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SUMMARY

Raman spectra of water have been measured in the laboratory
using improved optical instrumentation. The linear depolarization ratio
agrees well with results found in the literature. Various portions of the
isotropic and anisotropic components of the Raman spectra can be iden-
tified with distinct structural species in liquid waﬁer. ;ﬁi\s model pre-
dicts that the depolarization will be most temperature dependent in the
long-wavelength portion of the spectrum, as is demonstrated by ou‘é‘/
data. The measured 'linear depolarization ratio varies by 1, 3% per
degree centigrade; we predict that tl:xe temperature dependence of the

circular depolarization ratio will be 1. 7% / °C. The circular depolari-

zation ratio is also a desirable indicator of temperature because of its value

of ~ 0.67, leading to higher statistical accuracy in the cross;polarized
chanuel, compared with~ 0.25 for the linear depolarization ratio.
Systematic measurements of the effect of temperature and salinity upon
the circular depolarization will be undertaken shortly.

Variability of the spectral attenuation of light in seawater indi-

cates that a two-color Raman technique is not feasible for usc in the occan.

The circular depolarization ratio is to be preferred, provided that light is
not appreciably depolarized further during transmission through seawater.
To check this, the depolarization of light scattered through small angles
has been measured in the laboratory, and found to be small but not negli-

gible. Extrapolating the results to ocean conditions, we predict that
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these cifacts can be corrected for to the required accuracy provided that
seawvater cvhibits & fairly consistent relationship between depolarization
and turbidity (which would be measured from the iniensity of the Raman

return), Preparations 2avc now being made for field measurements of

this relationship.
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1, INTRODUCTION

The possibility of measuring subocean water temperature remotely
by observing the Raman spectrum backsczttered from a laser beam has
been investigated in this laboratory., During the initial six months cof this
program under Contract N62269-72-C-0204, emphasis was on a two -color

scheme in which the temperature sensitivity of the intensity ratio at two

properly chosen Raman wavelengths was measured., Although it was
concluded that a precision of about 0. 2°C could be achieved by the two-
color method down to a depth of 30 metersin clear ocean v.'ater1 having
constant optical characteristics, variations in the spectral attenuation
coefficient of seawater would introduce serious errors in the temperature
measurement, It is therefore desirable to investigate further the cross-
polarization scheme which was found to be temperature sensitive ir our
previous measurements, .

The construction of an improved back-scattering Raman
spectrometer for this purpose, measurements of high resolution Raman
spectra, isotropic and anisotropic componentis and depolarization ratios,
and a new structural model of liquid water arc discussed in this report,

The results show thatthe ratio of two polarization components of
Raman radiation is an even morc sensitive indicator of water tempera-
ture than the ratio of two-color intersities,

The results are preliminary. Systematic measurement of colari-
zation ratios as functions of Raman wavelength, temperature and salinity

will be undertaken shortly and presented in the final techaical report,

-1-
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2, LABORATORY MEASUREMENTS OF RAMAN SPECTRA

2.1 Improved Back-Scattering Raman Spectrometer

The improved version of our back-scattzring Raman spectrometer
is; shown in Fig, 1. The laser radiation from the dye module is polarized
perpendicularly to the scattering plane by a polarizing cube, After passing
through a 100 X filter, which is centered about the laser wavelengtH,
and a beam splitter, it is reflected by a small mirror, focused into
the constant temperaiure (+ 0. IOC) Raman cell and eventually absorbed in
the light trap,

Raman light is collected by the same focusing lens and its parallel
and perpendicular polarization comp;)nents are selected by properly rotating
a second polarization cube, Since the 3/4 ~ meter Spex monochromator
grating has different efficiencies in the two planes of polarization, a
Hanle quartz depolarizer (supplied by Karl Feuer Optical Associates,

