂ'l}
s

'.'Dorr!e-r Freguewcy S'A:')C{-

39

THERMOOPTIC EFFECT

(hanje 0/ the a’ensh’)« o/
a medium and therefore
han 1 o/ tee refraoﬁre rutlex

0/& wedrun 6)/ HEAT.

- ™ Effect

- slow response (ms)

/e; ’n J./QJS)
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EFHECTS IN SEMICONDUCTORS FOR
ODULATION AND SWITCHING

Y]
[ %Y

ELECTROABSORPTION :

Fi_z ﬂ."'t?‘

wd 2 are relaled by $+he Kromcrs-l(mnf;—K

MODMBLATION and SWITCHING reguires &
CHANCE OF n

Ch ‘Je o[ n

- Etec'l-roof»l-ic ef,@cf
- E(ec!rorefracﬁon

of 2
- Elec#roaésor/af-f'on
~ Wuan tum cou,(;'nea’ Stark c[/ecf

- Carrier r'r;/ec?‘z'o*!

Ch

The chanje of the Lundamential

ahsorption (o = x-4T/X) of & sems -

conducter under applied electric 7£/e/4(s.
(FRANZ - kELDYSH- EFFECT)

® Under electrical /r'e//s the &lecfron in fthe

valence bawd bas a rcbability fo gel cuto
the ceunduction bLawsl ‘9)’ f“”e((:b;j (~K)

® Abserption of photens enhauces Luneliu

Y r W, by reducin’ the fner,y baryier’d-»d

wW=0

a)

=

4= Wy/GE) ——> & = (W~ h)/(gE) = {(E)

by photon ah sorphion
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ELECTROREFRACTION CARRIER INJECTION

Change of the refractive iudex An

by the Chlugc of the e/ecfraésorffa'o C"""J‘ of the re/racﬁ'ye Index

Ax via the Kramers-Kronig- Relation. and o/ the aé\sarfﬁan by

FREE CARRIERS
(PLASMA EFEECT)

4
r w’? Gas, InP

AR l

3t 2 2 2 free Carriers
£ = 6005% An~E_ An:—)‘i an
l (Xw-ef'feco v e, cinm,
7 f.oo%} 2 2. fe
Ax = 2§ An
I kY 2 3. .
w0/ Y Yrég, cmT, m,
' I
| /oy, ® For short length (~ /Iw/mn) Ax may
be neglected.

05 03 02 01 eV 0
U-w —_—

9 e An lo/ the plaswa e[/’ec/ is used

22ym2 1918 17 16 15 14 13 , . :
~— 1 ifiir InGaASP mit )_= }.3pm) for plhase changes i Tuterefed Gpfrc Aeviges,
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OPTICAL CONTROL

Go

Confrol o{ ab so rp Lron ({rausmsssion

by optical cxcrfation. (BANDFILL NG)

= L") = £ (Rpt)

Free carriers ave generaied by

CPTICAL ExCiTATION

L Ing 303y As (P

0.36

OPERATION WAVELENETW

|
|

QUANTUM CONFINED STARK EFFECT
!

Decrease of the dif{erence
of the energy Levels between
congluction and valeuce bawds
in quantum wells under electric

f:'cfdt.

= Slnif,"l o{ {he ab:or,o‘h'ou edjc
to lon,er lvave(eu’éh;_

~—Wellenidnge
360 850 nm_ 840

tlektronenwellenfunition T 10
Aw (B«)> Aw( 4 ﬁ
. ‘E LN IR TV
Leitungs- _ = 1
band - r
- Lochwellenfunktion = 05 :
Valenz- - 5
band = .
| 5 :
! a8
ohne mit I Y ot N
elekirisches  elekirischem 143 A 8 eV 148
a) Fetd Feid bj Photonenenergee ——a

AP,,(.’!;an.‘o..s OPTICAL BISTABILITY




stability

SELF ELECTRO-OPTIC EFFECT DEVICE (SEED)

ca

LIGHT IN

OPERATING
WAVELENGTH

44

>
G
=

=
%4
-
o
x
(o]
L
m
«

1 1‘8
'PHOTON ENERGY

1.43

LIGHT OUT

¢ INCREASING PHOTOCURRENT GIVES INCREASING ABSORPTION
¢ INCREASING ABSORPTION GIVES INCREASING PHOTOCURRENT

HGAP2565.018

POSITIVE FEEDBACK:

42

GUIDED-WAVE DEVICES FOR

1MODULATION AND SWITCHING

BASICS OF GuUIDED WAVE OPTICS

ELECTROOPTIC DEVICES

— Phase modula for

—  Mach - ebhnder 1n fer/’eromer‘n'c
rnlewnsid 'y m odlu lador

- Directioual coupler Swifch

- Two- wtode -:‘uler/erem:e Stwibck

- "‘D:;’l'fc( " Switchk

AcousrooP71c DEVICE
THERAOOPIIC JDEVICE
SEMICONDUCIOR DEVICE S

APPLICATION S
- External medilation
- Switch drrcys
- Coherenl recerrver
- ¥Fber rotation sensor
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GUIDED-WAVE DEVICES FOR
MODULATION AND SWITCHING

BASICS OF GUWDED-WAVE OPTICS

x

| Cover: n
Y /A N B
" | ":A ln Film : “F
{./’//// .,1 ) Ir Subs-lra{'m:s
i

S

* O,)era'll'ou Fr:ncilole o.fa, Wave quide :
Total infernal reflcc{-iom at both

Vouundaries and coustructive inter-
ference affer one Zrck- zack - /aaﬂc.

o PLANAR wave;a:‘de L (Fitm wavegmde):
Gurdiu " ou[)r one dimeunsion

® STRIP or CHANNEL wavejuide :
‘Gm'dfu’ m two drmensions

Asvhmeraic STRP Wk, SYMMETEIC WE.

| A

MOTIVATION
FOoR USING

Diffused

Ridge ﬂ'fr"“d“ Embedded

|

|

I

. GUIDED- WAVE-OPTICS

® .Dif{rac&'ou free ,ra,achr‘an
of lUght at en‘remlf sAmall
Cross sections eover (onJ arstonces

. | Wo
W
| L —> L L =1l
i 2~ W'z Z f'nlcfcnleuf 0{ N
jxutk OPTICS CUIDED-WAVE oPricS

-» Small interaction volume (/mz-L)

—> - low moduletlion voltages

- low electrode ce/cc;'fmvcc

&

> High modulabion fresuencies

@ (Realieation a,( com/veex /h{eJrc{eo(
/Dkot_‘om'c uelworks .

