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ABSTRACT

Measurements were made to determine the bi-directional scattering
characteristics of living, green soybean and corn leaves in the range

from 375 nm to lum.

A goniometer was constructed to study bi-directional scattering on
the leaves of potted soybean and corn plants. The leaf sample was held
in a plane and light of a selected wavelength was incident at a given
anéle. A detector was then moved arcund the sample at a constant radius
resulting in a polar plot of scattered radiant power as a function of
observation angle for é given angle of incidence and wavelength.

The results show strong specular components of reflection in
addition to diffuse components for both soybean and corn leaves. Both
soybean and corn leaves have a diffuse transmission component along
with a definite refractive component.

The results describe s simple four layer bi-directional scattering
model for a soybean leaf. This model has a rough surface with isotropy
relative to the midvein.

The results for a corn leaf describe a simple three layer bi-
directional scattering model. This model has a rough surface with a

definite anisotropy relative to the midvein.




The results are two-dimensional polar graphs. Measurements were
carried out which indicate the extension of these results to three

dimensions.

PO



INTRODUCTION

This work consists of experiments performed on living, healthy,
normal soybean and corn leaves in order to investigate their bi-
directional radiation scattering characteristics in the visible and
near infrared ﬁavelength ranges. '

A green leaf surface is illuminated with a monochromatic beam of
light and the reflected and transmitted radiation is collected at
various locations around the.leaf by means of a detector.

This bi-directional scattering characteristic suggests a mathema-
tical scattering model for the living soybean leaves and living corn

leaves.

Corn and soybeans were investigated because of their agricultural
value and because of the structural differences between the two lsaves.
The glossy surface corn leaf with a surface parallel groove structure
and the mat surface soybean leaf with a fan-out surface appearance,

they also have cell layer structure differences.
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PREVIOUS RESEARCH

Early Green leaf Bi-Directional Scattering Measurements

Research in the field of bi-directional leaf scattering has been
extremely limited. The work done in this area was usually a small part
of a project concerned with green leaf absorption characteristics and
photosynthesis, This small amount of work is probably due to the fact
that studies of absorption and photosynthesis usually deal with chloro-
phyll extracts in solution, rather than the living plant leaf. That is,
the green leaf is physically chopped into small pieces and chemically
separated into the desired components.

In 1933, Seybold [10] used two methods to study bi-directional leaf
scattering. The first method was a photographic technique where he used
normal incidence at 540 mo with a strip of £film formed in a circle
aromnd the irradiated leaf sample. The density reading for the exposed
£ilm results in a bi-directional scattering plot. Results are given for
Piscus elastica, Sagittaria montevedensis, Tropaeolum majus and Prunus
laurocerasus legves, PRoth diffuse and specular components of reflection
are shown, The transmission characteristic has both diffuse and
refracted ccmponents. )

In Seybold'!s second method a photoelectiric detector was mounted so
that it could be moved in a circle around the irradiated leaf sample.
Normal incidence at about 540 rm was used. Resulis are given for
Aesculus Hippocastanum, Pelargonium zonale, Fiscus elastica, Prunus

laurccerasus and Tussilago Farfara leaves. The results show specular
and diffuse reflection components. The transmission curve has both

diffuse and refracted components.



Dinger [5] in 1941, used an RCA 929 phototube detector to measure
bi-directional leaf reflection and transmission for Fiscus elastica,
maize, pansy and coleus leaves. He used normal incidence and an unknown
wavelength. The Fiscus elastica leaf had an appreciable amount of
specular reflection for top normal incidence but the bottom normal
ineidence reflection was nearly diffuse. The transmission was nearly
diffuse for the Fiscus elastica leaf.

The reflection from the top and bottom surfaces of the maize, pansy
and coleus leaves for normal incidence approached a diffuse scattering
characteristic. The transmission curves for the maize, pansy and coleus.
leaves at normal incidence had a directional refractive characteristic
along with a diffuse component.

Dinger's work was concerned with leaf radiation absorption proper-—
ties and he worked with chlorobhyll solutions and leaf extracts as well
as plant leaves. He concluded that in a study of leaf absorption of
light the leaf structure cannot be ignored.

In 1960, Shul'gin [11] did work on bi-directional reflection for
normal incidence and a wavelength band from 400 ﬁm to 600 rm determined
by means of a filter. He assumed axial symmetry about a normal to the
leaf surface. Results are given for eight leaves with a xeromorphic
structure, nine. succulent leaves and nine leaves of‘meéophytes. For
the different leaves studied for normal incidence a general conclusion
is that reflection of radiant energy from leaves does not obey Lambert's
law for diffuse reflection.

In 1961, Shul'gin [127] experimented on bi-directional reflection
for angles of incidence of 20°, h5° and 60° and a source assumed to be

in the band from 400 rm to 600 mm as in his previous work. The apparatus




was a goniophotoreter employing « plane—~pclarized 1isht source. Shul'zin
assumed axial syTmeir] sboul a normal to ithe leaf surface. ILieflection
curves for incidence angles of QOO, 450, and 6C° are given for Cineraria
hybrida and Cesneria cardinalis leaves, which are mesophytes, and for
Laurccerrasus officinalis and Camellia Japconica legves, which are
xeromorphic leaves of evergreens. The reilection results for these

four leaves show a strong specular reflection component which inecreases
with increasing angle of incidence.

Some litersture on hemisphericsl reflectance and transmittance
using an intact leafl or sample cut from s leafl is available. This work
uses the integrating sphere spectrorhotometer; the reflectance is not
bi-directional but is an integraticon ol the total scattering from a
sample surface at nearl; normal incidence. These data are sources for
absorption properties of green leaves. Gates, et. al. [7] have given a
good swmary of the work done in the fleld of the spectral properties of
plants, They present a brief discussion of leaf morphology and then
discuss past and present spectral measurements.

Coulsen (47 reporis on experiments with green grass turf and the
degree of polarization for this sample as a function of angle for
several wavelengths in the visible and near infrared. This work,
however, is not z single leaf study but is done for an area of turf
containing many blades of grass at various angles with respect to the

incident beanm,

In 1968, the laboratory for Agricultural hemoie Sensing at Purdue
University (97 resorted s stutistical experiment carried out with soy-
bean leaves and corn Lsaves. A Beciman DE-24 integrating sphere

spectroreflectometer was used to mezsure reflectance on lsaves from



three periocds during the growing season., These perlods were early in
the growing season, middlie of the growing season and late in the growing
season., Spectra were taken over the range from 0.5 um to 2.6 um., The
experiment studied a 5C mm? sguare area not including the midvein.

Table 1 gives the results of this statistical soybean leal experi-
ment for the range of wavelengths which are of interest to the bi-
directional scattering experiment. The ltable gives the mean percent
reflectance and standard deviaticn for each wavelength. The results
for normal incidence on the integrating sphere instrument show that’the
mean reflectance is azlmost the same for the early and middle periods.
The standard deviations are almost the same for the early and middie
periods for all wavelengths. The mean rellectance is greater for the
late period than for the itwo earlier periods. The standard deviations
for the late period are zlso much larger than those for the two earlier
periods. During the late périod the leaves are browning and beginning
to shed while in the early and middle periods the leaves are green.
These results on soybean leafl reflectance indicate that scattering
experiments conducted during the early and middle periods of the growing
season can be expected to have consistent results from leafl tc leaf.

Table 2 gives the results of the statistical corn leaf experiment
for much of the range of wavelengths which are of interest to the
bi~directional scattering experiment. The table gives the mean percent
reflectance and standard deviation for each wavelength. The results for
normal incidence on the integrating sphere instrunient show that the mean
reflectance is almost the same for the early and middle pericds. The
standard deviations are almost the same for the early and middle periods.

The mean reflectance is greater for the late period than for the two
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SOYBEAT SAPRLEE

Larly Middle ﬁ Late
L5 Sanples 108 Samples 97 Samples
l‘ean i‘ean Hean
“avelength Percent Stand. Percent Stand. Percent Stand.
n Feflectance Dev, Heflectance Dev. Leflectance Dev.
0.51 11.9 0.8 1.0 0,8 17.3 4.8
0.53 13.3 1.1 iz.1 0.9 23.2 5.9
0.55 12.82 1.0 1.7 0.9 25.5 €.7
0.57 11.4 0.7 10.4 0.8 26.0 10.7
0.59 1C.0 0.6 .3 G.7 26.5 12.3
0.61 g.1 O.4 8.5 C.7 26.6 13.6
0.63 E.5 C.3 £.0 0.7 26.5 .6
0.65 £.6 0.4 £.1 0.6 25.1 15.4
0.67 11.7 C.8 10.9 C.t 26.6 15.5
C.6¢ 20.1 1.2 1G.3 1.1 36.2 2.2
0.71 32.5 1.5 32.0 1.3 45.9 5.9
0.73 4L3.2 1.8 4£3.3 1.5 50.9 3.7
0.75 LG.1 1.7 45.2 1.5 52.8 3.8
0.77 51.3 1.6 51.6° 1.6 53.7 3.6
0.79 51.7 1.5 52.1 1.6 54.3 3.3
0.1 51.% 1.5 52.2 1.6 5h.b 3.2
.83 51.8 1.6 52.2 1.7 54.9 3.1
0.85 51.8 1.5 52.3 1.7 55.3 3.1
c.87 51.8 1.5 52.3 1.7 55.6 3.0
0.89 5%.7 1.5 52.3 1.7 55.9 3.2
0.91 51.6 1.5 52.2 1.7 56.1 3.2
0.93 51.3 1.5 52.0 1.7 56.1 3.4
0.95 51.1 1.5 51.7 1.7 56.0 . 3.6
0.97 51.1 1.5 51.7 1.7 56.2 3.7
0.99 51.2 1.5 51.8 1.7 56.5 3.8
1.01 51.3 1.5 52.0 1.7 56.8 3.8
1.03 5.4 1.6 52.2 1.7 56.8 4.6
1.05 51.4 1.6 52.3 1.8 57.1 3.9

TARIY 1. SOYRDAN LBAF REFIZCTACE [97



CORN SAMPLES
Early Middle Late
172 Samples 184 Samples 108 Samples
Mean Mean ' Mean
Wavelength Percent Stand. Percent Stand. Percent Stand.
o Reflectance Dev. Reflectance Dev. Reflectance Dev,
0.51 13.5 1.1 13.5 1.3 17.0 5.3
0.53 15.0 1.2 14.9 1.5 20.6 5.4
0.55 14.7 1.2 1.4 1.4 21.1 6.3
0.57 13.3 1.1 12.9 1.3 19.5 7.4
0.59 11.9 1.0 11.6 1.1 18.3 8.5
0.61 10.9 0.9 10.6 1.0 17.4 9.4
0.63 10.1 0.8 9.8 0.8 16.5 10.3
0.65 10.1 0.8 9.6 0.7 1L.9 11.3
0.67 12.3 1.1 12.0 1.0 15.7 11.7
0.69 19.2 1.3 19.2 1.6 24.8 10.4
0.71 295 1.3 30.0 2.0 37.7 Tk
C.73 39.0 1.3 39.8 2.1 L46.6 4.7
0.75 L4y.8 1.2 C45.1 2.1 49.9 4.0
0.77 47.2 1.3 k7.1 2.0 50.8 4.2
0.79 47.7 1.4 47.5 2.0 51.1 4.3
0.81 47.8 1.4 &7.5 2.0 51.3 k.5
0.83 47.8 1.4 4.5 2.0 51.4 L.6
0.85 48.0 3.8 L47.5 2.0 51.6 “he8
0.87 47.7 1.4 L7.4 2.0 51.6 4.8
0.89 47.6 1.4 W.4 2.0 51.7 4.9
0.91 47.3 1.4 L47.2 2.0 51.7 4.9
0.93 47.0 1.4 46.9 2.0 51.4 4.9
0.95 46.9 3.4 46.6 1.9 51.1 5.0
0.97 L6.6 1.4 46.5 1.9 51.0 5.2
0.99 4L6.7 1.4 L6.7 1.9 5L.4 5.1
1.01 47.0 1.4 46.9 2.0 51.2 5.1
1.03 47.1 1.4 47.0 2.0 51.8 5.1
1.05 47.1 1.4 47.0 1.9 51.8 5.0

TABIE 2, CORN IEAF REFIECTANCE [9]




earlier periods at all wavelengths. The standard deviations for the
late periocd are also much larger than those for the two sarlier periods.
During the late veriod the leaves are begimming te turn brown while in
the early and middle periods the leaves are green. These results on
corn leaf reflectance indicate that scattering experiments conducted
during the early and middle periods of_the growing season can be

expected to have ceonsistent results from leaf to leaf.