Inc, of Upper Montclair, N, J.) was placed in front of the Raman focusing
lens thus avoiding the necessity of calibrating the grating separately for
each modc of polarization, Signals from the diode, which monitors the
laser intensity, and the PM tube on the monochromator are integrated
and amplified by charge-sensitive preamplificrs and amplifiers, The
total integrated charges are measured by the combination of amplitude
cencoders and pulsc ¢ wunters, T5 minimize the effect of dark current
from the PM tubc a coincidence pulsce from a delay pulse gencrator

synthronized by the N; laser is supplicd to the encoders, A pulse
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generator is used to drive the stepping motor of the monochromator for

a constant wavelength increment,

2.2 High Resolution Raman Spectrum of Water at 25°C

In order to investigate the polarization properties of the Raman
spectrum of liquid water and hence their application to the remote measure-
ment of water temperature, high resolution Raman spectra cf water were
measured with a well-tuned laser output of 3.0 X spectral width and a

o 21
monochromator band pass of 5.5 A (15 cm "), KRaman intensities were
taken at 5 Ao increments, An unpolarized total Raman spectrum of liquid
HZO in the OH stretching region is shown in Fig, 2. Fine featires of
the spectrum are in exceilent agreement with the spectrum reported by

Walrafenz,

For the measurement of polarized components of the Raman
specirum of water, the scattering geometry is shown in Fig. 3. The
exciting laser is polarized perpendicularly to the scattering planz contain-
ing both the Jaser and Raman axes., To simulate the field experimeut, we
are interested primarily in the back-scattering x‘node of the Raman process
where the scattering angle 9 = 0°, in this particular mode, the scattered
Raman radiation can be polarized in the Z and X directions (Fig. 3),
paraillel and perpendicular respectively -to the polarization of the laser,

To correlate the laboratory measured intensity and the molecular polar-
izability tensor 7 which connects the applied field witk the induced dipole
by jul = 9 cj in the liquid, onc has to average over all possible

molecular orientations with respect to the laboratory coordinate system,

-
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It is possible %o show> that the parallel {I;) and perpendicular (I, )

components of the measured intensity can be expressed as

1, = k(450° + 4 %) )
and
2
I, =k(387), (2)
where
a = é— (ci-!'az'-i-a:;) (3)

and k is the proportionality constant, aZ is the so-called isotropic part of
the differential polarizability tensor, BZ is the gnisotropy of the tensor

and ull’ are the principal values of the derivatives of the diagonalized

0.'2,0'3
molecular polarizability tensor which car be obtained by properly chouosing
the molecular axes.

Both parallel ({i )} and perpendicular (L) components of the Raman
spectrum of water at 25°C are shown in Figz, 4, As in the case of the
unpolarized spectrurm,, measured intensities were corrected for the
spectral sensitivity of the filters, grating and photomultiplier tube,
Following a procedure similar to that of Scherer, Kint and Bailey4, a
more meaningful display of Raman spectrum can be achieved by plotting
the anisotropic and isotropic Raman spectra which are proportional to
3[32 and 45 a2 respectively, This is done simply by means of equations

(5) and (6) :

-7
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Results of isotropic and anisotropic Raman spectra of water agree well
with those reported most recently by Murphy and Bernsteir.lS as shown in
Fig, 4.

The ratio of intensities of the perpendicular and parallel components

is, by definition, the depolarization ratio, p_1 . From equations (1).and

-

g B g bana o ™ Y
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(2) this can be expressed a.

I 2 .
by = ot e -
i 45a  + 48 '

Results of our depolarization ratio measurernsnts for Raman back-
scattering of water at room temperature  shown in Fig, 5 .compare
well with those published5’ 6for a 90°'scatteriing angle, This result
.a.grces with the theoretical prediction3 that the linear depolarization
ratio is independent of scattering angle provided that the incident beam is
5 % polarized perpendicular to the scattering plane as it is in the cases

reported here, .

2.3 Molecular Model of Liguid Water and the Temperature Sensitivity of

the Depolarization Ratio

2N . Unlike water vapor, wbich is mostly monomeric with a simple

structure, and the solid state (ice) which is highly orderced and whose
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structure has been adequately characterized, ,thg structure of liquid
water remains a confused and controversial subject. The ano‘malous .
physical-chemica]: properties of Iiquid water have been inte‘rpre'ted'as a
result of hydrogen bondirg v.'h'ich links water molecules 'together and is
aow fairly well understood, The geometrical conﬁg\n.'ation in which
water molecules stick together by the hiydrogc::n bond, however, is quite
a different matter, The many models of the structure of liquid water
which have been proposed from differbnt'péint of view can be classified
as (1) continuum or (2) mixture. modecls, While the first kind of model
postulates that the molecular structure of -vater changes continuously?