o |c om/om!:'b'(:‘f/ fo a/&,'ca[ ’ﬂ'ére:
(in the case c}{ f/o's.s and £rA80, se&:ffctﬂ
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DIRECTIONAL COUPLER SwiTCH

THE DIRECTIONAL COUPLER SWITCH | UMFoth  ELECTROMES

' (UNIFORM ELECTRODES) | .,
‘ X [ (v=0)
6 . Vi —>
. 7 %
N N ,
e s> V™ —

: Swi}ich-‘n! {rom the cross state {o {he
P/ e — X \% | bar| stale is possible by detuning
L—z

eln the S/udu-oisw a)( the DPcC.
. . l
B ]dcf"h“l wavegnides (fo=fy ) 4p=o) Tl’a":"Mn'ssion (0 the ® state) of a dc
. T /P s sin® [ 1 f"]" sin’fael] detunco by AB =4, Ax (v)
Wi:fh the coa,(r'u; (enJﬂ: Ly = 7 /22 %; . - 1 Sl'mz[x.l.-‘d'f 5/ 2¢)? 4/7
and ¢ the au/(in/ cou staut 0/'” 4+(5/3c)z L ¢ ]
Co»Lrlcfc crossover condition: with & = AP/Z.
= . ‘v P/ P A
L/L, = n ®: odd | kjcr o/ in 4 {_or L=L,
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° Wha:t ha’rcns, e‘{ Z>£k Z

—— THE DIRECTIONAL COUPLER SWITCH
J the Light will go into the @-shote. (AB -REVERSAL ELECTRODES)
47 f

Not a

r er 3;-7.5;4 =f(v)

At sw:':‘dn'nl info the @D-stete tHeere /s
crosstalk /u the & ~arm.

!
| . i
By detuning 2l the /f";if remarns su Clepm
- - . <
the | & - arm p V=0 K, T8 -Umkehr (Vy ==V, )
» No crosstatk iu jue @ -.qrm. | T’f_ 0.5~ ..'-\('
n | P \
® What | happens # : 2 | VN[~ gleichfdrmiges AB(V, -V,
' < (] i) o ! 0 = ‘o
L5 f Lo fs; 24 0 U2 >,

P /F, < 4

rmg will be @lways crosstalk iu the
& _Im‘. o (f the Switch /s fu the @ -state.

® The &-state /s achieved by sa/ﬁa'e«f‘
and uniform detuning (as usual).

The Q—:t‘a/e rs a/tvc)/s achrevable 6 y o ‘i’he ® -state is achieved b/y reversing
Aet /hg. }fe sign_of the detumng affer L/2,

th L >£‘-.

® How|to gef a /oer{ecf D- state

for ¥ #7, oy # 5y 2
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TWO-MODE-INTERFERENCE SWITCH

Por u Pro

\ / :
N

ay = [fao foc]l =7 (L_‘
Ly = 7/AB

\ Intensii&im\oximun/

o le

ELECTRODES

s

rav o o BN

ELECTRICALLY |
INDUCED Ti:LiNDO,
INDEX CHANGE WAVEGUIDE

/ YIEOO 68, (U)

TE,, ©6B,, (U)=0

— i —— e bt i — — i — —t —m - —

SWITGHING CONDITION: 6P () L=

Po /Lo = 1oiv? [Tz “Yuz]) ; PalPin= o [Te “/ur ]

‘ SWITCRING BY CHANGING L (V)
(NOT BY DETUNING)

PRINCIPLE OF
ECTROOPTIC SW I'TC H‘I‘NIG

e ——
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Advaeutages of THI -deviees

T

o Both switch slales cau be eclieved
b y @ two-electrode sfructure

iwdepeudently of the L /Ly -ratio.
. T Te

<V

—
b Q
)
O
-
L
L
P
P
E
N

r

) Zaw /L‘r/cm‘/mc loleravces wiith
respect to Sywmetric in put andl
ouf/mf wave Ju:'de:. —» Low crosstalk

1c—axis
i
I-
|
I

.

X-cut LiINbO,
FOR HIGH-SPEFEDY ST,

o S:‘wf/e irakc(/'n; wabe electrode

TWO-MODE-INTERFERENCE MUX/DEMUX
WITH TRAVELLING WAVE ELECTRODF

width: 22 pm

Dis advautage
v

° Sfraujer waveleu 'n‘é /e/oeudeuce_

( However, may be utilizeo .For
Wave leuf.’ mul.ﬁ'o(exl‘us)
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NONINTERFEROMETRIC
"DIGITAL” SWITCH NONINTERFEROMETRIC
"DIGITAL™ SWITCH

20

Advanta ges:

e Polarization :'xde/nudeuf
Lave len ) th iudepen dent

V= oy Va—40Vv V =+40V o Switchin s volta g€ uncritica 4

Disadvan fapes:

SWITCHING BY BREAKING THE SYHMETLY Hich Stwrtehing voltage (4ypm £ $OV)
OF ru ADIABATIC WAVEGUIDE STRUCrurEe q Fabrical/on dl#fdlf‘/;&‘ 7"
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'F.URFACE ACOUSTO-OPTIC
| BEAM DEFLECTOR

2ic) Ams

Brogg- Ditfractad
Light Beoms

Qutpul Prism
Coupler

Qut-Ditfused

Undittroc ted . Pi
Beam Y-Cut LiNDQy Plole

Light

[I(fonsaucor’l é Transducer #2

BRAGE CONDITION:

", P _ 212
Rian = =
: 3 2/\n v;"h “r

APPLICATIONS:
e Laser frinfer
@ RF real time .S/Jecfrum ana(yZer

44

Wellenleiter

Glassubstrat

(K*-Austausch)

Thermooptischer Modulator
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SUMMARY

® Guided- Wave - Cpties /s the fechno(a,_y
of choice ,(or eptical modulaticu aud
Sl-u'ﬂchf'n’ ; ’
- Low modiulation lra((aye
- Broad banowidth
— Goeol cau/o(iu’ e//;‘cr'euc/v fo /}'Qres
- Jnfepyrn‘aék

® Lintey devices are well developed :
— low loss , broed bondwidth /:Im:e weoedulaters
fOr cohereut -S)v-:kms aua )(;'ére sewsors.
- ”I:’A“ Vee/ " :‘etr.r/'l‘/v Weodleela Fors /or
long distamce Lrauswission s/.s'/em_r,
— Low crossfalk /a(ar;'en‘/'a« /'ule/aeudenf
Awitches /ar Switch arreys.