Feasibility Study

Preliminary experimsnts were performed in order to establish basic
trends of the bi-directional scattering data and expected levels of
signal and noise. These experiments provided the necessary experience
in goniometric problems to design a permanent scattering facility.
leaves on tobacco, philodendron and salal plants were used in this
feasibility study because of the structural differences among these
leaves and the good adaptation of these plants to 1ife in the laboratory.

In the first experiment, a tungsten lamp source was used. The
incident light was focused onto the top surface of the green leaf sample
and the scattered radiation was measured at various angles around the
leaf sample in the principal plans with the distance from the illuminated
avres to the detector remaining constant. The detector employed was an
RCA 7102 photomultiplier tube {S-1 response). This was not a spectral
experiment but contained wavelengths in the 40C nm to 1.1 im range as
determined by the S«1 photomultiplier tube response and the tungsten.
lamp characteristic. Figure 1A shows the bi-~directional scattering for

a salal leaf for an incidence angle of 60° from the normal to the sample



» Ae0.3328

o~ AsQTp SOURCE
. A= 0.8
A 0. 885

T0P OF LEAF

Av 0.6254

HOUSEHGLD VIKE LEAF

B

/ soinc

A=0550 TOP OF LEAF

A0 Bu

A0 8
" 4

XeO. 2

TOBACCO LEAF

A=0.55

Figure 1. Feasibility Experiment Results.
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plane and top incidence for the tungsten lamp source. The transmission
characteristic is diffuse in nature but has an additional directional
refractive character. The reflection characteristic has both specular
and diffuse components._ This curve is presented to show the functional
forms of these characteristics.

A second experiment was perfﬁrmed much the same as the firsi,
except that a monochromatic scurce was used. The respensivity of the
entire system without the sample is determined by the product of a ‘
tungsten lamp radiance characteristic, the transmission characteristic
of a Bausch and Lomb 500 mm monochromator and the sensitivity of an
S-1 photo-cathode. The monochromator dispersion was 9.9 mm and had a
degree of polarization of 44.2% at 550 mn with the axis of polarization
parallel to the exit slit. A sheet polarizer was used to give a source
degree of polarization of 97.5% at 550 mm with the polarization axis
parallel to the exit slit., Figure 2 is a photograph ¢f the monochroma-
tiec source feasibility experiment as seen from behind the detector with
a tohacco leal sample.

A relative calibration of the data in this monochromatic source
experiment was obtained in order %o compare results for different
wavelengths.

The monochromatic source experiment was carried out on both tobacco
leaves and household vine {philodendron) leaves. The household vine
leaf surface has a glossy appsarance while the tobacco leaf surface ié
more mat-like., Figure 1B shows the bi~directional scattering character-

jstic for a living household vine leaf with top incidence at 45° from
the sample normal for 550 mm, 600 mm, 625 nm and 700 nm. This charac-~

teristic shows a strong fairly sharp specular reflection component with



Figure 2.

Feasibility Experiment
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a near diffuse transmission. The transmission spectrum shows the
expected absorption of blue and red by the green leaf sample, while the
specular reflecticn spectrum does not have this high degres of absorp-
tion in the blue and red. This indicated a possibility for separating
the surface effects from the internal leaf absorption effects, since the
reflection curves cross over for angles smaller than the specular angle
to show stronger red and blue abscrption characteristics again.

Figure 1C shows the bi-directional scattering characteristic for
a living tobacco leaf with top incidence at 45° from the sample normal
for 550 mm, 600 mm and 700 rm. This characteristic has a large reflec~-
tion ccmponent at the specular angie but has a larger angular spread
than the vine leaf. The itransmission spectrum shows biue and red
absorption. The reflection spectrum at the specular angle dees not
have this high degree of absorption in the blue and red. The reflection
curves £ross ovef for angles smaller than the specular angle to show
stronger red and blue absorption characteristics.

These representative results from the feasibility study are pre-
sented to show the form of the bi-directional scattering curves for
séveral green lesaves.

Iimited polarization studies were performed using tobacco leaves
and household vine leaves. The incident light was polarized with a
degree of polarization of 97.5% with the axis of polarization parallel
to the exit slit and parallel to the sample plane. A polarigzation
analyzer was mounted at the detector aperture. The polarization data

were taken at 550 mm.
The results show that the degree of polarization is reduced after

the radiation is scattered by the green leal sample, however, the
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direction of the axis of polarization remains paraiiel to the exit slit
and parallel to the sample plane.

For the household vine leaf at normal incidence to the top surface,
the degree of polarization was reduced from the source value of 97.5%
to about 42.8% for transmission along a normal to the sample plane. The
degree of polarization was further reduced to 33.3% for a transmission
collection angle of 30° from the sample normal, For a AEO angie of
incidence to the top surface and a data reflection collection angle of
60° from the leaf normal, the degree of polarization was reduced from
the source value of 97.5% to 72%. -

For the tobacco leaf at normal incidence, the degree of polariza-
tion was reduced from the source vaius of 97.5% to about 62.2% for
transmission along a normal to the sample plane. For a &50 angie of
incidence to the top surface and a data rsflection collection angle of
60° from the leaf normal, the deg:ee of polarization was reduced from
the source value of 97.5% to 60%.

These experiments were performsd o establish the character of the
bi-directional scattering results and the feasibility of bi-directional
ieaf scattering studies in vivo. The geheral character of the refiec- -
tion measurements is a diffuse component and 4 specular component. The
transmission curves have primarily a diffuse character with a siight-
amount of refraction. The specular reflection is at least partialiy a
surface effect indicating a possible top incidence green leaf mathemaii-
cal scattering model of two layers; the first layer contributes specular
refiection and refraction, and the second layer gives both diffuse trans-

mission and diffuse reflection. It will be shown later in the thesis
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that three or four layer models are necessary to describe leaf studies
using both tor and botiom incidence.

Theze experimenis provided information about sowrce intensities
and physical dimensions necessary to have the sufficient sensitivity to
ensure adequate signal-to-noise ratio over tﬁe wavelengths considered.
Experience was gained in physical layoubt design to minimize the effect
of stray light. The experiments also gave information as to the nature
of the data indicating intervals for taking data and data processing as
well as a procedure or formalt for taking the data.

A following section describes the apparatus used for performing

bi-directional scattering measurements on living plant leaves.
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GONIGETRY OF RADIATION SCATTERING

In the bi~directional scattering experiment, the leaf sample is
held in a plane and light is incident upon this plane illuminating a
amall area of the leaf. The detector is located at various data
collection angles to measure the scattering characteristics. Figure 3
is a description of the coordinate system used in the experiment.

The source and detector are always in the hx plane., The scurcs
location in the hx plane is given by esource which is measured coun:ber-
clockwise from the +x axis, The detector location in ths hx plane i=
glven by edetector which is megsured clockwise from the + x axis.

The sample is in the hv' plane. The intersection of the sample
plane and the plane of the source beam and detector is the h axis. Thse
orientation of the sample plane is designated by the angle etil‘i: which
is measured counterclockwise in the vx plane. The normal to the sample
plane is the x' axis. The angle of incidence is measured relative to
the sample nc;mal 8 e = £(s oux-ce’etilt) and the data collection angle.

in 8
is also measured relative to the sample normal Oeo1l = g(edetector’

Beiae)°
The vast majority of messurements made in this experiment were
carried out with etilt = 0°, Figure 4 shows the coordinate sysiem for

this cases.




Source

Plone —__ \ BSOurce
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Figure 3. Laboratory Coordinate System for Incident and
Scattered Elementary Beams A
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Figure 4. Gecamstry of Incident and Scattersd Elemsntary
Beams for Experimentsl Scattering Measurements.




Lncident Radlant Power

The radiant power incident on a particular element 8A of the sample
surface through an elementary beam of solid angle 6()1 from the dirsc-

tion (eim) is given by

wi(emc) = Ni(eim) cos smcaaaoim

where Ni( 80

The normal incident beam area is held constant for the experiment.

c) is the radiance of the source.

cos ginc 8A = constant

The source parameters Ni(sinc} and 6(& are also constant for any given
wavelength increment, 8A.

Thus wi(eim) = constant for a given &),

The incident irradiance, 6Hi( em@}, howsver, is not constant for

this experiment for a given &), as seen from
éﬂi(gj_nc) o N:E.(einc) cos ainc 60,

T™e incident irradiance iz & function of cos. eim.

Reflected Radiant Powsr

The radiance of the surface element, 8A; of the leaf sample due to
reflection of radiation from this incident elementary beam in the

direction of & soll is proportional to the irradiance of G4,

&Nr{ eeoli} = (einc’ ecoll) 6H‘i( 6ft.m:)



This equation defines

p'(8, 58, 1), called

the "bi-directional reflsction~distribution function® {87.

The reflected radiant power for &\ is

apr(ewn) = aﬁr(ecou)ceg écon BALT 8A

which can be written in terms of ths irradiance and bi-directionsl '

reflection distribution function as
F* ) {
5Pr( ecou) p'{ ainc s Gco?il) 6Hi( Gim jeos gcoll éﬂéﬂré‘k

Noting further that

JBABH = &P,

3 (8

6 (8 e ine?

the reflected radiant power is

6}23'(%011!.) = p'(gincfecol‘;i_) Gpi( einc:) cos ect:»ll mr’

The experimental output from the post—detector electronics iz a
voltage proportional to the power falling on the detector aperture.

A callbration measurement is made before the leaf sample is intro-
duced into ths system. For this calibration measuwrsment the incidefni‘.v
beam falls directly on the detector aperture. The ca}i‘braﬁion v'ol'hage,,
Ei’ is dirsctly proportional to the incident radiant power for the
wavelength interval §) and angle of incidence, einc'

8 A

o &
Ei &F incf

5 €




A discussion of the appsratus and procedurs in the next chapter
gives detalls on this celibration voltage and the calibration procedure.

The reflection scattering measurement voltage, E.s is directly
proportional to the reflected radiant power for the wavelength interval

8A and angles einca.nd ecoll'

o
Er 6?3*{ ecoll>

The signal processing circuitry output is proportional to the
ratio of the voltage Er to the voltage E e This ratio is proportional
to the ratio of the reflecied radiant power to the ineident radiant

power for a given &i,

EI' r
e S k [,
By g

The constant k accounte for optical and electronic sysiem responses
and calibration aperture size.

This msasurement resuli then is

E
T

o 4 :
Ei ko (ei.z:u:”ect)l.'.l;)(’“c'B ecoll 6QJc'

E
v .
The graph of £, versus ©_ ., 18 a polar plot of k'p‘(ein c’ecou)"”ecou

28 & function of data collection angle, ec:oll , for a particular incident
angle, emc, for 8A. The facltor k' = k&% is constant since the solid
angle of obeservation, Sﬂr, ie constant. This plot describes the bi-~
directional reflection~distribution function for the sample surface over
the interval §i.
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For a Lambertian surface, the bi-dirsctional reflection-distribution
function is a constant and the result is proportional to cos gcoll' This
is illustrated in Pigure 5.