'

from ice-like at one extreme to gas-like at the other, the second category
- H
of model assumes the simultaneous existence of two or more distinguish-
; . 8 . . .
able species of water ,, Since our primary concern is the remote
- ' ‘ ; -
measurement of seawater temperature by means of Raman scattering, we
restrict oursclves to the consideration of a two-species mixture model
which has been successful in interpreting earlier $ound absorption
. H
: L9 . 10 . 11 5,12
measurements®and inany recent infrared ~, near-infrared ~ and Raman™
1
- spectroscopic studics, In this inodel, a kinctic equilibrium exist. between
1 i
two spectroscopically distinct structural species in liquid water,
A single water molecule in the liquid state, HZO , 1is capable of
forming a maximum of four hyvdrogen bonds through its hydrogen atoms
and the two lone pairs of clectrons on the oxygen atom, Since the average
hydrogen bond cncrgy has been estimated to be several kilocalories per
11a,13

" mole , it is rcasonable to speculate that no more than one hydrogen

. . o, .
bond is broken at ordinary temperaturces (9 - 40°C),  Liquid water may

-11-
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thercfore be cor.s:idered5 to be a mixture of two basic species:

o ~ ° H,O molecules which are tetracoordinated through hydrogen bonds with

2

four other HZO units, and HZO molecules which have only three hydrogen

bonds (tricoordinated) as illustrated in Fig. 6. The dotied lines indicate
hydrogen bonds in contrast to the ordinary CH chemical bonds which are
shown by short solid lines., When a hydrog .n bond linking two tetracoor-
dinated HZO units is broken by the thermazl energy, two different

tricoordinated species are formed: (1) 2 species with both hydrogen

173

atoms hydrogen bonded which is not spectroscopically distinguishable

from the tetracoordinated one, and (2) a2 spectroscopically distinct species

- -
A .

with one free O-H, /0\ , whose formation is the net effect

B H

-
l -

of the bond-breaking process. .

Because of the internal motion, the tetracoordinated species can
be assumed to have approximate CZv symmetr.ys’ 14. The OH stretching
vibrations mav thus be classified as symmetric ( v l) and asymmetric lv 3)
modes as in (he free gaseous water molecule except both vibrational
‘frequencies are expected to be lower in the tetracoordinated species
since the OH bond is weakened by the hydrogen bond. Since only totally
symmetric vibrations give polarized Raman lines (py < .25) and others
arc depolarized (p1 = .75)15, the symmetric mode is expected to be
highly polarized (py <. 25.) while the asymmetric mode should oe completely
depolarized (pl = .75) as predicicd from group theoretical arguments,
With the introduction of Fermi resonance between the overtone of the

bending {requency at 1640 + 5 cm-l and the v, mode,which splits the v

1 1

-12-
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bond ixto and 1B’ reasonzble assignments of OH stretching 4

1A

frequercies hzave been made by Murphy 2nd Berastein® 2s shown in Fig. 6.

As the temperatere increases, the equilibri-m will be in f2vor of

the formation of ..}d.‘ : )
H \H.
’0 * .; . ¢
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/ \ / \ ;s
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and perpendicuiar components at high freguency will 2lso increase with
temperature.

On the other hand, since only the asymmetric v, band is expected

3

to be completely depoizrized, at frecuexncies higher than 3450 cm—l where
F 4 L) o - . -a
,_l ’. o. - .¢ o.
the 3455cm /O and 35-;5cm] /0\ bands mix the depolar-

ization ratio will be decreased 2s the temperature increases, Preliminary
results from the temperature effect on the depolarization ratio of water

at different temperatures are shown in Figs., 7 and 8. Besides data at
frequencices lower than 3100 cm'1 where Raman intensitics are low and
thus uncerta.nties are high, the model prescnted here is successiul in
interpreting the temperzture effect on the depolarization ratios, Although

mecasurements are only preliminary, the temperature sensitivity of the

linear depolarization ratio is most encouraging, On the basis of our data

-14-
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(Fiz. @), the temoerature semsiticity é1/m is found to be
. ar
-1

2boz 1_3%/°C 2t Raman shift of 3535 cm . Sicce the cirenlar

Cepolarizztion ratio I3 ) oo be related to lirear ratio (p, ) by the follow:
c . RS