@ Semiconductor devices are éee:‘n’; deve{o/ve(
far gofae/eci‘rom'c :'ukjraﬁan

o 3i53es+ Frablcm {Or _t]w'del{ wave cfht'a(
medulaters aud switches s uof {ue
device Fer{brmauce but the

SMALL MARKET
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REFERENCE FROM
LASER MONITOR

= LIDAR MONOSTATICO COASSTALE

LASER OUTPUT
MOMITOR

LASER7 A /ourmr oPTICS

RECEIVER [ e s mmm s s em e s
opPTICS e PETURN RAONTION
FROM TAROET

i LASER PHOBE BDEAM

Ty

SPECTRUM ./ e 0aTA

Antiysen PROCESSON
PHOTOOETECTOR

REFERENCE FROM
LASER MONITOR

MOMTOR

- LASER “r

R

- RECEIVER OPTICS
- OPTTICAL SIGNAL ANALYSER
- PHOTODETECTOR ;

- DATA DISPLAY AND STORAGE



LASER OUTPUT
MOMITOR

LASER7 A /VOUTPUT oPTICS

B LASEA PRORE BEAM

RECEIVER
oPTics e PETURN RADIATION
FROM TAROET
ﬁcrnuﬂ / \ DATA
ALYSER PROCESSOR
10
PHOTODE TECTOR
\-msnuv
REFERENCE FROM
LASER MONITOR MOMTOR
RECEIVER OPTICS: collects

the backscattered radiation

from the target

- Mirror telescopes are
prefaerred

LASER OUTPUT
MONITOR

usen7 R [wrmr oPTICS
GEE-CD > LASER PROBE SEAM

RETURN RADIATION
FROM TAROET

T _DaTA

PROGCESSOR
—2
PHOTODETECTOR @

% I

REFERENCE FROM
LASER MONITOR MOMTOR

OoPTICAL SIGNAL ANALYSER:
scriminates a received
wavelengths

- dAifferent channels with
interferential filters

- grating spectrometex

PHOTODETECTOR : transforms
the optIcaI signal into an
aealactrical one

- Photomultiplier

- Solid state dstector

- Detoector arxay
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MINOR CONSTITUENT DETECTION

Fluorescence (upper atmosphere)
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TEMPERATURA STRATOSFERICA DA DATI LIDAR
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Lidar Technigue paramster Altitude range | resolution | Rccuracy
Elastic Backscatt. Trop. Rerosols{ O - Tropopause | 0.1 10 %
Lidar - ’ .
Strat.Aerosols| Tropopause-40 1 20 %
Trap, Cloud 0-7 0.1 100 »
Base
Cloud
Base & Top & 0 - 13 0.1 100 =
Opt. Depth for
thin clouds
Cirrus Clouds | % - 19 0.1 -
ice/vater
Tesperature 30 - 70 2 2%
Profile
DraL  Lidar Vertical Pres.] 0 - 10 1 152
Profile
Vertical Teap.| 0 - 10 2 1%
Profile
Vater Vapor 0-20 2 10 X
Ozone Vert. 10 - 20 1 21X
Distribution 20 -~ %0 1 2z
Species Dist. 0-15% 1 10-20%
Raman Lidar Temperature g-3 0.2 19K
Vater Vapor 0-10 0.1 -0.2]|]102X
Species Dist, 0-1 0.1 -
Fluorescent Lidar Sodium Layer 80 - 100 1 -2 -
Dopoler Lidar ' Winds{aerosols! 0D - 25 1 1 n/s

LAND AND WATER REMOTE SENSING

Y
-

Elastic scattering

— Bathymetry
- Water turbidi

— Vegetation thickness
— Ground profile

Fluorescence & Raman

— Qils

— Phytoplankton

— Dissolved and suspended materials

— Water turbidity

— Temperature and salinity

- Vegetation stress

Differential reflectance

— Vegetation stress and diseases

— Geological species identification

— Vegetation identification

1ROE-CNR




¥ I
[ T T 2
! =
- s &
- J9° 3
| L5
- l.w R
b l““
. 1%
.. 18
= IM
T_»
E .m_-.J E M
st a m
sn
— 4w3-304!
: m—— -._. -t ¥ ta
Ti@?giTmz?:zizv =4 YNNG IN) 2 () 3
L
AOVHOLS
viva _
NOLLISINDOY
AVidsid - vivd
W3iSAS
1 2d00S3BL NOWLO313a
H3sv

<

HOIWNITIOO




BATHYMETRIC SURVEY AND TURBIDITY MEASUREMENTS

9 Lo4 148 km
I | L1171 U BUSURENE P— 1 1

SHORT DURATION
LASER PULSE

e o —

LASER
BACKSCATTER
RETURN

{Depth = CT/2)

Fig. 10.5. Occan floor profile: A, determined by an airborne bathymetric Yidar; B. a matching
sonar chart (Kim et al., 1975).

Fig. 10.2. Pictorial representation of airborne Taser bathymctry.
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CONCEPTUAL LAYOUT OF THE LASER FLUOROSENSOR
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Hight no.: 206 spill 2

MARET Project

28+

flight no.: 208 il 2
date: 21,1083 time: 5:26 dats:  21.10.83 tima: 5:44
o
- 3
L XY
ii d‘ Aex ~ 308 nm Aex =308 nm
EE Aem = 344 pm Aem= 344 nen
Sy
10, 10,
= .
E 5. 5,
on
3
380
.g 1.0 1.0 380
o 05 % 05
3 z 5
c8 : 2
;' >
2% x s 500 £ 500
o ¥, z s
@ - & £ 1.0 £ 40
s 2 - o £ MMW
- .b '(- 0.5 05
o1 ! ’ — * *
1.9 650
1.0
05
"2 3 < 5 & T 2 3 4 &
disunoolkm-) % tm)
Figure 8.6 - Results obtained during Flight

Figure 8.7 - Results obtained during fligh

n® 208, 21.10.83 5:44 h, ove
the fuel oil spill. fxcitation the fuel oil spill.
wavelenghts  30B nm, emission

wavelengths 344, 380, 500 and
650 nm.

n® 205, 21.10.83 5:26 h, over

Sase exci
tation and eaission wavelength
as in Fig. 6.6.
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two wavelengths analysis

excitation wavelength 337 nm

crude — light oils

2. 288 2. 400 . 5222

700 -

2. 8gP

600

500

400

300+

200 T T T

200 300 400 500 600

wavelength (nanometers)

C.N.R. — I.LR.O.E.

|

]
700

frequency

histogram of ratio S(A1)/S(Az2)

where A1=690 mm , A2=375 nmm
light crude heavy

11 14 I

@] 10 20 30 40 50 60
values of ratio

C.N.R. — LLR.O.E.