Trangmitted Radiant Power

The radiance of the surface elemeni, 64, of the leaf sample due to
transmission of radiation from this incident elementary beam in the

direction of éééu is proportiomal tc the irradiance of 84,
{ m e f g b )
mtg‘ eccf’z.l) T ein@’ ecel‘xi‘g &{i{ @ine'
$ & Y & Yo iy 0 2 P 5 5 o . -
where T (eim ’gcolij s iz defined here to be the bi-directions] itrans
missicn=distribution function.
The sample thickness is small enough to assums Mtop o Sébeﬁngé‘

80 that 84 is the sams for the transmission anaiysis as for the

reflection analysis. The transmitted radiant power for & is
&t(@éeﬂ) = aﬁﬁ{ eécll) cos (™ - eéoll) 5A6Q%5)‘

which can be written in terms of the irradiance and bi-directional
transmission~distribution fumction zs

§ =% H b RE 3 - % s
%(%auj 7 (%ims%éam)éﬂi(@m}@@aiw géo}.l" Sﬁsi’zhé&

Again,

3

8H, ( @mC}SﬁsA = wii’@m@
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Figure 5. Polar Plot of Er/Ei for a Lambertian Surface.

22



23
8o the transmitted radiant power is

{9 - B! 2
8P, (8! Ti(e,_ ,8 ‘saPi m)eos(ﬂ o u)a@

coll) 7 inc? “coll’

The experimental output from the post-detector electronics is a
voltage proportional to the power {alling on the detector aperture.
The calibration voltage, Eig is the same as described for the

reflection measurement.

E ﬁféP(

i ﬁinc

The transmission scattering measurement voltage, Etg is dirsctly
proportional to the transmitted radiant power for the wavelsngth interval

i
8) and angles einc and 8 coil®

. o Cer
Et 6Pt‘6coll)

The signal processing circultry output is proportiomal to the ratio

of the vaditage E, to the veltage Eim Thie ratio is proportional to the

t
ratio of the transmitted radiant power to the incident radiant power.

E &2
t = % -am_é, 2
k 33 for 8A

3

The constant k accounts for optical and electroniec system responses and
calibration aperture size and is equal to that used in the reflection
discussion.
This measurement result then is
‘E

.,._t’.. =3 - ? % g
E; ket §‘e:mc:s caxljﬁg“qwh Bo11s 8%




E
t .
The graph of E; versus ecoll is a polar plot of

t 1 1 - !
kT (Sinc,ecoll)cos(ﬂ ecoll)

as a function of data collection angle, eéoll’ for a particular incident
angle, 6, ., for 8\. The factor k' = k${, is constant since the solid
angle of observation, Gﬂ%, is constant. This plot describes the bi-
directional transmission~distribution function for the sample surface
over the interval &A.

The constant k' is the same as that for the reflection analysis
since the same detector is used for transmission and reflection measure-

ments and is a constant radius from the sample.
8, = 80,

For Lambertian transmission, thg bi-directional transmission-
distribution function is a constant and the result is proportional to
cos eéoll' This is illustraﬁed in Figure 6.

The experimental result is proporticnal to the product of the bi-
directional reflection~distribution function and cos ecoll or to the
product of the bi-directional transmission-distribution function and
cos(m - ecoll)' This result is composed of many data points each taken
over the solid angle Gfg and plotted as a function of ecoll for a
particular'einc. Thus the bi-directional scattering plots describe
the scattering characteristics of the leaf samples as a function of
incidence angle and data collection angle for a particular wavelength

interval §8i.



25

Normal

Source

Figure 6. Polar Ploi of Et/Ei for Lambertian Transmission.
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The following chapter gives a discussion of the practical details
for calibration and scattering measurements and formation of the

resultant ratio.



APPARATUS AND PROCEDURE

Optical and Mechanical Apparatus

The green leaf bi-directional scattering measurements are.conducted
in & dark chamber with monochromatic light impinging upon the leaf through
an opening in the chamber wall with the detector located inside the
chamber.

The plant stem extends up through an opening in the chamber fleor
into the chamber and the leaf is held in a sample holder, with the
1light impinging upon a small portion of it. Various incidence angles
are available as well as a 360° trip by the detector around the sample
to measure both reflection and transmission.

This arrangement assumes that the detector is measuring scattered
light of the same wavelength as the light impinging on the sample.

This is acceptable if fluorescence can be neglected. When dissolved in
organic solvents, chlorophyll has a red fluorescence. About 25% to 30%
of the incident light quanta may return as fluorescence from chlorophyll
solutions. However, in the living plant, chlorophyll is only about
one-tenth as efficient a fluorescing material as it is in solution [7].

The maximum fluorescence intensity is at a wavelength slightly
longer than tpe red peak of the chlorophyll abscorption curve and the
flurcescence intensity rapidly falls to zero on the short wavelength
side of this peak. On the long wavelength side there is a slowly
decreasing tail extending toward the near infrared with a secondary

minor maximum at about 730 mm. The amount of light emitted from the




leaf as fluorescence is negligible since it amounts to a few percent
at most [77.

Thus the assumption that the detector measures scattered light of
the same wavelength as the source is valid.

The leaf sample is held in an approximate plane between two sheets
of 1/4" hardware cloth. This permits the leaf to transpire freely and
minimizes leaf bruising. Figure 7 shows the sample holder, The hard-
ware cloth is held by an alumimun frame with a 2 13/16" square opening
vwhich is fastened to holding posts by rods on ball bearings. This'
permits tilting of the leaf from the vertical within the restraints of
the leaf stem with the angle of tilt indicated on the protractor scale
at the left of the sample holder in the photograph of Figure 7.

The sample holder is mounted on a 6 1/2" diameter aluminum cylinder
with a 1/2" lip which rests inside a second concentric aluminum cylinder.
The second cylinder is a reference cylinder and is stationary with the
sample holder cylinder free for manual rotation within to allow various
angles of the leaf sample about the axis of the concentric cylinders.
Figure 8 shows this arrangement.

The sample holder construction and mounting is such that the center
of the illuminated area of the sample is always on the axis of the
concentric cylinders. The incident angle is measured counter-clockwise
from the normal to the sample surface and is designated einc’ as shown
in Figure /4.

The sampie holder hardware cloth is coated with 3-M black velvet
flat black paint and the sample holder frame is covered with black

velvelour cloth. The mounting cylinder lip is covered with black
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velvelour cloth. This paint and cloth covering technique greatly
reduces the effect of radiation scattering from the apparatus.

The reference cylinder is 7" in diameter with a 1/4" 1lip and is
mounted on the measurement chamber floor with three leveling screws
and fastened to the surface with three hold-down screws. The stem of
the plant extends through the sample holder cylinder to the potted
plant which is located below the plane of the experiment. This cylinder
is lined with black velvelour cloth to reduce the amount of light enier-
ing through the cylinder from below. * |

The sample holder is located near the center of the floor of the
scattering measurement chamber. The chamber is a 41" x 48" x 24" box
lined with black flock paper. The light source is located ouﬁside the
chamber with the incident light focused through a small opening in the
box wall onto the surface of the leaf semple by means of the monochro-
mator quartz~flourite lens. The photomultiplier tube detector is
jocated inside the measurement chamber. Figure ¢ is a photograph of the
measuremeni chamber.

The detector is mounted on an aluminum arm which is fastened to a
one inch thick aluminum rim that is concentric with the other two
aluminum cylinders. The detector rim has a bearing surface on the 1/4"
lip on the stationary reference cylinder. This allows the detsctor to
be moved in a circle of constant radius around the sample. The detec-
tor mount rim is driven by a 10 r.p.m. motor with a rubber wheel
friction drive. Figure 9 shows this detector arrangement.

The angle of incidence is determined by the position of the sample
holder cylinder and the detector makes the 360° excursion around the

sample collecting both reflected and transmitted radiation.




Figure 9. Scatlering Measurement Chamber.
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Figure 9 shows both the 9314 (S-4 response) and the 7102 (S-1
response) photomultiplier tubes on the detector arm.

The 7102 photomultiplier tube is an end on looking tube and is
mounted in a flat black brass tube which is lined with black velvelour
cloth and mounted horizontally on the detector arm. The mount is
equipped with threaded rings on the front in which to mount aperture
plates. The 931A photomultiplier tube is a side looking tube and is
mounted in a flat black rectangular aluminum box Jjust in front of the
7102 mount. This box is lined with black velvelour cloth.

The 931A mounting box has slots on the front in which to mount
aperture plates. The 931A tube is removed when the 7102 is in use.

The distance from either detector aperture to the sample can be varied
by an adjustment on the detector arm.

The metal parts in the chamber near and on line of sight with the
leaf are covered with black velvelour cloth and wires and other surfaces
are covered with flat black paint and 3M black paint. Each side ¢f the
chamber has a 22" wide access opening covered with a black velvelour
cloth curtain. Black photographic focusing clothes are draped over the
exterior of the chamber in order to further minimize light leaks.

A silicon solar cell and a small lamp are mounted on the detector
arm behind the detectors. Iach is mounted in a small flat black brass
tube and a small lens is mounted at the opening of the lamp tube. The
system is well baffled to prevent introduction of stray light to the
scattering experiment. The mounting is such that the lamp beam is
directed vertically upward into the silicon cell brass tube. The cell
has a voltage across it when the lamp is on. Flat black brass horigzontal

optical interrupt tabs are mounted in a circle around the sample at 15




degree intervals. Figure 9 shows this optical interrupt location system.
As the silicon cell and lamp system light path is interrupted by a tab,
a dark signal pulse is developed across the cell. This provides the
location signal for obtaining and analyzing the scattering data. This
optical interrupt location system is adjusted for data ccllection with

a clockwlise detector revolution.

Appendix 4 includes mechanical diagrams for the parts of the bi-
directional leaf scattering apparatus located inside the measurement
chamber. In addition to individual part drawings an assembly drawiﬁg
and an exploded isometric view are inecluded to further explain the
apparatus construction.

- The measurement chamber iz built on a frame of slotted steel angle
which supports a 1/2" thick plywcod table surface. The chamber occupies
about one~half of the frame while the other half is used for the light
source facilities. The leaf scattering spparatus is located in a
relatively light-tight screen room. Figure 10 shows the apparatus
frame in the screen room. The screen room is 160" x 120" x 92" with
the 96" x 48" x 48" frame inside.

The source in the foreground of Figure 10 is a Bausch andlLomb
High Intensity Monochromator with tungsten lamp, plug-in gratings and
quartz-flourite achromatic condenser lenéa The monochromator output is
slightly polarized. There is an 11.5% average degree of polarization
over the range from 550 nm to 700 nm {maximum 15.7% at 700 rnm) with the
polarization axis parallel to the exit slit.

The visible grating (350 mm to 800 nm) has a 6.4 mm/mm exit slit
dispersion and the low infrared grating (0.70 jm to 1.6 um) has a 12.8

m/mm exit slit disperzion. Corning glass color filters are used for
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Apparatus Frame,

Figure 10,




order filtering. Glass CS O-54 for the range from 350 nm to 560 nm,

CS 3-69 for the range from 560 rm to 800 nm, and CS 2-58 for the range
from 700 mn to 1200 rm. A 1 mm x 1 mm exit slit is used for the
infrared grating giving a dispersion of 12.8 mm for the low infrared

-~ range. A 2 mm x 2 mm exit slit is used for the visible grating giving
a dispersion of 12.8 mm for the visible rangs. Thus the monochromator
beam has a 12.8 rmm dispersion for the entire range of the experiment.

Supplementary slits were constructed from brass and razor blades
in order to provide the square image since the monochromator slits ére
vertical for line images.

The quartz—flourite achromatic condenser lens at the monochromator
exit slit focuses the light through the opening in the chamber wall
onto the leaf surface. This incident light is chopped at about 100 Hz.
The 47 watt tungsten quartz-iodine lamp is supplied by a dc source
operated with a constant voltage transformer, to reduce possibilities
of source intensity variations. This sowrce provides a colliﬁated beam.

The incident power level is low enough to avoid apparent deviation-
from 2 normal leaf state. Visual inspection does not detect any damage
to the leaves during the bi-directional scattering measurement.