- |3 -
eguatlion, 6
; 2P ]
P =. 9
c ) 1 - pl
the temperatore sensitivity cam be estim=zted to be L. 7%;"”(; throegk
eguztion (D),
d'pclﬂc 1 éi’llﬁi
= - . {10}
-~  @étf i- pl dF
ép, /oy

and valaes of (1.3%/ C) and Py (~.25). e are pox set-

- ar
ticg up 2 F -esnel homb gearter-wave system for the circular
cugolerizatior measurernent,

-

2.4 Conclusiens anéd Tuture Plans

In order to carciully study the temperatere cffect on the depolari-
zation ratio of water in tire CH stretching regiocn, an improved back-
scattering Raman spectromeier has been cosstructed. Preliminary
mecasurcments indicate th:'xt cur results on the Raman spcctra and
depolarization ratios are in excelient agreement with most recently
published data, With the completion of the minicomputer data acquisition

system, which will upgrade the accuracy and the cificiency of the data

acquisition,the ¢ffect of variations in the sea water compositions,

-17-




pasticalzies cooveriratise, orgamic 2nd imorganic contrrmimgtions ol
Yariztioes iz both lzser ard Rammen wavelengtbs oo the temperatore
sepsitivizies of both the tworzolor ard cross-polarization Qimcar.circalzer
2pd eflintical) sckemes will be irvestizated in swfficiet detail such that
2 peramstric model for termperatinre measuremerts will be presested,
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3. FIELD FERFORUANCE OF RAMAN SYSIT
In this section we showr thar the cross-polarized techrisme for
termpersinre rwasurenenl Stons moch arcezter promise, corsiferioe the
effects ¢f tremsmission throush sezwater, tham the two-color method,
Preciceions of the Rapran ixtspsily dedected from boat 2of zirceraft zre
given, zlomz witk the sizfisticel effects o= temperaiure precision. Also,
the cffect of depsiarizetion by scalierieg 35 estimated,

3.1 Timire for Tuo-osior Radiommeier

Measuremen? of waier termperamre by mezos of 2 two-channel

T

radiomeler requires that ihe relative intexsity of the Raman raciafion

-

from the w2ter sermle be measured in the two c2zszels io 2 precision of

I d - - o - - - -
tke order o 1% for 2 temperatare Srecisison of I C.  In zddition to zccarate

relative ceiibrziion of the two chamneis of the radiometler, ihe relaiive

traasmission for e 1wo chzanels 6f e . »dizm betwceen the waier szmpie

2nd the radiomeler musi be kncwen or controlled to high precision. I the

two-coior scheme, this wouid zenerailv be accomplished by tening the

lzser transmitier so that the water transmission is ¢guzl 2t the two Raman

wavelengihs, i.e., so ihal iney arc ceniered zbout the wavelength of maxi-

mum traasmission. This could be achieved 1o the necessary precision in

the case of shori (<1:m) pzaih lengths ihrough 2 closed system coataining

carcfully filiered waler., However, measurement of temperature to depths
of 10-20 :m a1 variable locations in the ocean would require spectral tuning

of the Raman system to a degree which could not be achicved in praciice,

-19-
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from 2 depth = mey be writter

- —mz'j' = E(T, SD e - (ll)

The Ramaen scatfering process is described by £(T, S} which is a function

of the temperature ami salintiy 2 depih x. The mistuning cffect is de-

termined by KR} the specirzl ztienuation coefficient of seawater for

diffuse {e.gz., Ramran) radiziion. For zpproximete funing, we have
= {Kl - Kzl- %

: _ e ‘—Bla[Kl-Kle

Suppose that we require thai roistening introduce 2 femperature error no
_ o -

greater than 0.3 C.  Then we recuire that

f lxl-lex < ,003

If = = 30m, then we need ;I(l -—KZ' < 20&4 m.'lL HK=0.05m -1

=
i ° ’

then Kl and KZ must be eguzl within 2 tclerance of 0. 2% This would

am o e v

be cxiremely difficult in the face of variable ocean conditions.

g e

Some indication of possible variations can be oblained from Fig. 9,
{ which shows absorption and scattering coefficients for various com onents

of scawater given by Jcrlov-” and Hul‘burtls. According to Sorenson

Honey and Paincw, the diffuse attenua ion coefficient K is typically given

in the open ocean by

K=a+“—§

where a and s

=

are the coeificients for absorption and scattering, respectively,

As the concentration of particulates, plankton and

-20-
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yellow substance varies with region in the ocean, the overall function

" ‘ K (M) can be expected to vary considerably also,

3.2 Attempted Tuning via Raman Scattering

2 .