70
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Example of measurement on fhe waler column with 355 nm excitation

Spechro-lemporol kinage showing the relurn sig-
nal Inlenslly (color code) as a funclion of wove-
lengih and #me. From botiom o lop Ihe backscol-
fering. Ramaon cand gelbsiolf fucrescence lignols

The lemporal behaviour of the gelbsioll luotes
cence signal : the bicad maximum is due 1o the
convolulion of the subsionce nalurol decay hme

" wilh ihe ime of Nighl of the pholons emitled along

e

S

P o

- -

oy T T

are clearly dislinguished. he woler column, - i -
l !
§
1
i
L ] » » » - »
T Temporol behaviow of e woler Baman g -
nol: he Raman signol decreases exponeniially [ =
with g role coresponding 1o the mean waler ex- o
Spechum of the delecied ligh! inlegraled on the incilon cosliicient ol 355 nm and 404 nm. -
enike ime window. The peak ol )55 nm i he Q B
boackscallered UV Ighl, lhe one of 404 nm e Ro- e
man difusion and the brood specium the gelb- '
siolf fucrescence. ni -
[-E ©
; e -
o)
c -
o w
=0
30
w8 -
Temporal behaviow of the siasticolty backecal- ©
Jored Ngh! : ¥ decreases with a rale comesponding c L0
o the waoler exiinciion coefficient ol 355 nm., .E E
l o3
= L 3
T T T T 1 T T T ¥
"~ - - [ ~]
a 8 5 & 8 ¢ & 3 s
&
This mecaurement was realized on a 7 m high co- ' " » * “ :-n N
imn of industrial lop waler. The disiance was
100 m and the signal was accumulaled on 200 -
or pulses,




Emission specled

Excilation spertra
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Reflectance ratio

Target
1ines values
granite (black) 9r28,3P10, A=0.9 Bal.1 C=T D=1.3
Rocks Gabbro loR30,10P20, A=1.1 B=0.% C=1.6 D=1.3
silica sand 9R28/9PTo=A A=2.0 B=0.% C21.6 0=1.3
Kaolin{Italy) 1oR30/10P20=B A=0.5 B=1.8 C=0.1 D=o0.4
Limestone 1oP20/9P102C A=1.1 B=1.0 C=1.0 0=1.0
JoR3o/ 9RZB=D
Deciduous 0ak 9R20,10R20, A=1.1 B=1.8
trees Ash 1oR24 A=1.1 B=2.8
Beech 1oP24/T0R20=A A=1.0 B=1.0
Hornbeam 1oP24/9R20 =B A=1.0 B=2.1
Coniferous Spruce(?.Exce\— 9P30,9R20 A=0.8
trees sa) ' .
Spruce(P.ouori- 9P 3o/ 9P20=A A=1.0 h
ka) *
Pine A=1.5
Plants of Wheat, green 9R26,9P18 A=1,7 B=3.1
agricultu- Wheat,dry 10R26,10Pl0 A=0.8 Bs1.5
ral interest | Grass 1oR26/1aP3o=A A=1.6 8=2.5
Corn 9p18/9R26=8 A=0.9 B=1.4
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Reflectance spectra of terrestrial surface materials at CO,
laser wavelengths: effects on DIAL and geological
remote sensing

P. Vujkovie Cvijin, D. lgnjatijevic, 1. Mendas, M. Sreckovic, L. Pantani, and |. Pippi

Measurements of spectrai reflectance ol terrestrial surface materials at CO- iaser wavelenyths are reported.
Implications on measurement accuracy of long-path sithortie diffesential absoeption lidar for atmospheric gas
concentration monitoting are discussed. [t is also shown that reflectance spectra of most of the terrestrial
surface materials are distinguishable encugh to enable material identification by temote reflectance measure-
ments at several selecied laser waveiengths. This possibility introduces new prospects for active geslogical
(and posstbly agricultural) remote sensing.

I.  Introduction

Differential absorption lidar (DIAL) based ona CO»
laser has been successfuily used in remote monitoring
of a number of trace atmospheric gases.'? Two ver-
sions of this instrument exist according to the remote
ohject used to provide the return radiation: (1) range-
resolved lidar which makes use of the atmospheric
aerosol as a distributed reflector and (2) long-path
lidar using topographic targets. Although the first
version is more applicable to atmospheric research,
rnany relevant expetiments have been performed with
long-path lidars used to measure the column content of
atmospheric gases.!* [n particular, the early research
on coherent systems was carried cut with lidars of this
type.” Undoubtedly, airborne long-path differential
absorption lidars have the highest practical potential
amoeng the long-path systems. [n this case, the terres.
trial surface is irradiated by at least two laser wave-
lengths, the resonant and the nonresonant for the at-
mospheric gas of interest, according to the well-known
DIAL scheme.!* Gas concentration € averaged over
the measurement path is calculated from the equation

M. Sreckavic is with University of Belgrade, Faculty of Electrical
Engimeering, 11001 Belgrade, Yugoslavia; L. Pantaniand 1. Pippiare
with CNR Istitute di Ricerca wuile Onde Eletiromagnetiche, 50127
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where the superscripts on and off denote the quantities
for the resonant and the nonresonant wavelength, re-
spectively, and where the following symbeols have been
used: P is the normalized received power, p is the
target reflectance, # is the system optical efficiency,
is the absorption coefficient for the gas of interest, 3 is
the attenuation coefficient due to scattering and ab-
sorption by other atmospheric species, and R is the
distance to the target. Obvicusly, gas concentration
measurements made in this way are, among other
sources of error, subject to errora otiginating from non-
equal values of p*" and g, (differential reflectance).®?

In the spectral range of the CO; laser the target
reflectance interference with DIAL measurements can
be especially pronounced since this regivn containg
characteristics reststrahlen bands in reflectance of
some major minerals, particulariy silicates.”®'® From
an alternative point of view, the potential to display
these spectral features can be used to advantage for
active remote sensing of the terrestrial surface litholo-
gy based on reflectance measurements.