Variocus angles of incidence are obtained with the stationary light
source by rotating the sample holder cylinéer within the stationary
reference cylinder. The detector causes zbout a 300 shadow as it passes
in the path of the incident beam. Incidence angles up to about 70O can
be obtained before the sample holder shadow interferes for .a 1/4" square
normal incident beam area and about 65° for a 1/2" square mormal

incident beam ares.
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The apparatus is designed so that the detector field of view is
large enough to view the entire illuminated sample area. A field of
view of 14° is needed for the 931A tube aperture for 1/2" square normal
incident beam area and up to 60° angle of incidence., A field of view
of 6° is needed for the 7102 tube aperture for 1/4" square normal
incident beam area and up to 60° angle of incidence.

The 9314 actual field of view is 100°. It has a 5/16" width
cathode and a 1/8" square aperture. The 7102 actual field of view is
108°. It has a 1.24" diameter cathode and a 3/16" square aperture.
Thus the entire illuminated sample area is seen by the detector.

There is a spread in the collection angle due to the finite sizes
of the illuminated sample area and the aperture size together with
their distance of separation., The field of view and collection angle
spread information is given in terms of two dimensions. This is done
since the source and detector are in the same plane and most all of the
data is taken with the plane of the leaf sample perpendicular to this
plane thus providing a constant vertical dimension on the illuminated
area.

For the infrared range, the normal illuminated area is 1/4" square

with a 3/16" square detector aperture at a distance of 5.5" from detector

to sample. Figure 11 is a plot of the variation of collection angle as
a function of collection angle for constant angle of incidence. The
worst case is about + 2.7° for an incidence angle of 60°.

For the visible range, the normal illuminated area is 1/2" square
with a 1/8" square detector aperture at a distance of 4 1/16" from

detector to sample. Figure 12 is a plot of the variation of collsction
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174" Square Tlluminated Areg
3/16" Aperture at 5.5"

Aae oil“( Degrees)

Figure 11. Variation in Collection Angle, 1/4" Square I1luminated Area.
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Figure 12. Variation in Collection Angle, 1/2" Square Illuminated Area.
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angle as a function of collection angle for constant angle of incidence.
The worst case is + 6.8° for an incidence angle of 60°,

The scattering data is collected at intervals of 15°, thus even
for the worst case situation, the data for one collection angle does
not overlap with the next data collection point 15° aﬁay.

The screen room lights are off and the door is closed during data
gathering runs so that possibilities of stray light problems ars very
small.

Pin~hole calibration aperiures are used for the initial calibr;tion
run., Both the 7102 and 9314 use a pin-hole calibration aperture 11.8
mils in diameter. The monochromator output ie incident on the detector
surface through the calibration aperture. This provides a relative
correction curve for the scatiering data. This is discussed in detail
in the following section.

While presented in two=limensicnal form, the data are part of a
three-dimensional data plet., Ths detector aperture covers small sites
cn the surface of an imaginary scattering data sphere, For the 7102
tuvbe with the 3/16" square aperture, the number of sites'is about 10740,
For the 9314 tube with the 1/8" square aperture, the mumber of sites is
about 12880. These numbers are area ratios but give an idea of the
three~dimensional data pfcblem.v The two-dimensional data presented here
can be considered as a.siice or section of the three-dimensional

scattering plot.



Signal Processing Circuitry

The signal processing circuitry provides a dc output voltage which
is directly proportional to the amplitude of the detector square wave
signal. The circuit will plot the bi-directional scattering distribu-
tion function data in polar form and plot spectra on a linear scale
versus wavelength. These plots are stored on a storage oscilloscope
screen and recorded photographically.

Figure 13 is the block diagram for the signal processing circuitry.
Detailed circuit diagrams are given in Appendix B, The photomultiplier
voltage divi&er ciréuit is built into the photomultiplier tube socket.
Coaxial cables with BNC connectors are used to bring the high voltage
into the chamber for the photamultiplier tube and to take the signal
| out of the chamber. These cables are shown in the scattering measure-
ment chamber photograph in Figure 9.

The photommltiplier output signal is procéssed by a synchronous
demodulator circuit which has a de output voltage directly proportional
to the peak square wave input signal. The input is ac coupled to a high
impedance amplifier. The input is ac coupled because of the dc voltage
produced by the photomultiplier tube dark current. A mechanical chopper
is used as the demodulator. This permits detection of milli-volt level
signals and allows for the large dynamic range requirement of several
hundred to one. Figure 14 is a plot of the demodulator system linear-
ity. The mechanical chopper is driven at the chopper wheel frequency to
provide synchronous demodulation. A filter follows the mechanical

chopper.
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This output filter is critical in that it must reduce the noise
while providing as small a delay as possible. This design gives a
collection angle delay of Sd = 0.13o for a 60 second photomultiplier
excursion around the leaf sample.

The mechanical chopper is driven by a signal obtained from a lead-
sulphids cell and small lamp combination located at the monochromator
chopper wheel. The lamp is mounted in a flat black brass tube with a
lens over the end and the PbS cell is mounted in a flat black brass
tube, This arrangement is shown in the photégraph of Figure 15. The
PbS cell and lamp assexbly is mounted on a lab Jjack. The chopper wheel
interrupts the light from the lamp producing a voltage at the chopper
wheel frequency. The physical position of this system at the chopper
wheel is adjusted by means of the lab jack and is the demodulator phase
adjustment sinca this signal is used to drive the mechanical chcpper.

The detector cutput signal is comnected to the signal plotter
circuit. The first stage is a wavelengih normalization ecircuit. This
coneists of a buffer amplifier and a 10-turn precisicn potentiometer
which is get for the wavelength normalization factor, KA’ This
normalization factor is defined and explained in the next section. The
second stags consists of two amplifiers with the same gain; one connected
for a negative output and the other connected for a positive output.

Each of these amplifiers is connected to an identical parallel siring of
precision resistor voltage dividers. Each voltage divider in the string
is designed to multiply the signal by a sine or cosine function of the

collection angles from 0% to 3600 taken at 150 intervals. The use of

the positive sigpal for one voltage divider string and the negative

gignal for the other voltage divider string covers all four quadrants
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in order to plot information over thes range of angles from 0% to 360°.
These voltage divider circuits convert the data from polar coordinates

to the rectangular coordinate system inherent in oscilloscope deflec-
tion plates. The outpuis from the voltage divider circults are connected
to a rotary switch. The rotary switch is operated by the locator circuit
which also modulates the Z axie. This is done in such a way that the
leading edge of the locator tab pulss modulates the Z axis of the
oscilloscope and then switches the rotary switch to the next position.
The rotary switch is connscted to the outputs of the voltage dividér
strings sc thal it selecis the x and y signals necessary to plot the
information is sequence from 0° to 360° at 15° intervals.

This data is stored on a 564 Tektronix storage oscilloscope screen
one point at a time. The oscilloscope uses two 3A72 pre-amplifiers
with input impedance of 1 meg. Q and 47 »f.

A tape recorder could algo be used for data recording when running
experimental measurements with similar parameters on many samples. The
optical loecator signal should be recorded and can be used as a digitiz-
ing irigger signal.

This detector system results in a mechanical delay of 0.63° for the
value of collection angle. The 564 oscilloscope stores the data which
is recorded photographically following the data run. This gives 24 data
points et intervals of l5° around the full circle.

The system adds only a small delay to the collection angle. The
slectronic dslay of 0.13° and the mechanical delay of 0.630 are balanced
somewhat by adjustment of the optical interrupt locator system. The
optical collection angle spraad iz the only significant ccllection angle

spread.
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In addition to the polar plot capability the system can also plot
spectra on a linear scale. The intensity information is plotted on the
y axis of the oscilloscope and the wavelength is plotted on the x axis
of the oscilloscope. A l0-turn potentiometer is used with a fixed de
voltage to give a wavelength scale. A manual oscilloscope z axis inten-
sity dotting switch is used to record these points one at a time. A
remote selection switch and additional potentiometer allow this tc be
done at the monochromator location as well as at the control panel.

Figure 16 is a photograph of the control panel area. The conﬁ¥ol
panel is in .the center of the photograph. The 564 storage oscilloscope
is in the right of the photograph. A 35 mm data recording camera is
mounted at the oscilloscope screen. At the left just in front of the
power supply stack is the ac control box. This box contains the drive

motor and chopper motor switches.

Data Processing

This section describes the procedure used to process the scattering
data. At the beginning of each data run, a calibration measurement was
performed. The monochromatic source beam was incident upon the photo-
multiplier tube through a caiibration aperture. The system output is a
voltage, Ei. This vbltage is directly proportional to the incident

radiant power at a given wavelength as follows,

i
Ei Rx éPi
This measurement is made for all wavelengths of interest for that

particular data run. The responsivity, R;, is directly preopertional to
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the fixed electronic circuit gain, the photomultiplier tube gquantum
efficiency, the photomultiplier tube electronic gain and a transmission

filter characteristic.

FIXED PMT

R} = Constant(EIEgA’m;gNICXQ.E.(x,y))(GAIN)(TFILm)

FUT,

Let ny be the photomultiplier sensitivity where ny = (Q.E.(x,y))(GAIN).

This quantity is a function of the location on the surface of the photo-
cathode which is illuminated.

Rewriting,

E, = CONSTANT(F.E.G)(RH)(TFIL,ER> op,

A table of Ei versus x is constructed from the data. A constant Ki is
calculated according to the following equation and given on the table

versus A.

The subscript m denotes the mth data run and the accompanying mth calibra-

tion run. The mﬁh

data run is the series of meagsurements made on one
particulaf leaf sample. The constant 0& is used to adjust the numbers
for K;m 80 that they are all in the range from 0 to 1 for a later

potentiometer setting. This factor, 9&, is constant for the mth run.’

The data run is begun after the Kim factors are computed and listed
as functions of wavclength. The green leaf sample is installed and the
measurement aperture plate is placed at the photomultiplier tube photo-

cathode. For a given wavelength, angle of incidence and data collection
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angle, the system output for the scattering measurement is a voltage,
Es' This voltage is directly propertionsl to the scattered radiant
power at the given collection angle for the specified wavelength as
follows,
8

Ea RR 6?8
The responsivity, Ri, is dirsectly proportional to the fixed electronic
circuit gain, a potentiometer settiing {K;m} s the photomultiplier tube
quantun efficiency and the photomultiplier tube slectrenic gain.

RS = commm%xgggmc)(& POT)&Q.E (x',y })(Gm)

let R be the photomultiplier sensitivity where

x’y’

= (q.E. (x - ;A&*m)

x!y?

This quantity is a function of the loecation on the suri’aée of the photo-
cathode which is illumingted.
Rewriting,

gy ™ CONSTANT(FEG) (z{;mmr)(ax,y,) s

The subscripte m] are added to the oubtput voliage to denots the mth date

ron and the .‘gth‘ measurement made during that data run. This voltage,

5 em3? is the gquantity whieh is recorded on the storage oscilloscope

gcraen.,

Substituting for the potentiometer setting, ximpo'r,

B, = CONSTANT(¥EG) ("&“imx xty! ) &:

gmd ”“Lm



Further substituting for Ej_m’

CONSTANT(FEG) (UmTfilter )(Rx'y' ) 6Psmj

smJ CONS TANT(FEG) (Tfilter Xny) oy
Simplifying,
R &P
Bopy = & (221 ) a;f’)

This measured quantity, Esmj’ is directly preportional to the ratio
of the scattered radiant power s 6Psmj’ to. the incident radiant power,

6P, .
i

This data is modified by two factors as it is retrieved from the
film storage for presentation. This is done by an optical multiplica-
tion of the curve as outlined in the data recording section to follow.