‘ It is tempting to consider tuning for Kl = K2 by varying the laser

| wavelength and observing the ratio Il/I . To analyze this, let us suppose
~ that K (\) has a parabolic shape:

; KQ) = p(A-2)% +y

.

' Substituting this function into Eq, (11), we obtain

I, +2p (X -2 ) Ax (122)
B v =f(T,5) e

i 2

4

b4 or, approximately,

:? L

i T = 1 (T,S) (1+28 (X - )to) AXx) (12b)
'fé 2

b

3 -

L Here we bave used A = (A + ?\Z)/Z and AX = AZ - 2.

& .

% Jerlov' s numerical values for K (A) typical of his ocean Type I

.‘ are plotted in Fgg. 10, A least squares parabolic fit leads to

b

b B=4.3x 1078 m™1 4% "% ang v=0,017m" ! We have plotted the expo-
nential in Eq, (12a) and its approximatioa in Eq, (12b) in Fig, 11, Necither
»; of these curves shows a feature at X = A

o which would show a remote

observer how to tune for K l' = KZ‘

If the actual function K (A) always had a kink at its minimum, as

in the casc of the circles on Fig, 10, then minimum might be located by

. remote observation of the Raman signal, However, this is not always

the case; for example, Fig, 25 of Ref, 20 shows a relatively broad, smooth

K(A) at its minimum,
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3.3 Attempted Tuning Via "Rayleigh” Scattering -

One might also consider tuning by obscrvation of light scattered

back to the recciver zt the same waveiength as that of the lzser. The

= difficulty with this method is that the wavelength for maximum retura from
depth will not generally be the same as that for maximum transmission.
If an intensity Io is transmitted, the irradiance received at an

altitude h from a depth x would be approximatel}i .o

?‘ ) -Z(a + sf) X ; 2
2 - T . . . )
ITI i, e S éx/(x +h) | ; (13)

¥
)

where Ax is the thickness of the backscattering laver as determined by

i A58 0 L e
-

1 the length of the range gate, and a is the absorption coefiicien. of the
# : . : )
: E seawater. Light which is scattered by an angle larger than some smajl
; : angle osm (~5°) will be lost; the ceefiicient for loss by this process is
3 180°
AA
: s¢ = ! ¢ (0) 27 s =
‘ f W 9) 27 sin g ag = s (0
. Yoem | |
The backscattering process can be represented by a coeificient -
180°
i ' i
Sy a)\ () 2» sinf@ do = SA(OIg)’

019, ; . :
where 01“ is a large angle (~’1750). o (8) is the differential

. . . . . . )]
) scatlering coefficient {"volumc scattering funcltion') of secawdter,

Although the scattering is not in fact cut off sharply at the angles osm

and olg , this simplificd trcatment illustrates the major fcatures

<
o

]
B
s
7
s
&
x3

i e s
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of the process; sce Refs. 17, 18 znd 21 for ferther discussion. The

]
function  s{R), calcvlzied from measurements of o(9) off Bermuda,

is shown in Fig. 12.

It would be psssible. then, to measure the quantity

B+ hi . -2 E.A«z, s 6.7 x . )
1 ax 16y, )

obtained by rewriting Eq. (13). ’

This will not Bave 2 minimum at the

same wavelength as K( .\):axl— SA (9 sna' becazuse of the wavelength depen-

dence of the backscattering coeificient s\ { 810 ). Also, s\( g
g ]

sm!
and s)«( 8,,) may have different wavelength depencdences. Study of the
o
>

. 12, shows that N (gsm')depf:nds mostly on

the values of 4(§) in the ~5 to 15° range, while s\wl") naturally
Alg
depends only ono(@) at large angles. The small and large angle

scatterings may be due to diffcrent components of secawater.

Nevertheless one could measure the right-hand side of Eq. (14)

as a function of depth x, obtain s\(g1 ) by extrapolating to x—0, and
Ag

thus determine 3 and s)\( 1} ) . However, the guantities involved
sm

‘are all generally functions of depth as a resuit of stratification of
scawater composition, which would frustrate attempts to measurc a

spatially averaged K(Ato the reqguired accuracy discussed above.