Historically, the interest in reflectance spectra of
terrestrial surface at CO, laser wavelengths has been
partially induced by experiments with airborne long-
path lidars used for trace gas detection. Strong differ-
ential reflectance at two CO, laser lines was noticed in
one of the earliest experiments with an airborne coher-
ent lidar.'! Differential reflectance has been subse-
quently studied as an interterence effect to atmospher-
ic gas monitoning.'®* "% Remote reflectance
measurement as a basig for active geclogical remote

1 Ociober 19867 / Vol. 26, No. 19 / APPLIED OPTICS 4323



sensing has also been the subject of several papers.'*-17
An experiment specifically aimed at active geological
remote sensing was carried out with impressive succeas
by Kahle et af.!* who used two CO, laser wavelengths
available from an airborne coherent lidat originally
designed for DIAL measurements of atmoapheric gas-
ea.
The aim of our paper is to present spectral reflec-
tance data for a number of terrestrial surface materials
in an attempt to initiate the larger database apparent-
ly needed for the further study of the subject. The
present data encompass common 3amples of terrestrial
lithology together with some man-made materials and
vegetation samples. This database fulfills a dual goal:
(1) to evaluate the possible measurement error in
DIAL measurements of atmospheric gases and (2} to
give initial parameters for the broader atudy of laser
active remote sensing of the terrestrial surface.

K. Description of the Experimental Apparatus

The laboratory inatrument intended to provide
spectral reflectance data for lidar monitoring is de-
signed to follow the geometry of the lidar itssif. The
sample under study ia irradiated and observed through
small solid angles whose axes are close to each other
and close to the normal incidence on the sample (Fig.
1). The laser beam of a grating-tunable pulsed TEA
CQ; laser operating in the TEMy, mode is attenuated
approzimately by a factor of 100 and expanded by a
factor of 2.5 giving a 20-mm diam illuminated spot at
the sample. The instantaneous energy density at the
sampie is <1 mJ cm™2, The sample is placed at the
center of a turntable rotating at 30 rpm. The trans-
mitted beam strikes the sample off-center. The mo-
tion of the sample surface past the tranamitted beam
permits averaging of the signal fluctuations due to
both macroscopic itregularities in the sample surface
structure and the coherent speckle effects, as suggest-
ed previously.’? A zinc selenide lena images tha illy-
minated spot to a pyroelsctric receiving detector. No
provision has been made to distinguish between the
components of polarization. A pyroelectric joule-
meter monitors the laser output energy and provides
the energy normalization signal (Fig. 1). The normal-
ized signal is digitized and stored in the computer
memory. The experiment is under computer control
through a program which tunes the laser wavelength,
fires the laser, acquires the data, and performs data
processing. Wavelength tuning is performed by a
closed-loop grating positioning system.’¥ The data
processing procedure includes calculations of the sig-
nal mean valye, standard deviation, and histogram.

M. Experimental Results

The relative apectral reflectance is generally defined
as the ratio of the biconical spectral reflectance of the
surface under study to that of the selected standard
surface.™ This quantity has been measured here with
the apparatus of Fig. 1. When both the angle of irra-
diation and the angle of observation are small, the
definition of bidirectional spectral reflectance, as a

4324 APPLIED OPTICS / Vol 28, No. 19 / 1 October 1987
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Fig. 1. Expsnimental apparatus.

special case of biconical spectral reflectance, i3 appli-
cable.® This holds for lidar and for our laboratory
apparatus as well. Consequently, in our case, the rela-
tive spectral reflectance equais the ratio of the bidirec.
tional spectral distribution function of the given sur-
face to that of the standard surface, both averaged over
finite amall angles of observation.

Major nonuniformities in the spectral response of
the apparatus were found due to the known nonuni-
form response of the receiving LiTa0; pyroelectric
detector in this spectral range. Accordingly, all the
raflectance spectra recorded were normalized to the
spectral reaponse of the instrument.

Following the definition of the relative spectral re-
flectance and the practice of diffuse reflectance spec-
troscopy in the visible (see, e.g., Ref. 21} to use a certain
convenient surface as a standard for reflectance mea-
surements (BaS0, or MgO in the visible), an appropri-
ate surface in the CO- |aser wavelength range has to be
adopted. Practical reasons dictate that standard sur-
face should have (1) uniform radiance of the scattered
radiation in all directions, i.e., Lambertian yurface, (2}
high reftectance, i.e., close to the ideal Lambertian
surface; {3} uniformity of reflectance in the spectral
region of interest and, additionally, (4) permanence of
surface and its reproducibility. The surface of sub-
limed sulfur flowers has been studied previoualy?z-24
for use in the infrared. The reflectance spectrum of
sulfur flowers at CO, laser wavelengtha, as recorded by
our apparatus, is presented in Fig. 2 along with other
materials studied as possible reflectance standards, [t
i# obvious that sulfur flowers show uniform reflactance
only in the 9-um CO; laser band, while there is a
remarkable minimum coinciding with the P branch of
the 10-um band.** [t follows that this material does
not fulfill the spectral uniformity requirement in the
entire CO, laser spectral range. A surface of finely
divided sodium chioride was also suggested as a candi-
date for the reflectance standard because of its high
reflectance and close-to-Lambertian distribution, sim-

Pl
:
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Fig. 2. Relleciance spectra of potontial reflectance standards.

ilar to that of sulfur flowers.?? A reflectance spectrum
of finely divided sodium chloride is presented in Fig. 2.
The sample was prepared by pestle-and-mortar grind-
ing the sodium chioride and then sifting it through a
mesh size 70 sieve. Because of ita hygroacopic nature,
sodium chloride was kept at higher than ambient tem-
perature during the measurements.

Finely divided aluminum was also studied {Fig. 2).
This surface was obtained by sifting chemically pure
aluminum powder through a mesh size 70 sieve, The
surface obtained was afterward left intact. As seen in
Fig. 2, the surface of finely divided aluminiim offers
the best apectral uniformity of the materials consid-
ered here. Furthermore, the angular radiance distri-
bution of finely divided aluminum has been measured
previously and has been found to approximate closely
the Lambertian distribution.?? However, the grain
size of the sample is an important factor since it is
known that the ability of this surface to approximate
the Lambertian surface is dependent on the grain size
(for coarser grains specular reflection appears®). ltis
also expected that finely divided aluminum is more
stable against environmental influences than, e.g., so-
dium chloride, which is otherwise alsc acceptable.
Consequently, the surface of finely divided aluminum,
prepared as described above, is adopted here as the
standard of refloctance. All the following spectral
reflectance data are given in terms of relative reflec-
tance related to this standard surface. )

Figure 3 presents the reflectance spectra of silicate
rocks dacite, andesite, gabbro, and two types of gran-
ite. As expscted, reflectance bands appear as rather
broad spectral features situated in different portions
of the CO. laser spectral range depending on the min-
eral composition of the rock. The presence of the well-
known restsirahlen band of quartz in the 9-um region
is evident in the spectra of dacite and white granite,
The reflectance spectrum of dacite in Fig. 3 is noisy
because of the pronounced porfiric structure of the
sample. The reflectance maximum of gabbro'is situat-
ed at longer wavelengths with respect to quartz-con-
taining rocks since in the mineral composition of the
gabbro sample other silicate minerals dominate.
Spectra of the (wo varieties of granite clearly reveal
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}
t
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Fig. 4. Heflectance spectra of sume silicate rocks,
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Fig. 5. Heilectance spectru of pure kaalinie, kavtin clay, marl, and
EYpaum.