This result is Es‘mj s

¥ = ot
Esmj m Bm Esmj

The factor, th, is used to allow for the use of two different beam

areas. This factor is either one or four > in order to keep the product s
Bm(Abeam) » constant, where A eam 15 the normal incident beam area. The
factor, UIL, is used to normalize the scale factors, so that the product

of Ogl and C!’m is the same constant for any data run, m,

fo= L
am constant am
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This result is,

1 Rx‘y' Psmj
E' . = CONSTANT )
smj R &Pi

and according to the results of the chapter on goniometry, is equal to
the product of the bi~directional transmission distribution functien

and cos(m - ecoll) within a constant or the product of the bi-directional
reflection distribution function and cosecoll to within a constant.,

These relative quantities will be referred to, in general here, as
scattering distribution functions.

Comparison of two different measurements can be done as follows,

Rx’yﬁA 6P3mj
. ccmsrm'r( z ) 2
smi xy i
R &7
sgk A A 35A ) 8gk
C.;E%SJ&I\!T{ X &
Xy i

This reduces to,

?
EEE _ 5P /&Pi
Esqk éPsq;7GPi
This result is a direct comparison of the scattering distribution
function for itwo different measurements.

This is also approximately the case for comparison of results for

different photomultiplier tubes since the ratio Rx'y'/ny can be assumed

to be almost one using the following information.
There is & variation of the relative sensitivity of a photomultipler

+tube as a function of position of incidence on the cathode surface. This
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is due to variation in the sensitivity in the cathode itself and to
cathode-to~first-dynode electron optics.

Christensen and Ames measured this variation for a type 7200 photo-
multiplier tube [3]. The general trend is that the variation of relative
sensitivity as a function of position on the cathode surface is smooth.

In the bi~directional scattering measurements, the calibration
aperture and the measurement aperture are conceniric with each one‘being
small relative to the overall cathode. Since the calibration aperture
is very small, it is a good assumption that the sensitivity for the
calibration aperture at (x,y) is equal to the average sensitivity for
the measurement aperture at (x:,y'). This implies that only gradient
terms, and not curvature or higher order terms would be predominant in
a Taylor expansion of R(x',y') about x,y.

Thus to a first approximation

X'y'/RxY =

The polar bi-directional scattering plots are given using a rela-
; ' 6 ] ! - B
tive scale for [P'cos coll] versus 6 .. and [7'cos(m coll)] versus
ecoll’ In order to convert these data to absolute units multiply the
reading from the poclar graph measured in units per centimeter by

3.77 x lO-h. The units are then reciprocal steradians for p' and 7',

Data Collection Procedure

Data collection begins with a calibration run after the electronic
system and oscilloscope have been calibrated. The sample holder is

empty so that the incident light passes through the sample holder falling
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on the photomultiplier tube calibration aperture. The pin-hole calibra-
tion aperture is used for the calibration run. A No. 7-98 glass color
filter is uwsed at the light source giving approximately 20% neutral
transmission. The proper wavelength band order filter is used also at
the light source. A curve of radiant power output versus wavelsngth is
the result of this calibration.

Polar plots of the scattering distribution function versus collec-
tion angle are obtained for constant wavelength and incident angle.‘ The
wavelength is set on the monochromator dial and the angle of incidence
is set by rotating the sample holder cylinder to the proper position.
The collection angles are measured relative to the surface normal at
the surface where the incident light is impinging. These angles are
measured clockwise from this sample surface normsl. The initial photo-
multiplier tube position is slightly counterclockwise from the 270°
collection angle. The rotary switch is re-set to position number one.
Next the room is darkened and the photomultiplier power supply is turned
on. The photomiltiplier tube drive motor is turned on for clockwise
travel and the data is recorded oﬁ the Tektronix 564 storage oscilloscope.
The end of the run is a manual operation. The final step in the run is
to photograph the polar plot of the scattering data from the storage
oscilloscope screen. Figure 17 shows & dats curve on the oscilloscope
screen. The detector position, rotary switch and oseilloscope are then
reset for the next data run.

At the end of the group of data runs before the sample is removed,
a photograph of the leaf in the sample holder is taken. This records

leaf condition and locates the leaf area under investigation.



Figure 17.

Data on Storage Oscilloscope Screen.
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Data Recording Systen

The scattering data is recorded photographically from the 564
storage oscilloscope screen., A 35 mm camera mount was constructed +o
fit onto the C-12 Tektronix oscilloscope camera frame. A guick change
design also permits use of the polaroid oseilloscope camera.

The ozcilloscope screen centimeter graticle provides a reference
for the collected data for comparison and study.

Figure 18 is a photograph showing -the 35 mm camera mouﬁted on the
Tektronix 564 storage oscilloscope. A Nikon F 35 mm camera with a
Micro-Nikkor Auto 1:3.5 55 mm lens is used fto record the scattering data.

Kodak Plus-X negative film (ASA 125) is used for all of the data
recording. Eodsk D=11 high contrast devsloper is used in processing
the data negatives. The leaf sample photographs are recorded on the
game roll of film with the scattering data.

Data is retrieved from the pegative data f£film rells using a film
strip projector with a 5" £/32.5 lens. The system is used to ploi direc-
tional scattering curves for different wavelengths with constant incident
angle on the same page for comparison. Figure 19 shows this data
retrieval system. The projector is mounted on a photographic copy stand
so that various magnifications can be achieved easily. This is a simple
optical analog multiplier for curve scaling for comparison plotting.

The negative film works well for the data storage in this system.
The centimeter lines on the oscilloscope screen graticle are the

reference lines for data retrieval and curve scaling.



Figure 18.

35 mm Oscilloscope Camera.
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Figure 19,

Data Retrieval Systen.
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SOYBEAN IEAF BI-DIRECTIONAL SCATTERING MEASUREMENTS

Procedure

Bi~directional scattering characteristic curves were taken on
healthy, living soybean leaves over the range from 375 mm to 1000 mm:
Prom 375 m to 700 mm at 25 mn intervals and from 750 mm to 1000 rm at
50 rm intervals., These wavelength intervals were determined from the
results of a preliminary experiment which obtained the spectra for
several fixed reflection and transmission collection angles at several
particular angles of incidence.

The soybean leaf is a dicotyledon with a typical dorsiventral
structure. The mesophyll consists of palisade tissue on the ventral or
top side and spongy tissue on the dorsal of bobtom side of the leaf.
The palisade tissue consists of several layers of densely arranged,
long cylindrical palisade cells. The spongy tissue is lacunose (mamy
intercellular spaces) with large iﬂ£ercellular spaces and Spongy
parenchyma cells having irregular shapes.

The epiderma of the soybean leaf are continuous layers of cells
except for stomata structures. Trichomes, hairlike structures, originate
from some of the epidermal cells,

The chlorophyll contining cells are in the mesophyll layers of the
leaf. Figure 20 is a photograph of a soybean leaf cross-section.

Figure 21 is a photograph of several of the soybeaﬁ plants used in
this scattering experiment. These plants were grown one plant to each
six inch diameter pot in the greenhouse. The leaves used received

adequate lighting and were not shaded. The soybean leaves used had an




Figure 20.

Soybean leaf Cross Section.
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Figure 21,

Soybean Plants.
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averags length of five inches to five and a half inches and an average
width of three and a half inches to four inches. The average soybean
plant height was 54 inches. The data were taken on soybean leaf sample
areas not including the midvein.

Figure 22 shows a soybean plant with one of its leaves under study.
The pot rests on the laboratory floor and the leaf stem extends up
through the sample holder cylinder into the measuremeﬁt chamber. Figure
23 is a photograph of a soybean leaf in the sample holder. The sam;le
holder cylinder is lined with black velvelowr cloth to reduce the
possibility of introducing stray light into the chamber from below.

In order to determine the necessary coordinates for & full set of
two-dimensional bi-dirsctional scattering measurements experiments were
carried out to find the symmetry properties in the bi-directional
scattering characteristics for soybean leaves. This study compared
results for top and boittom surfaces, positive and negative data collec~-
tion angles and different orientations of the midvein in a given sample
plane.

The midvein orientation is called vertical orientation when the
midvein is parallel to the v axis of Figure L and is called horizontal
orientation when the midvein is parallel to the h axis of Figure L. '

The bi-directional scattering results for the top and bottom leaf
surfaces were different in magnitude and slightly different in functional
form indicating that measurements must be carried out for both top and
bottom soybean leafl surfaces.

The reswits for + © and for - ainc have the same functional form

ine
and magnitudes within 5% of one another showing that measurements may be

3 } ner + 9, r - 8
carried out ab eithe tne o ine




Figure 22.

Soybean Plant Positioned under Measurement Chamber.
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Figure 23.

Soybean Leaf in Sample Holder.
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A C_ rotational symmetry for the sample plane about a normal to
that plane is found to exist for both top and bottom soybean leaf
surfaces. Thus any midvein orientation may be used for the measuremsnts.

' Since & large amount of time was required to make ihe extensive
full set of bi~directional scattering measurements s> it was not feasible
to make the full set of measwrements on one soybean leaf. Thus some of
the masi'm:-emants were made at some of the conditions on one leaf and
then at other conditions on another leaf, etc. until it had taken five
different leaves in ocrder to take data for all of the different measure-
ment conditions. The data were taken on one leaf from each of three
plante and two leaves from a fourth plant.

. Since several leaves were used in ordsr to makes measurements at all
of the conditions for a full set, an experiment was carried out on
soybean leaves to dstermine the conmsistency of bi~directional scattering
measursmsnis emong several leaves for a particular fixed set of condi-
tions. Two lesaves on one plant and threse leaves on a second plant were
used for this consistency experiment. '

In this consistency experimnt polar bi-directional scattering
plots were taken on both the top and bottom leaf surfaces. Incidence
angles of 0° and 45° (with etilt = 0°) were used with wavelengths of |
500 im and 550 mm. These wavelengths were selected in’ order to deter-—
mine variation among polar plote for the highly absorbing blue region
and for the highly reflscting green region for different leaves. |

m polsr ploﬁs for each set of measurement conditions had nearly
the same functional form for both reflection and transmission. Thus one
point on each curve was selectsd for comparison. The transmission curves

were compared by using the magnitude of the radius vector for the
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transmission curve at 8 .. = 180°, which is along a normal to the leaf
plans. The reflection curves were compared by using the magnitude of
the radins vector for the reflection curve at ecoll = 450,

Ths mean value of the radius vectors for the five leaves wis cale
culated for each particular set of conditions and coordinates. e
standard deviation about each of these mean values was celenlated azxd. .
this information is prsuented in Table 2. The mnit for ma,smimg the
radius vectors from the polar plots ies consistent throughout being 1
wit per 1/2 inch for a relative séatmr:mg milt scale of 20,

Using this informstion, tﬁe use of several different soybean leavss‘
to produce dats for a composite scatiering modal was Judged to be an
acceptable plan, |

The wavelength range of the experiment was divi@ad into smsller
ranges =0 that for a pé’rticu?;ar incident smrface an effort could be
made to complete meamwrements at esch ineidence angle on the same leaf
in the same date rum. The polar plots have a lsaf identification se
outlined in the following scattering data section.

Soybean data collsotion anglse sre messured clockwise frem the
normal to the bam-ﬁ’ace of incidencs while the incidence angles are
meagured counter-clockwise from this normsl. The t:!.}:t angle is o° i'oi"

this experiment so the sourcs angle symbol is @in o 38 shown in FPigure 4.