3.4 FEstimates of Raman Yicld and Statistical Precision

A sct of parameceters for a practical Raman transmitier-

receiver system, taken from Ref. 1, is given in Table 1. The number

of photoclectrons detected by cach photomuliplier tube in the system

26~
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T2ble ). Parameters of Raman System

Receiver diameter (eff. ) 0.3 m

Orerall oplical and quentem eificicacy ' 0.03

Depth resolution L m
Gate duration 16°%s

Receiver fieid of view:

-

B.at ) 2°
Aircraft 5 m
is givea by equatiorn £6) of that reference:
10 2
n/E = 7.4 x10° t, t /eih). (15)

Here E is the transmitted laser energy (jotles); t . and t\1 are the trans-

d

mission of the ocean for the iaser and Raman radiation respectively,

and are given by Figs. 21 and 22 of Ref. 1; x is the depth of the ocean
stratum sampled; and his the height of the recciver above the ocean sur-
face. (The latier dimensions are in meters. )-

Figures 13 and 14 show the photoelectron return at a2 practical
aircraft operating altitude of' 300 m. The rms siatistical ervor in tem-
pcrature measurcment is shown on the right-hand side of the figures,
on the basis of 1OC-~1% precision of intensity measurement. If a data
samiple is taken once per sccond {this corresponds to averaging over a

distance of 100 meters if traveling at 200 kncts), the 1-joule curve corres-

ponds {o an average lascr power of 1 watt,

.
.
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For t=itial field testive of the Remem teckuioee direct simmxd-
tamrcas measurement of seawater temgccdtnre by mezns 54 2 thermistor
cPzim woold ke necessary, Bet inlepration of sizgrals over 2 longer perind
of tizme wowld be wsi@& These factors it t5 2 boat-mocsted Rizman
systemr. The expected refwm is shows om Fiz. 15. One joxle

le.z . O.07 watt integrated for 14 cec) would ive svfficien? kere.

3.5 Depolerizafion by Small-Ancle Scetterine

The laszer framsmitier oulipct can be depolarized =ot only by Raman
scaitering bet also by smell-anzlie scattering in te oce2n. The laiter
effect czn change the » - T calibration curve.

Experiments have beex performed fo 2ssess the magnitude of
depolarizztion by smeall-angle scaliering. The scattering medivm was
a suspension of sediment frem locally available ioam. Heavier particles
were a2llowed to settie out for 10 minctes and then the sespension was
decanted. The experimental arrangement, sketched on page A-7 ,
included 2 tungsten lamp, Polaroid HCP 37 circular polarizers, an
interference filter with 5670-5860 A° band pass,_ and a radiometer with

silicon detector. Mo collimating lens was used, so the intensity was

attenuated 2s

] 1=1 % (16)

where K is the cocificient for attenuation of diffuse light. The diffuse

-3}-
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atfenceifon lemgth i, determined from Eg. 6], was focad te be closely
proportional to the concentrziion of sediarent 25 shown in Fig. 16. We
also measvred ;.9. /B tie ratic of intensilies transmitted by opposed 2nd
like circelzr polaxizers at the ends of the waler tank. The scatiering

depolerizaticn ratio was calerlzted frox

,s=llllm— E .

and -Aotted in Fig. 17 (See Appendix and Eqc. A-6 for derivation and
discussion) Thke extinciion ratio ‘of the polarizers waz 0. 0055. The
depolarization ratio was fovnd o be proportionz] o the attenuvation leagth
a2bove the resicuzivalues s = 0. 585 which is Jue to incomplete filtering
oi the waier originalliy used.

The results ca2n be represented by the equat.ionps = 0.000 Kx .
Let assume that this is also valid for the ocean, for which the relation-
ship K =a /2 is typical. This gives p_= 0.903ax. From Eq. (A-2) in

the Appendix the overall depolarization ratio is
PP P

2
P = PR + Zps L - PR ) 5
= g + 2{003)ax(1-.7")
= pR + .003ax.
The effcct of small-angle scattering is
1 dp _ .003 y
P dlax) - .7 0 00

Thus cachattenuation length for collimated light (ax unit) affects the

-33
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depolarization ratio by about /2% or the temperature determination by
1/2° c. |

Thus precision temperature measurement will require correction
for scattering effects. This will be simple to .do providea that the
proportionality constant between p andaxis independent of ocean location,
because measurement of the Raman intensity will give a measure of ax .
Measurements of the relationship between P, and attenuation are evi-

dently required in various seawater types.
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4. FUTURE PLANS

During the remainder of the present contract we plan to perform
the following:

1. Finish checking out program for minicomputer for automated
data recording and monochromator control

2. Make systemeziic measurements of depolarization of NaCl
solutioas for circularly poiarized light as functions of Raman wavelength,
temperatere and salinity.