differences in their mineral composition. The spectra
of materials with high quartz content are presented in
Fig. 4 together with the spectra uf two typesofsoil. An
intense restsirahlen band of quartz around 9 um is
exhibited by silica sand, river sand, and sandstone.
Both spectra of soils (black tarmland soil of the cher-
nuzem type and red soil uf the Meditertanean terra
rossa type) reveal a moderate quartz content. The
reflectance spectrum of pure kaolinite {Fig. 5) shows
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compured due to the lack of averaging. Nevertheless, reflectance in the 10-um than in the 9-um region is
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obvious. Spectraof the coniferous trees foliage, on Lthe
other hand, show no tendency of higher reflectance
toward longer wavelengths {Fig. 9). Retlectance spec-
tra of meadow grass, wheat, und corn leaves are pre-
sented in Fig. 10. Besides the distinctive reflectance
maximum of corn at ~9.6 um, it i3 probably of i_nt.erest
for agriculturul remote sensing to note the different
spectrum of young green wheat compared with that of
wheat at the time of harvest (almost dry leaves).

IV. Discussion

As poinled out in Sec. I, target differential reflec-
tance tends to interfere with long-path DIAL atmo-
apheric gas concentration messurements. Measure-
ment error due to differential reflectance may be
conveniently defined? as the concentration-path-
length product (CR), resulting from Eq. (1) for Pen =
Polf pun = oo and gon = ol Calculated values of
(CR), are tabulated in Table I. To minimize the un-
certainty originating from the experimental error agso-
ciated with, in some cases, noisy reflectance spectra, a
least-squares polynomial fit was parformed on reflec-
tance spectra prior to calculation of the (CR),. Table
[ contains nine gases reported previously to be mea-
sured by CO. differential absorption lidars: ammonia
(NHj), ozone (0j), water vapor (H;0), ethylene
(C:H,), vinyl chloride (C.HxCl), Freon 12 (CClF.),
hydrazine (N;H,), unaymmetrical dimethylhydra-
zine—UDMH [(CH;)aN:H;} and monomethythydra-
zine—MMH (CH;3N;H,). References to the original
publications are given in Table I together with the
laser lines used (A* and A°") and the gas differential
abaorption coefficients Ax = o®® — o,

Results given in Table I show large quartz restatrah-
len band interference with ozone concentration mea-
surements, as sxpected.®!® This interference is no-
ticeable with all natural and man-made materials
containing quartz. Gas concentration measurement
errors calculated here for the silica sand target are in
close agreement with the results published previous-
ly.3® [t ia also evident from Table [ that nonuniformi-
ties of the vegetation reflectance spectra can seriously
affect gas concentration messurements (particularly
ozone again). Generally, these results show that for
any real terrestrial surface, two effects increase the gas
concentration measurement error: (1) small value of
the differential absorption coefficient Aa, and (2} large
separation between the sounding laser wavelengtha.
When both of these adverse effects are present, the
resulting errors are excessively large, as in unsymmet-
tical dimethylhydrazine (CH,)}.N.H, and mono-
methylhydrazine CHaN.H,. It is important to point
out that, although the errors in water vapor concentra-
tion measurerments are large in terms of ppb - km
(Table I}, these values are within a few percent of the
usual water vapor concentrations in the atmosphere.

The reflectance apecira of terrestrial surface materi-
als presented here indicate the possibility of identifica-
tion of a significant number of those materials by mea-
suring their reflectance at selected CO. laser wave-
lengths. This possibility, as noted before,10.13-15
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introduces new prospects for active remote sensig ol
the earth's surface fromn airborne or spaceborne plat-
forms. The complexity uf the actual airborne or spa-
ceburne apparatus for this purpose will critically de-
pend on the number of CO: laser wavelengths
necessary for reliable identification. Consequently,
the posaibility of target classification by using a llrmg-
ed (as amall as possible) set of laser wavelengths is
highly important. We estimate that a four-wave-
length lidar can be built at the present level of technol-
ogy, so theidentification of reflectance spectra by four-
wavelength sounding is preliminarily considered here.
The ratioa of reflectance data at selected wavelengths
are calculated and used to characterize the sample. In
TableIl, four ratios characterize each sample. Sound-
ing wavelengths have been chosen to probe the chara:_:-
teristic features of the spectra in Figs. 3-10, It is
evident that good discrimination of target materials in
two classes (geclogical and vegetation) can be obtained
in this way. It is expected that number and/qr posi-
tions of laser wavelengths can be further optimized by
a more slaborats wavelength selection procedure.

¥. Conclusions

The potential gas concentration measurement er-
rots presented in Table [ show that the interference
due to the differential reflectance effect may turn out
to be the largest single source of error with long-path
lidars. Since a DIAL is usually envisioned as a device
for accurste measurements at trace concentration lev-
els, errors ranging from several ppb - km to several tens
of ppb - km are generally not tolerable. [mprovements
in topographic target return DIAL methodology is ob-
viously required, as noted earlier 2212 Two approach-
ea could be taken to minimize the differential reflec-
tance interference.®? The first approach is to
minimizes the spacing between the resonant and the
nonresonant lines either by uaing CO- lasers of differ-
ent CO- isotopes to obtain wavelength separation
amaller than between the ordinary lines or by using
continuously tunable (high pressure) CO. lasers. The
second approach would be Lo use two or more nonreso-
nant wavelengths to interpolate or extrapolate the ef-
fects of nonuniform target reflectance.?