Soybean Ieaf Pi-Dirsctional Seattering Dats

The following ten figures are the polar bi-directional scattering

plots for living, healthy soybean leaves. Figures 24 through 28 ars
the résnlts for top incidence and Figvres 29 through 33 are the resulis



SOYBEAN IEAVES

5 Samples
o 8 Mean
A Incident Value of Standard
ine ¢ll  gurface  Radius Vector Deviation

500 mm o° 180° Top 3,516 0.445
550 m o° 180° Top 16.360 2.542
500 mm 45° 180° Top 1.378 0.234
550 m 45° 180° Top 10.970 1.810
500 nm 0° 45° Top 4.275 0.470
550 mm 0° 45° Top 7.470 1.128
500 mm 4,5° 45° Top 11.556 2.k55
550 mn  45° 45° Top 14.300 3.055
500 mm o° 180° Bottom 3.460 0.498
550 rm o° 180° Bottom 16.410 2.240
500 rm 45° 180° Bottom .1.302 0.147
550 rm 45° 180° Bottom 10.150 1445
500 mm o° 15° Bottom 7.13 1.063
550 fm o° o 48° Bottom 12.10 1.860
500 m 45° 15° Bottom 15.71 2.460
550m  45° 45°  Bottom 2149 3.920

TABIE 3. SOYBEAN LEAF CONSISTENCY EXPERIMENT
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Figure 24. Soybean leaf Relative [p’cosecou] and

f TE
Relative [t'cos(n Qcall” versus ecoll

. 1 =z &
for Top Incidence at e.’z.nc 0",
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Figure 25. Soybean Leaf Relative [p'cosecoll] and
Relative [T'cos(m - acoll)} vezsus Bcoll
for Top Incidence at einc = 15",
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Figure 26. Soybean Leaf Relative [p'cos ecoll] and

. . _
Relative [v'cos(n ecoll” versus ecoll

. = an0
for Top Incidence at einc 30°,
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Figure 27. Soybean Leaf Relative [p'cosecollj and
Relative [1'cos(m - ecoll)] versus ecoll

. = 220
for Top Incidence at ginc L5,
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Figure 28. Soybean Leaf Relative [p'cosecon] and
Relative [r'coa{w - ecoll)] versus 6

= (s}
for Top Incidence at einc 60",

oll
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Figure 29. Soybean Leaf Relative [p'cosecon] and
Relative [T'cos{m - acoll” versus ecoll

for Bottom Incidence at einc = O°.
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Figure 30. Soybean Leaf Relative [p'cos ec 0113 and

Relative [T'cos(m - ecoll)j versus eco

. = 720
for Bottom Incidence at Sinc 15-,
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Figure 31. Soybean leaf Relative [p’cosecoll? and
: 5 [ . - L
Eelative [t'cos(m %0011)1 versus ecoll

. o
for B =
for Bottom Incidence at einc 307,
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Figure 32. Soybean leaf Relative [o'cos ecoll‘-" and
. . _a .
Relative [T'cos(m “coll)-}' versus ecoll

for Bottom Incidence at 6. = 45°.
inc
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Figure 33,

Coybean Leaf Relative [0'cos®

Relative [v1'cos(m - ec

for Bottom Incidence at e = 60°,
inc

coll 1 and

9 o
versus
oll) - coll
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for bottom incidence. This is a collection of 190 bi-directional
scattering curves, representing 4560 individual data points.

The radial dimension on these bi-~directional scattering plots is
given in relative scattering units., These are the relative values of
the scattering distribution function for a given collection angle and
wavelength. The data curves which were obtained as described in the
data processing section of the chapter on spparatus and procedure were
all multiplied by a constant scale factor in order that the scales jor
presentation be larger than unity. The use of these relative units
allows the selection of any linear scale to study the results. For
example, a scale of 40 could be 40 relative scattering units per centi-~
meter if centimeters are used consistently for study and comparison.
The scale is given on the plot along with its use for reflection or
transmission. The symbol REFL 4O designates a reflection scale of 40
relative scattering units per unit length and the symbol TRANS 16
designates a transmission scale of 16 relative scatiering units per )
unit length. This is used since for several wavelength bands it is
necessary to £se different scales for reflection and transmission for
data presentation. The procedure for converting these data to absolute
units is given in the Apparatus and Procedures chapter.

Dashed lines are used where portions of two of the curves were
estimated from results on other leaves from additional data runs and
solid lines represent actual collected scattering data. The soybeanv
leaf and plant designation is given for each scattering plot. For
example, L5/P2 is used to designate leaf number 5 on plant nmumber 2.

A legend is given on each page to identify the wavelength at which the

data were taken.
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It was difficult to restrain the soybean leafl to a plane since it
has a rough surface and a natural tendency to wrinkle, which caused
several slight variations in the symmetry of the results. However, the
effect is minor; for the most part the leaves couwld be fairly well
restrained to a plane.

Scattering distribution functions versus wavelength for various
collection angles are taken directly from the polar scattering plots.
Figures 34 through 38 give the spectra for top incidence and Figure; 39
through 43 gives the spectra for bottom incidence. The iransmission
curves are for a 180° collection angle which is along a normal tc the
leaf surface. This is a good measure of the transmission even though
the functional forms vary for different incidence angles. The reflec-~
tion curves are plotted for the specular angle except for normal
incidence where a ASO collection angle is used. The unit is consistent
throughout being 1 unit per 1/2 inch for a relative scattering unit
scale of 20.

Results from several leaves are used to plot these spectra. The
polar plots identify the leaf and the particular wavelength range.

Plots of the scattering distribution functions versus angle of
incidence were constructed from these spectra for 450 rm, 550 rm, 650 mm,
and 850 nm. These representative wavelengths were chosen in order £o
show these results for highly absorbing regions as well as for highly
reflecting and transmitting regions. The curves for top and bottom
incidence are plotted on the same graph for comparison. Different
leaves are used for top and bottom curves and different leaves are
sometimes used for each wavelength range. The polar plots identify the

leaves used for each set of conditions. Figures 44 and 45 give the
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scattering distribution function versus angle of incidence for reflec-
tion at the specular angle, for the representative wavelengths given
above.

Figureg LS and L7 are the resulis for the scattering distribution
function versus angle of incidence for transmission along a normal to
the sample surface, for the representative wavelengths mentioned above.

The soybean leaf bi~directional scattering data were graphically
analyzed to determine the angles for maximum reflection and transmission.
It was difficult to make this graphical approximation of these anglés
since the polar plots are broad about these angles. Maximm reflection
and transmission angles were determined from each of theipolar plots
given on the composite polar plot page for a particular angle of inci-
dence. This was done for the range from 375 mm through 675 nm. The
graph of Figure 48 gives the average of these points versus ahgle of
incidence with the ideal mirror characteristic given for reference.

The transmission angles are measured counter-clockwise f:om.a
normal to the plane of the leaf sample so they can be plotited on the

graph with the reflection angles.

Discussion of Results

A discussion of the experimental results is ?resented here with the
major objective a classification of features for a bi-directional
secattering model for a healthy, green soybean leaf.

Gross observations of the polar bi-directional scattering plots for
soybean leaves show that the funetional form of the scattering character—

igtics depends upon the angle of incidence., The reflection characteristic
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is apparently composed of both specular and diffuse components. Specular
reflection is a familiar surface effect; however, diffuse reflection
arises both from specular reflection on rough surfaces and from the
radiation which enters the material and is scattered therein. The 8507~
bean transmission characteristic is apparently composed of a refracted
component and a diffuse component.

The phrase "diffuse reflection' can have several connotations
ranging from a theoretical development on a specific model, to a specific
experimental definition (o' = constant), %o an empirical labelling of
nonspecular reflected radiant power as a diffuse component.

There are two main theoretical developments of substance. In the
first Chandrasekhar [27 presents the theoretical solution for.diffuse
reflection from plane-parallel atmospheres with Rayleigh scattering.
Most of this theory is developed for isotropic scattering froﬁ atmos~
vheres of a finite optical thickness with very little or no absorption.
The result for this solution in polar form with intensity plotted versus
collection angle for a given wavelength and incidence angle is an oblate
ellipsoid. This reflection is due to radiation that penetrates into the
interior of the sample and is scattered from small scatterers within.

Beckmann [17 presents a theory for diffuse reflection from rough
gurfaces but restricted almost entirely to perfectly conducting surfaces.
He defines a factor called surface roughness in a statistical way as an
indicator of the surface structure. TFor a very rough surface, the |
solution is a diffuse reflection. Although Beckmann restricis his
efforts te the peffectly conducting surface, he does mention the finite

conductivity problem occasionally.
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On the experimental side, Wendlandt and Hecht [13] point out that
-no general theory is completely valid for the reflection from mat surfaces.
The Larbert cosine law for diffuse reflection is phenomenclogically
formulated from the fact that a mat surface irradiated with constant
intensity appears uniformly light at all angles of observation (p' =
constant).

As was pointed out in the chapter on goniometry and plotted in
Figure 5, the result in terms of a scattering distribution function for
this case would be a cosine polar plot multiplied by the constant p'.
On the basis of experimental evidence, Wendlandt and Hecht [137 report
that the Lambert cosine law is strictly validbonly for small values of

g, and © Deviations occur for larger values, particulariy in

inc coil‘
absorbing materials. In these cases of deviation, the polar plot of
the scattering distribution function tends toward an cblate ellipsoid.

Specular reflection is a mirror effect where the scattered radia-
tion is reflected at an angle equal to the angle of incidence in the
principal plane, for an ideal plane mirror or a plane dielectric inter-
face. For an uneven bumpy mirror surface and a reasonably large arex
incident beam the scattered radiation is spread scmewhat about the
specular reflection angle. The amcunt of the spread is a measure of
the surface roughnéss or the extent to which it is uneven [17.

In his study of plane-parallel Rayleigh atmospheres, Chandrasekhar
also deals with the case of diffuse transmission. The polar curve of
the transmission part of the scattering distribution function versus
collection angle for = given angle of incidence and wavelength has the

form of an oblate ellipsoid, This solution is restricted to isotropic

scattering with very little or no absorption.
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Refractive trancmission is biased in a particular direction and
occurs in dielectric layers. 1In this case a pencil ray in mediwa 1 is
incident upon medium 2 &t a2 particular angle and is transmitted into
mediuwm 2 as a pencil ray in a direction determined by Snell's law of

refraction [137.

n. sin®, = i
nl in ine nZSlnetrans

The structure of the soybean leaf as shown in the cross-section of
Figure 20 indicates that the conditions of both theoretical developments
exist, though the rough surface is a dielectric, a case that Beclmamn
does not deal with though some of his techniquss might be expected to
apply. The surface has a thin waxy cuticle layer over a layer of guard
cells., For the most part neither the cuticle nor the guard cells contain
much chlorophyll [67. The surface has a rough appearance suggesting
the need for a dielectric form of the Beckmann rough surface theory.
However, the surface appears transparent indicating a possibility for
light to enter the leaf and be scattered as diffuse reflection if the
inner cell layers have a Rayleigh-like scattefing character similar to
the plane-parallel Rayleigh atmosphere problem solved by Chandrasekhar.

The plane-parailel Rayleigh atmosphere consists of very small
particles, relative to wavelength, uniformly distributed throughout a
particular medium: While the Rayleigh laﬁ for molecular scattering is
a possible beginning for the solution of this problem, the inner leaf
sﬁructure is not homogeneous and is composed of structures of many
different sizes relative to wavelength. There are many leaf structures
smaller than the wavelengih of light, however, Gates, et. al. E?} claim

that sesttering is in part caused by structures within the leal which




are of the dimension ¢f z wavelength of light, such as mitochondria,
ribosomes, nuclel, starch grains and other plasfids. Gates also mentions
chloroplast and grana dimsnsions in this regard. Willslatter and Stoll
{147 claim that light is critically reflected internally at the cell
walls of the leaf where there is 4 change in the index of refraction
from 1.33 for liquid water, to 1.00 for air in the intercellular spaces.
These cell dimensions are on the order of 10wm to 5Cum [77.

At this point it seems that scattering in leaves has many differ-
ent causes. Thus the result is expected to be an integral result of
each of these types of scattering.

An experimental approach similar to that of Uendlandt and Hecht [13]
will be followed in the discussion of the experimental results for soy-
bean leaf bi-directional scattering.

Gross observation indicates that there is less diffuse reflection
relative to the total reflection for top incidence than for bottom
incidence in the range from 375 nm to 675 mu. This is determined by
using the relative magnitude of the scattering distribution function at
ecoll = 0¥ as a feature to measure diffuse reflection at the specular
angle., This value is called A. 4Another feature is the relative
magnitude of the scattering distribution function at the specular
collection angle. This value is called B.