3. Analyze this data tc determine the wavelength intervai over
which thke depolarization ratic gives the most sensitive measure of tem-
perature, for a given number of photoelectrons ir; the entire Raman
spectrum, and is minimally sensitive to salinity variations.

4. Measure the Raman depolarization ratio at fixed wavelength
and salinity for small temperature increments (1) to demonstrate the
abilily to measure temperature precisely and (25 to investigate any non-
lincarities in the o - T relationship.

5. Mecasure Raman spectra of natural scawater samples,
looking for anomalies such as fluorescence.

6. Perform furither measurecments of the depolarization of cir-
cularly polarized light by small-angle scatlering in natural and artificial
suspensions,

7. Preparc for measurement of depolarization in coastal waters,

Pcerformance of these measuremenis is contingent upon boat availability,

-37-
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8. Make further studies of Raman instrume- tation for field use,
especially concerning the availability of polarizers and spectral filters

of large area and wide angular acceptance.
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APPENDIX

Depolarization by small-angle scattering

In the following analysis the action of various components upon un-

polarized or polarized light will be represented by 2 x 2 matrices. This

.

scheme is valid under the following assumptions: (1) In the case of linearly
polarized light, no rotational features are introduced. (2) In the case of
circularly polarized light, no azimuthal asymmetries are introduced. (Thus
only unpolarized light is incident upon any circular polarizer. Also, any
circular analyzer, which converts circularly polarized light to linear, is

to be followed only by a detector which is equally sensitive to all orienta-
tions of linecar polarization. )

Unpclarizea or partially polarized light will be represented by two
components: Il and IZ' These may represent either the horizontal and
vertical linear_polarization components, or right- and left-hand components
of circularly polarized light. The total intensity is I = Il + IZ" provided
that the components arc uncorrelated.

The radiation represented by this formalism is actually a mixture
of polarized and unpolarizc'd light, having intensities I and Iu’ respectively.
in the representation as two polarized components, the larger component

: - . _l_ M 1 = 4
is 1l =1 + 3 Iu while the smaller is I2

I.
p

u

L

A-1




A.l i)epoiarizine mediom

. - Consider a medium characterized by a depolarization ratio p.

If the incident and transmitted light are represented by the vectors (Il,lz)

-

and (1.°, Iz'), we have in matrix notation ) :
po .-‘ P~ - pu
I, 1 p I,
=1 (A-1)
14p
Iz' p 1 1,
L - b - - ‘ -

e RTINS RO ORN e o

or, more compactly,

£ I'=D1,
d w wW
]
- . in which D is the depolarization matrix. From Eq. (A-1) we see that

Il' + 12' = Il + I2 (attenuation in the medium is neglected here). Also, if

I2 = 0, then p = 12'/1 i

It should he pointed out that the depolarization process genérates

N S

R

not polarized light L' but unpolarized light of intensity Iu= 2 IZ'; the

truly polarized light has intensity Ip =1,'- IZ‘.

T S A

Passage througl. successive media can be represcnted by the

%

R

multiplication of matrices. In the sketch we show initially polarized

T8

light'}f I 0) which is {irst depolarized by small-angle scattering in

Fae

Wrﬁwﬁﬁma?m}&@sm@ﬁ%mﬁmm@%&
-
1
™

seawater (depolarization ratio ps), then Raman back-scatiered with a
depolarization ratio PR in a submerged layer, and depolarized further by
scattering on the way to the surface. The overall process is described

by the matrix product
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Cr % A
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where L and DR are the matrices for depolarization in small-angle and
"~ Wi -

Raman scattering respectively. The product of the three matrices is

sDRDs =
W W s
1 {1 1
1 ")s -DR ps _
2 .. -
(p )" (tpg) ps 1 Pr ! ps 1
1+ 2 +p 2p_ + o, + 21
1 pRpS ps ps “R pRps
. (1+ps)2 (1+pp) |
2 2
prt2p, T PR p. 1+2ppp, *pg

(Losses due to attenuation or geometricai factors are not included here, }

The overall depolarization ratio for the process is

2
I Prtepg + prpg
?

. ] 2
1 "."ZDR/)S'LPS

where we used the fact that ]2 = 0. Consideration that PR = O (1), P <P R

and D « 1 leads to
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pRi-Zn

~ s
p =
1 + ZpRps
z PR * 2pg (l—_o%-ZpRps)
> pg * 2p, (1 -,?R). (A-2)

The latter expression is sufficiently accurate for our needs.