Reflectance spectra of most of the terrestrial surface
materials studied herein are distinguishable enough to
enable material identification by remote reflectance
measurements at a practical number of laser wave-
lengths. Consequently, active remote sensing based
on reflectance measurements should be regarded as a
potentially powertul alternative or addition to the ex-
isting passive remote sensing techniques in the ther-
mal infrared channel. Although geological remote
sensing based on emittance measurements has
achieved remarkable success in the past, several ad-
vantages of the active technique based on reflectance
measurements are anticipated'™ '™ (1) higher signal-
to-noise ratio is attainable with the laser-based retlec-
tance technique, (2) better spectral resolution is avail-
able, (3) higher immunity Lo background effects exists,
since measurements are little affected by surface tem-

perature, and {4) adverse atmospheric effects are ex-
pected to have less influence on measurements. How-
ever, two disadvantages of the active approach should
be immediately pointed out. First, the spectral range
of the standard '“C'%(), | aser restricts the applicability
of the technique in comparisen with the broadband
passive sensory. Thia limitation could be nearly re-
moved by using isotopic COq lasers to extend the spec-
tral range well beyond 11 um, thereby reaching the
sharp reflectance band of carbonate rocks aituated at
11.3 um.2 Second, at the present level of develop-
ment, the laser syatsm picks out reflactance data from
& narrow stripe on the terrestrial surface as the instru-
ment passes overhead, in contraat to the passive sensor
which has large aresl coverage in asingle pass.'® With
the implementation of rapid beam-scanning systems,
this problem should be alleviated in the future, but at
the cost of somewhat increased system complexity.
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Italian government agreement on scientific coopera-
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ARSTRALT

Six years of rescarcnas ware carried out an ths use
of fluorescence lioars for environmental monito-
ring. A3 a result a sensor prototypa was designed
ann bult which can aperate as a fFluarssgenca lidar
and a passivg spectrometar {n tha visible. in aoth
cases with a hign spactral resalution. This pepsr
dJgscribes the researchas carried out, the saensar,
ang tha firat flelo experimants on sea and vegata-
tion remote sensing.

Kaywords: Liger, Remata Sensing, Enviconmental Jon-
trol, Flunrnaenscr, Yegetation Manitoring, Pallu-
tion Manitoring, M1 Zallls

T. INTRODUCT ION

The lizar {3 nne 3f tne mast nowerful tools for
anvirormental remote sensine: its applications ran-
48 “rom neteorological measurements to pollution
manitaring, from upper itmasphsre tnvestigations,
L0 ~ater bathymetrey ‘Ref. 1),

BSatwaen the fifferent lidar iyatems the Fluorescen-
28 dar 1s o very attractive one wnich ahows an
Interasting notantial in the remota sebtsing af ma-
ring ind seeatation parimgters, Rasearches an flua-
ryncerar lidar systems ang applications wera nar-
Bt e Lant o §e oyears 2t Lhe TRCE-UTR An
enperatin with trhe IEJ-UNR: the FUIDAR O ornie-
typa 1% the result nf thuae ressarchas.

This ousic dgd9cribies the ressarches carriod gut,

AT, T eeg ity nf st Flrat Flod oaw

L et ot ookt cpranation anig osataral

el rale Inotma opnntn-

thereenre onncn

LUomay b also o

Pignietle nrocess. ance

chlorophyll a shows a ztraong fluorescence emission
in the wavalergth reglon betwaan G700 rm and 740 rm
it {a attractive to analyze “he patential of laser
fluorosersars in the remota senaing of llving
olants (Ref.Z!.

A resuarch program gn the use of laser Induced
fluorescenca applications toc the remote sensing of
vagetation was started as a part of a national pra-
gram on agricoltuyre improvemants (IPRA Project),
The laser !nduced fluorescence in living planta was
analyzed by means of a lidar simulator composed by
different laser heada, a sultable focusing ang ra-
ceiving optics. a grating spectrometer nd a PAR
OMA-2 muliichanngl analyzar. High rasolution flua-
rescenca soectra -ec8 detected and processed In or-
der tn {rvestigate thelr behavior and the ralatian-
ships with tha photasynenetic procass for 3 “oreca-
wtirg of the ticar flugrasensor potantial in tha
detection af glfnt health [Ref,3, 4], Diffarent
phenomena were taken into account lihe the change
of tha Lntensity and behavior of the spactrum with
the axcltaticn wavelength, the exposure tima te the
tager raglation, the backgroynd radiation level.
atc. {Ref.5}.

As 3 result 3 physical modgel of chloraphyl]l Fluore-
scerca in living glants and 3f Lts relatinnships
with “he praotoaynthatic process was developed: thls

madel “lts uite well *Re oxperimental results
[Ref.h).

A secornt 2art of tne lapnratory axpeciTents was fe-
vated to the stoctien of laser inuuced fluorsscan-
seoapeciry a9 lvlne alan*s aomitter o water
stross ang el tenss. ThesE awneriments showed
theoirfloenna A ShOUisEs I The earlo ptwean
TME Two oears Y the Fluorescrece spectrum at BAS

amoanid 2300 em,

1. SEA REMOTE “ENMSING

natyaia af “lunresensor performan-

fan st charactarization of oit ¢{lms
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was carrled out as a part of the IRQOE program of
environmental remoté senalng. The invastigation
concernsd (Ref./, &, 9] tha definition of the bast
laser wavelength, the measursment af oil film
thickness, the minimum, detectabla f1lm thickness,
the Ldentification of the oil which composes the
film.

The analysis was malnly done ualng the lidar simu-

latar, The first expeériments wera davoted to the

ldentification af tha most sultable laser source

for nil detection, The parametara taken into ac-

Sounk were:

- Tha oil fluorescence afficency

- The atmospheric abscrption at both the axclta-
tion and fluorsscence wavelengthy

- Tha laser aefficency

Tha Ne-Cl excimar laser gave the best comprorise

for thin oll filma while an exacimer pumped dye la-

ser oparating at abcut 420 nm gave the best com-

promise for thick layars. Tha minimum detactable

thickngsa for Xe-Cl excitation was identified in

about 10 nm.

If the film thickness 1s lowar than tha optical
panetration depth in the oll at thae invclved weve-
lengths it can be measured ar by the intansity of
tha fluorescence signal, which ircreases with the
thickress, or by the intenaity of the water
Raman aignal, which decreases with the thickness.
The experimanta showgd that tha use of the Raman
3ignal depression is more suitable for thichnesses
below tu.

In tha measursment af FlIm thichangas tha oll absor-
ption at the Lnvolved wavelengths ls 2n lmpoctant
parametst which is practically lmpossibla to ob-
tain by standard? tachnlques. An ariginal and easy
tachnique far the measuremant of the gxtlnction
cosfflclent Ln high absorbiing liguids was identi-
fieg during thesae experimants (Ref.T10).

The patential of the lidar fluorosensor in the
tyentification of the oll which composes the film
was invastigated with the aid of a library of
fluorescance spectrs af mora than 60 differant mi-
néral ulls [Re.]]. Tha wall known crosscorrala-
tign technlgues snowed a a good potential in tha
identification of the o1l class (cruds, 1light,
heavy) but require the detaction of tha complete
spectrum and a long data procesasing. An ariginal
technigue was devaloped which gives tha same rw-
sults aa the crosscorralation tachniques with the
uae of two proparly selected fluorescence wave
largtha. With more than two wavalergths this te-
chnique allow a discrimlnation inslde the rclass,

4. THE SYSTEM

The FLIDAR 2 [Raf.11) 1s the flrst lidar fluore-
sansor having a high spectral resolution, and Lt
13 based on 4 new igea In remcte senaing of the
envirorment bacausa [t opecates at the same time
ag 4 lidar fluorpsensor and a passive spectroma-

ter, The use of the same device far active and
passlve remote sensing allows a perfect comparison
betwesn the data and reduces welght and cost.