The ratic A/B is qualitatively a measure of diffuse to total
reflectance at the specular angle. For a perfect mirror, the ratio A/B
would be zero except for €inc = (° where it would be unity. For a
perfect Lambertian diffuser, the ratio 4/B would be equal to l/cosecoll,

Referring to the actual soybean data for a given incidence angle

and wavelength, the ratio A/B was formed for top incidence and then for
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bottom incidence. These twec ratios were compared for this given angle
of incidence and wavelength. This was done at all of the incidence
angles and wavelengths in order to determine the existence of a trend.

For each particular angle of incidence and wavelength it was found that,

This indicates that the top surface of the leaf is either not as
rough as the bottom surface if the rough surface theory is applicable,
or that the inner layers near the top surface have a higher absorption
coefficient than the inner layers near the bottom surface if the plane-
parallel Rayleigh atmosphere theory is applicable.

The soybean leaf structure shows that both explanations may be
valid. The surfaces of the leaf definitsly have a rough appearance;
but it is difficult to compare top and bottom surface roughness upon
visual examination. The inner cell layers of the soybean leaf have
chlorophyll containing cells which account for absorption. The palisads
cell layers near the top surface have a higher chlorophyll concentra-—
tion than the spongy mesophyll cell 1ayérs near the bottom surface [77.
This would account for a higher abscrption ccefficient for the top cell
layers than for the bottom cell layers.

If the plane-parallel Rayleigh atmosphere type theory is applicable,
the diffuse reflection would be due to radiation that penetrated into
the leaf sample, and it would be expected that the scattering distribu~-
tion funciion for reflestion at a particular collection angle for a

given angle of incidence versus wavelength should have similar absorp-

tion charasteristics to those for radiation transmitted through the leaf
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sample. The experimental data contains spectra for both reflection at
the specular angle and transmission along a normal to the leaf sample
plane as shown in Figures 34 through 43. The transmission spectra show
blue and red 6£lorophyll zbsorption, infrared water band absorption and
strong transmission in the green and infrared ranges. The trends of the
reflection spectra are different from the transmission spectra only in
the blue region, where the reflection spectra indicate less blue abscrp-
tion relative to the transmission spectra. This indicates that the
diffuse reflection must be due at least in part to radiation which
penetrates into the leaf sample since the reflection spectra so closely
resemble those for transmission.

As the angie of incidence is increased, the reflection at the
specular angle increases in the blue region relative to the green but
does not increase as much in the red region relative to the green.

These results indicate that the diffuse reflection characteristic
is probably due to both the rough surface and the radiation that pene-
trates into the leaf. The soybean leaf structure supports this since
the surface is rough and the inner cell layers contain chlorophyll.

The transmission spectra remain nearly the same as the angle of
incidence is changed. This indicates that the diffuse component of the
transmission characteristic is predominant over the refractive component.

Plots of scatlering distribution function relative magnitude for
reflection at the specular angle versus angle of incidence are given in
Figures 44 and 45 for 450 nm, 550 rm, 650 mm, and 850 rm. The data for
both top and bottom incidence for each wavelength are presented on the.

same page for comparison,



The trend of the curves for 450 mm, 550 rm, and 650 mm is a small

. . . G . . .
vositive slope untll about q*n“ = 5  where ihe slope increases. This
Ldiw

© at

indicates a greater specular reflecticn component for qinc > 45
these wavelengths. Comparison of the curve for top incidence with the
curve for bottom incidence for constant wavelength at 450 mm, 550 mm,
and 650 nm indicates that the relative megnitude of the scatlering
distribution funciion for reflection at bottom incidence is eqgual to or
greater than that for top incidence.

The trend of the reflection curves for €50 nm is a small negative
slope until about ﬂinc = 450 where the slope for the top incidence
curve becomes positive and increases and the bottom incidence curve
continues with the small negativé slope. The relative magnitude for
the bottom incidence curve is nearly the same as that for the top
incidence curve until ;inc = 1,5° where the bottom incidence curve becomes
larger,

Plots of scattering distribution function relative magnitude for
transmission along a normal versus angle of incidence are given in
Figures 46 and 47 for 450 rm, 550 ma, 650 mm, and £50 nm. The data for
both top and botiom incidence for each wavelength are presented on the
same page for comparison.

The trend of the curves for L50 rm, 550 nm, 650 nn, and 850 nm is
a negative slope. Comparison of the curve for top incidence with the
curve for botiom incidence for constant wavelength at 450 nm, 550 nm,
650 rm, and €50 nm indicates that the relative megnitude of the

scattering distribution funcition for transmission at bottom incidence

is equal to or greater than that for top incidence.
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The plot of angle for maximuwu reflected and transmitied scattering
distribution functicn relative mapgnitudes is given in Figure 48 for the
visible range. The trend of the reflection curves is g positive slope.

The bottom incidence curve for angle of ructdmum transmission versus
angle of incidence has a greater maximun transmission angle than the top
incidence curve indicating possibly a greater angle of refraction for
botton incidence. These transmissicn curves indiczte that the index of
refraction of the botitom layer of the scybean leafl model is probably
gfeater than that for the top layer if there is a refractive trans-
mission component. This would also b; consistent with the possibly
greater coefficient of reflection for the bottom suriace than for the

top layer.

Soybean lLeaf Bi-Directional Scattering Hodel

An empirical model was formulated from the bi-directional scatter-
ing data.

Figure 49 is the diagram of a simple two—dimensional bi~directional
scattering model. for a healthy, green soybean leaf, suggested by the
experimental results and the physical structure of the leaf. This is
a four layer sitructure with isotropy relative to midvein orientation in
the sample plane. The model does not include the midvein., The cuter
layers, layer 1 and layer 4, contribute refraction and specular reflec-
tion with no absorption. These layers have rough outer surfaces to give
a component ol diffuse reflection and a spread in the specular reflec-
tion characteristic. Layer 1 has a somewhat rougher surface than layer

4. The specular reflection characteristic is reduced somewhat in the
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Figure 49. ©Soybean Leaf Bi-Directional Scattering Model.
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infrared region for these epidermal layers in order to be consistent
with the data.

The inner layers, layer 2 and layer 3, have refractive and diffuse
transmission characteristics and a diffuse reflection characteristic
together with a selective absorption characteristic. Layer 2 has a
higher absorption coefficient than layer 3.

This is a general description of a simple soybean leaf scattering
model. The experimental results give the appreximate specifications
for this empirical model.

The general result is a transmission characteristic which would
have a diffuse cosine like scattering curve and a refracted narrow lobe
like scattering curve. This could produce the transmission curve
resembling an ellipse with its major axis along the direction of the
angle of maximum transmission when these two components of transmission
are added together. The reflection curve would have a diffuse cosine
like component and a spread lobe like curve at the specular angle. This
could produce the reflection curves shown in the experimental data when
the components are added together. The light entéring lavers 2 and 3
encounters the selective absorption characteristic consistent with the

experimental data.
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COrE ILAF DI-ITLCTIONAL SCATIINING MEASUTLLEITT.

Procedure

Bi-directional scattering characteristic curves were taken on
healthy, living, corn leaves over the range from 375 nm to 1000 rm:
from 275 nm to 675 nm at 25 nm intervals and from 750 nm to 1000 mm at
50 nr intervals. heflection and transmission spectra were taken at
several fixed collection angles for use in determining the wavelengtihs
for scattering study.

The data were taken on corn leaf sample areas not including the
midvein. Both to» and bottom incidence situations and both vertical
and horizontal midvein orientation situations were studied.

The corn leaf is a monocotyledon with an internal structure having
an undifferentiated mesophyll. The mesophyll contains large, irregular
shaped cells. These cells are in a tight configuration leaving little
volume for intercellular air spaces except for stomatal cavities. Corn
has large bulliform cells intersversed in the ventral epidermis.
Trichomes are oresent on corn leaves. Figure 50 is a photograph of a
corn leafl cross-secliocn.

Figure 51 is a photograph of severzl of the corn plants used in
this scattering experiment. These plants were grown one plant to each
six inch diameter pot in the greenhouse. The leaves used recelived
adequate lighting and were not shaded. The corn leaves used had an
average length of 31 inches and an average width of 3 1/2 inches. The

average corn plant height was abcut 48 inches.



Figure 50.

Corn Leaf Cross Section.
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Figure 51. Corn Plants.
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Figure 52 shows & corn plan* with one of its leaves under siudy.

The ot rests on the laboratory floor and the leaf stem extends up
through the sample holder crlinder into the meacurement chamber. This
photogranh shows the corn vlant in an almest horigzortal position resting
on carefully positioned supportis.

Figure 53 is a vholcgraph of a corn leaf in the sample holder with
vertical midvein crientation. The leaf remains whole which reguires
careful folding and support for the tip end of the corn leaf. Figure 54
is a photograph of a corn leaf in the sample holder with horizontalv
midvein orientation. This rresents a greater problem for keeping the
leaf whole. Portions nearer the tin portion are used because of
flexibility.

In order tc determine the necessary coordinates for a full set of
two-dimensional bi-directional scattering measurementis experiments were
carried out to find the symmetry oroperties in the bi~directional
scattering characteristics for corn leaves. This study compared resulis
for top and boitem surfaces, wositive and negative data collection
angles and different crientations of the midvein in u given plane.

The midvein is ~arallel to the v zueis of Figure 4 and is called
horigzontal orieﬁtaticn when the midvein is parallel to the h axis of
Figure 4.

The bi~dirsctional scattering results for the top and bottom leaf
surfaces were different in magnitude and slightly different in functional
form indicating that measurements must be carried out for both top and

bottom corn leaf surfaces.
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Figure 52. Corn Plant Positioned under Measurement Chamber.



Figure 53. Corn leaf in Sample Holder with
Vertical Midvein Orientation.
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Figure 54. Corn lLeaf in Sample Holder with
Horizontal Midvein Orientation.
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The results for einc and for - Ginc have the same functional form
and magnitudes within 5% of one another showing that measurewents may
be carried out at either + einc or - einc'

A C2 rotational symmetry for the sample plane avout a normal to
that plane is found to exist for both top and botiom corn leaf surfaces.
Thus both vertical and horizontal midvein orientations must be used for
the measurements.

Since a large amount of time was required to make the extensive
full set of bi-directicnal scattering measurements it was not feasigle
to make the full set of measurements on one corn leaf. Thus some of
the measureﬁents were made at some of the conditions on one leaf and
then at other conditions on another leaf, etc. until it had taken eight
different leaves in order to take data for all of the different measure-
ment conditions. The data were taken on three leaves each from two
plants and two leaves from a third plant.

Since several leaves were used in order to make measurements at all
of the conditions for a full set, an experiment was carried out on corn
leaves to determine the consistency of bi-directional scattering measure-
ments among several leaves for a particular fixed set of conditions.

Two leaves on one plant and three leaves on a second plant were used
for this consisiency experiment.

In this consistency experiment pclar bi-directional scattering
plots were taken on both the top and bottom leafl surfaces. An incidence

angle of L5° (with = 0°) was used with wavelengths of 500 rm and

filt
55C nm., These wavelengths were selected in order to determine varia-
tion among polar plots for the highly absorbing blue region and for the

highly reflecting green region for different leaves.
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The polar plots for each set of measurement conditions had nearly
the same functioral form for both reflectiop and transmission. Thus one
point on each curve was celected for comparison. The transmission curves
were comparad by using vhe nagnitude of the radius vcctor for the trans-

BN

mission curve at ﬁccﬁl = 180, which is aleng a normal to the leal

¥

plane. The reflection‘curves were compared by using the magnitude of
the radius vecter for the reflisction curve at ecoll = Aso.

The mean value of the radius vectors for the five leaves was cal-
culated for each partisuler set of conditions and coordinates. The
standard deviation abouv each of these mean values was calculated and
this information is presented in Table 4. The unit for measuring the
radius vecteres Irem the nolar plots 1s consistent throughout, being X
unit per 1/2 inch for a relative scatiering unit scele of 20.