The factor Z appearirg there arises irom depolarizationin both the
downward and upward paths; each of them is equally important.

A.2 Polarizers and analyzers

e - S

To measure p_ we must use polarizers and analyzers of
finite performance. The effect of a polarizer which converts upoclarized
light directly into polarization component No. 1, or an analyzer which

passes primarily component No. 1, is represented by the equation

e '1 M~ _1
1
Il t 0 I!
= 1 (A'3)
1
: _IZ | LO e | 12
or I'= P,
™ wl [ 24
In the case of a polarizer or analyzer for the second component, we have
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1 e 9 I,
- = . - - (A-4)
| 0 t - - -
L~ L J - -I?' 4 _
- or
I* = P 1.
- w

In the above, t is the transmission of thz polarizer for the “passed”

component, and e (*extinction®) is the transmission for the "blocked*

component.

The combination of 2 polarizer and anzlyser both for component

i is represented by the matrix

(=]
fl

If uapolarized light, for which Il =1

combination, the transmitted intensily is

1 s e .
> = 3 1, is incident upon the

= A Z .
1 = (1 (I“)Z—t I1 + e 1

11 +

1h

-%— (tz + cz) 1 = -‘.l:—- t" 1.

-

The latter appreximation is accurate to second order because e « t.

For a polarizer and analyzer cach for component 2 we also oblain
1 .2

=3 vk

A-5
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If the anzlyzer is crossed to the polarizer (c. g. , verticzl vs.
? - . horizontal, or left-hand vs. right-band), the transmission matrix is

g~ )

t G e O te O

- ; P, P, = =1 - = P, P.

‘ - & 0 el |o ¢ 0 te 2k

7 ' . (All diagonal matrices commute.) The intensity of originally unpolarized
- light trap<mitied is

E:

z =3 4 = : =

4 I i (I ' )l + 4 1 )'2 te Il ¥ teI2 tel.

Tke extinction ratio of the pclarizer-analyzer combination may
> be defined «s

‘;

E - E=1/1

. which leads to

E = 2e/t. (A-5)

A.3 Depolarization measurements

In measurements of the depolarization ratio for a scaltering

medium, & correction may be necessary for the finite extinction ratio of

the polarizer and analvzers. The sketch shows two configurations:

(a) with polarizer and analyzer of the same type, which transmit intensity

.

Il 1’ and (b) with crossed polarizer and analyzer which transmit intensity
I .

1 The transmission matrix for case (a) is

T s




Depolarizing

Pol. medivm Anal ‘
{2} —— I§ ._.:._. :p e '_._ E 11y
1 1
; . .
i e N
(b) ’:‘ﬁ ™z _.o_'__-’g E PIl
. 1 2
t O 1 p] t 0
_ 1
Pl b 1:‘l - 1+p H
w W e 0 e p IJ 0 e
t2 pte
- 1 3
T 14p ’
pte eZ
for case (b) it is
N n
-3 e O 1 1 p t O
P, D P =
1 0}
1 2o o of Te Tl 1| o e
4 !
f : te pe2
- 1 .
: 1+p pt2 te
E,  f '
; : If the incident light is unpolarized (Il = IZ), the transmitted
“ ‘t‘ inlensities are
! . 1 . i +_2pte + 2 1
11 2 1 +p
F and
: 1 = 1 p (17 + cz) + 2 {c I
: - 1+p
5
: A-T7
.
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Their ratio is

_IJ.___= p(t2+e2)+2te
I, 2pte + tc + et * .

with which becomes, with the use of Eq. (A-5),

L . P+ E/N+E
11 1+pE + E°/4

We remember that E « 1. If, in addition, p
expression
1

T P tHE
i1

is accurzte to second order. If p ~ O (1), we have Il / I1

general, we could define p as

lim 1
E—0

The limit implies an ideal analyzer.

« 1, the

(A-6)