The FLICAR 2 1s divided in three modules:

3ENSOR - This moduls containa the excitation laser.
tha recelving system. and a stangard TV camera.

Tha laser was expressly designed for this aoplica-
tlon and is composed aof an excimer lasar ap=rating
at 309 nm, and an axcimer pumprd fdye laser. This
golution pives an axcltation wavelenghth which can
he shifted from N ta the war TR, The ranelvine
system is composed by a newtanian telescopw, 4
grating spectrometer, and an tntensified and Fa-
table cod array (Flg. 1.

Fiy.1 - Sensor Module. 1) Excimer lasar, 21 dya
laser distearing mirror, 4) talescope,
5) fFiltar weal, 6] grating spactrometer,
71 ced array.

CONTROL ELECTRONTCS - This module contalns the

minjcomputer which controls the acguisition, pre-
gentation, and recoraing of the data. [t contains
also the battery pawar supcly and the N recorder.

GAS MAROLIMNG - This mogule is connectad to they 11-
dar only Juring the rafilling of the gxcimer la-
sgr; this aolution ollows an important recuctian
of welgth and size durfeg the Flald expariments.

Tha block dyagrom of the FLIDAR 2 ts shown nn
Fleg,2 and 1t sharactaristics ars described n
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Fig.2 - Hlock dyagram af the FLIDAR 2

SENSUR MUDULE (1x1.0al.6 m, a4 kgl

Farimer Laser (Xe-Cl, 308 nml
Pulse Enargy 10 ml Pulse Length 15 ns
Max prf 10 He
Dye Laser |Data gepenoing from tne dyel
Recejver System
C F:a, 250 mm 4 Newtonian telwscupe
- f:4 grating spdctrometer with three gratings:

Dispersion (nmsmm} 3.0 6.0 24.90

Spect. ronge (em) 37.5 75.0 300 .0
- 412 =lemunts. intensified, gatable ced arTay
CONTROL ELECTRONICS MODULE 19,7720.%x3.5 m, 63 kol
Console PAR OMA-3, 20 Mb hard Jdisk and floppy
- Battarius. inverter, video recordir

GAS HANDL (NG MODULE (1.5x0.5x0.7 ml
Gas cilinders. tublng, manometars
waignt epanding from thu cilingers
PIWJER RECU[REMENTT

T34 ¥ dc. 20 AN Llaserl, w2 A/M {elotronics) =

200 W, B e

Taple T - Characteristics oF the FLIOAR 2

Jha Gafledre gachages storsd in e control ;oru-
1 allow the processing of the antected passive
et Active specira Ln order o

. Maasure oil Film thickness

fgentity il spills

Amglyos the photosynthintic process in livine

LLants

=¢ oo PLIDAR T e

Cartcalarey suitoule TIr skrnarne e 1l
Lowltt cmallopiresart.. teare bhe Syckem
Lrs e 1 et vl T “Ahoerver”

5, FILLU EXPERIMENTS

A first campaign of vegetatlion remate sARSing was
carriad out at Wageningen (NL} in October 1986
(Rgf.12) and a secand ong in 3 woou near Garderer
INL} in June-luly 1587 (Ref.13], In both cases the
FLIDAR 2 wes based at mround (fig.3l1.

Fig.4 - The FLIDAR 2 1in oparation at wageningan
[Octonar 19661

The FLIGAR 2 operated at the same time ¢ & fluo-
rasensor and as o passiva spactrometar (Fig.5).
Tha raflactance spectra, datected in tha spectro-
meter oparation, ware used yoth for the subtrac-
tion of background from fluarescence spactra and
far tha ivaluation of the leaf ares indax (LATY.
The changa of tha flucrascance spactrum with the
selar radiation intensity was investigated en
Oouglas firs ang a pood agreement was found bet-
wien the intensity of the phatosynthatic active
ragiation (PAR}#3nag tha ratia tetwaen the fluore-
sconca emissian it 585 Am and 730 nm ffip.6l.
Thase results confirmed the potentlal of laser
fluorosensars in the datectign of tha phatosynthe-
tic process benavior in operational canditions.

A first campalen on natural waters was carrigd out
in October 1987 in Tyscan coastal waters (Ref.147,
The FLIDAR  was installed lnside the ressarch
ship "Mingrva™ 4ith Lhe nptical axis implnging on
“he water 2oy ganer an anele of abaut H)

sFLg.T

proscance and "aman Specira wers date-
cted in Miffarent water conditions like clear was
tars, narbors, ~lver plumes, dtc. [fip.81.

-, FLTHRE [MPROVEMENTS

Moo if mhe FUIDAR LS 1 wery powertoll remote

RTTRNEY TR SF R ¥ [ TE R R LA improved WLithoa
time resolveg hannel, for pathymetry and vegela-
ripn thicknrds mrasuremant, a scanning mirror and
w increaseg loser prf,. for the use as an imaging
1jdar/spe-tramatar, and neéw software, for the
sxtrietion af informations on cremicals ano other
collutants $issolved In water ov floating aver
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Fig.% + Fluorescence spectrum [up) and raflectance
spectrum igown] of a Douglas fir waod
{Garderar, "June 1987}, Excltation wave-
length 480 nm, cistance of the target 60 m

tha wakter surface. A particular attention will be
Jevotad toc the daovalopment of tha aparepriate
coftware for tha use of the FLIDAR 2 as a design
tool for sensors. Fluorescence lidars and spectia-
meters, for specific applicetions. In fact the
hign resalution spectra detected by the FLIDAR 2
can be used in ardar to almulate the performances
of lower resclution syatems for sslacting the best
working wavalangtns far each apoplication,
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Flg. 6 - Bebavior of the photosyntharic active ra-
diation, PAR (up) and of the ratino
betwaen the two peaks of tha lasar incu-
cad fluorescence in Oouglas fira. Measu-
rements dong around the sunsat {Wagenin-
gen, Cctober 1986}, extitation wavalength
480 nm, gistance of the targat SO m

Fig.7 - Tha FLIOAR 2 inside the research ship

"Minarva” durkng the fleid exparimeént Ln
tha Tuscan coastal waters (October 19871.
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batween the fluorescence in the band ba-
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