Using this swformation, the use of several different corn leaves
to produce data for a composite scattering model was judged to be an
acceptable plan.

Tre wavelength rangs of the experiment was divided into smaller
ranges so that for a particular incident surface and midvein orienta-
tioﬁ an effort could be made to complete measurements at each incidence
angle on the same jeaf in the same data Tun. The polar plots have a
1eaf identification as cutlined in the follow;ng scattering data section.

Corn data collection angles are measured clockwise from the normal
to the surface of incidence while the incidence angles are measured
counter-clockwise from this normal. The tilt angle is 0° for this

experiment so the source angle symbol is einc as shown in Figure 4.
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Corn leaf Bi-Directional Scattering Data

The bi-directional scattering curves for healthy, green corn leaves
are presented in two sections of ten curves each: the first section
giving the resuvlts for vertical midvein orientstion and the second giving
the results for horicental midvein crientation. This is a collection of
380 bi-directional scattering curves, reprcsenting 9120 individual data
points.

The radial dimension ci these dirsctional scattering plots is given
in relative scattering units. These are the values of the scattering
distribution function for = given collection angle and wavelength. The
data curves which were cobtained as described in the data processing
section of the chapter on apparatus and procedure were all multiplied
by a constant scale factor in order thalt the scales for presentation be
larger than unity. The use of these relative units allows the selec-
tion of any linear scale to study the resulis. For example, a scale of
20 could be 20 relative scattering units per ceniimeter if centimeters
are used consistently for study and compariscn. The scale is given on
the plot along with its use for reflection or transmission. The symbol
REFL 20 designates a reflection scale of 20 relative scattering units
per unit length and the symbol TRANS 10 designates a transmission scale
of 10 relative scattering units per unit length. This is used since
for several wavelength bands it is necessary to use different scales for
reflection and transmission for data presentation.

The corn leaf and plant designation is given for each scattering

plot. For example, L1/P2 is used to designate leaf mumber 1 and plant
mmber 2. A legend is given on each page to identify the wavelength at

the data were takean.
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Tt was difficult to restrain the corn leaf to a plane since it has
a rough surface and a natural tendency to wrinkle, which caused several
slight variations in the symmetry of the results. However, the effect
is minor; for the most part the leaves could be fairly well restrained

to a plane.

Vertical Midvein Orientation

The following ten figures present the bi-directional scattering
data for healthy, green corn leaves with & vertical midvein orientation.
Figures 55 through 59 are the results for top incidence and Figures 60
through 64 are the results for bottom incidence.

Scattering distribution functions versus wavelength for various
collection angles are taken directly from the bi-directional polar
scattering plots. Figures €5 through 69 give the spectra for top
incidence and Figures 70 through 74 give the spectra for bottom inci-
dence. The transmission curves are for a 180° collection angle which
is along a normal to the leaf surface. This is a good measure of the
transmission even though the functional forms vary for different inci-
dence angles.

The reflection curves are plotted for the specular angle except for
normal incidence where a 45° collection anéle is used.

The unit is consistent throughout being 1 unit per 1/2 inch for
a relative scattering unit scale of 20.

Results from several leaves are used to plot these spectra. The

polar plots identify the leaf and the particular wavelength range.



Figure 55.

Corn leaf Lelative [o'cos “)coll-'\i and Relative
Trtcos{m - P 7 versus © for To

' ( coll) o coll P
Incidence at €, ne 0° (Vertical lidvein

Orientation}.
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Figure 56. Corn Leaf Relative [o'cos ecoll-" and Relative
’ - 8 A
Tr'cos(m 'colln verius o1l for Top
Incidence at &, = 15 {Vertical Midvein
Orientation).
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Figure 57.

Corn leaf Kelative [p'cos ecoll] and Relative
Tt -

Trtcos(m ecolln verius ecoll for Top
Incidence at einc = 30" (Vertical Midvein

Orientation).
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Figure 58. Corn Leaf Relative lo'cos ecoll? and Relative
ot - '
Tr'eos(m gco]l)] verzus ®..11 for Top
Incidence at 8, = L5~ (Vertical Midvein

Orientation).
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Figure 59. Corn Leaf Relative [p'cos ecoll] and Relative
' -
[rtcos(n ecolln ver(s)us 8 o1l for Top
Incidence at einc = 60" (Vertical Midvein

Orientation).
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Figure 60. Corn leaf Relative [p'cosecoll} and Relative
. _ =
[1tcos(m ecolln vezsus 8eo11 for Bottom
Incidence at ej.nc = 0° (Vertical Midvein

Orientation).
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Figure 61. Corn Leaf Relative [p‘cosecoll] and Kelative
Tt - +
(ticos{m ecolln vers;us acoll for Bottom
Incidence at 8, . = 15~ (Vertical Midvein

Orientatiocn).
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Figure 62. Corn Leaf Relatlve [p'cosecoll] and Relative
' -
[7tcos(w ecoll)] verzus 8011 for Bottom
Incidence at 8, . = 30" (Vertical Midvein

Orientation).
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Figure 63.

Corn Leaf helative {o‘cosscoll] and Relative
Tricos{(m - & 1 versus § for Bottom

( coll)‘ Y o coll
Incidence at e*nc = )5° (Vertical ddvein

Orientation}.
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Plots of the scattering distribution functions versus angle of
incidence were constructed from these spectra for 450 nm, 550 mm, 650 nm,
and €50 mm. These revresentative wavelengths were chosen in order ‘o
show these results for highly absorbing regions as wcll as for highly
reflecting and transmitiing regions. The curves are for vertical
midvein orientziion and plots for top and bottom incidence are on the
same graph for compariscn. Different leaves zre used for top anc botitom
curves and different leaves are sometimes used for each wavelength
range. The polar rlots identify the leaves used for each set of condi-
tions. TFigure 75 gives the scattering distribution funciion versus
angle cf incidence for reflection at the secular angle, for the
resresentative wavelengths given zbove.

Figures 76 and 77 are the resulis for the scattering distribution
function versus angle of incidence for transmission aleng a normal to
the sample surface, for the renresentative wavelengths mentioned zbove.

The corn leaf bi-directional scatiering data were graphically
analyzed to determine the angles for mazinum reflection and transmission.
It was difficult to make this graphical approximation of these angles
since the rolar rlots are broad about these angles. llaximum reflection
and transmission angles were determined for each of the polar plots
given on the composite olar plot page for a particular angle of inci-
dence. This was done for the range from 375 mm throuzh 675 nm and for
the range from 750 rm through lym. Figure 78 gives the average of ithese
points versus angle of incidence with the ideal mirror characteristic
given for reference for the range from 375 mm through 675 nm and Figure

79 gives the zverage of these points versus angle of incidence for the

range from 750 nm through lum.
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The transmission angles are measured counter-clockwise from a
normal to the plane of the leaf sample so they can be plotted on the

graph with the reflection angles.

Horizontal Midvein Orientation

The following ten figures are the bi-directional scatiering data
for healthy, green corn leaves with a horizontal midvein orientation.
Figures 80 through 84 are the results for top incidence and Figures 85
through 89 are the results for bottom incidence.

Scattering distribution functions versus wavelength for various
collection angles are tsken directly from the bi-directional polar
scattering plots. Figures 90 through 94 give spectra for top incidence
and Figures 95 through 99 give the spectra for bottom incidence. The
transmission curves are for a 180° collection angle which is along a
normal to the leaf surface. This is a good measure of the transmission
even though the functional forms vary for different angles of incidence.

The reflection curves are plotted for the specular angle except
for normal incidence where a ASO collection angle is used.

Results from several leaves were used to plot these spectra. The
polar plots identify the leaf and the particular wavelength range.

Plots of the scattering distribution functions versus angle of
incidence were constructed from these spectra for 450 mm, 550 nm,(650>nm,
and 850 nm. These répresentative wavelengths were chosen in order to

show these results for highly absorbing regions as well as for highly

reflecting and transmitting regions. These curves are for horizontal

midvein orientation and ploﬁs for top and bottom are on the same graph



Figure 80. Corn Leaf Relative [p'cos econ} and Relative
! -—
[7'cos{m ec oll)] ve:(r;sus scoll for Top
Incidence at einc = 0" (Horizontal Midvein
Orientation).
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Figure 8l. Corn leaf Relative [p'cos&collj and Relative
1 -
[1tcos(n ecoll)] verius ecoll for Top
Incidence at Bne = 15" (Horizontal Midvein

Orientation),
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Figure 82. Corn leaf Relative [oteos f.o11 ] and Relative
. ’ e
[1'cos(nm “coll)] versus ecoll for Top
Incidence at einc = 30" (Horizontal Midvein
Orientation).



R 20

REVL

SOURCE

20

TRANS S50

IRANS 4

R 20

(87,2

3

TRan3 40

L2/r)

Sounrce

Ny w,
15

REFL 8O

Lo/P2

R NN N

10
1t

13
14
5
13
7
18
19

170

Figure 82,

TRANS 160




17

Figure 83,

Corn Leaf Relative [p'cos ecoll] and Relative
fr'cos(m - ecoll)} verzus 8 41y for Top
Incidence at einc = L5 (Horizontal Midvein

Orientation).



©
7 1
14
SOURCE
3
N/ -
/]
REFL 10 /
TRANY
w1 1] [§-24 .

12

2 3750m
3 400nm
4 425nm
8 450nm
8 470w
T

8 %25am

10 375ma

Figure 83.

Lo8/P2

source -~ AN
/ G}
\ A 13
7 20
LINRLIT
15
REFL 8O 20\
TRANS 18O Lase!
‘6
15420,
1
i}

ZLT



173

Figure 84. Corn Leaf Relative [{p'cos eco].l] and Relative
' -
[vtcos(n ecoll)] versus 8 ., for Top
Incidence at 8 = 60° (Horizontal Midvein

Orientation).



sovacg

rere m\‘

TRANS O

CORMIP B
§

Figure 84.

w617

LT



175

Figure 85. Corn Leaf Relative [p'cosecoll] and Relative
' -
[Ttcos(m ecoll)] ve;-sus 8,011 for Bottom
Incidence at einc = 0" (Horizontal Midvein

Orientation).
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Figure 86. Corn leaf Relative [p'cos ecoll] and Relative
[rtcos(n - ecoll” versus 8, ., for Bottom
Incidence at ein = 15° (Horizontal Midvein
Orientation).
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Figure 87. Corn leaf Relative [p'cos ecoll] and Relative
' —-—
[t'cos(m ecoll)] ver:us ecoll for Bottom
Incidence at einc = 30" (Horizontal Midvein
Orientation).
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Figure 88, Corn Leaf Relative [p'cps acoll] and Relative
! -
Trtcos(m ecoll)] versus BcoZL'L for Bottom

Incidence at o, = 45° (Horizontal Midvein
Orientation).
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Figure 89. Corn leaf Relative [o'cos ecoll] and Relative

- _ ‘
[r'cos(n eco]_ln ver:us eco.'Ll for Bottom
Incidence at einc = 60" (Horizontal Midvein

Orientation).
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for comparison., Different leaves were used for top and bottom curves
and different leaves were sometimes used for each wavelength range.
The polar plots identify the leaves used for each set of conditions.
Figure 100 gives the scattering distribution function versus angle of
incidence for reflection at the specular angle, for the representative
wavelengths given above.

Figures 101 and 102 present the results for the scattering distri-
bution function versus angle of incidence for transmission along a
normal to the sample surféce, for the representative wavelengths mention-
ed above.

The corn leaf bi-directional scattering data were graphically
analyzed to determine the angles for maximuwn reflection énd transmission.
It was difficul®: to make this graphical approximation of these angles
since the polar plots are broad about these angles. Maximumm reflection
and transmission angles were determined for each of the polar rlots
given on the composite polar plot page for a particular angle of inci-
dence. This was done for the range from 375 mm through 675 rm and for
the range from 750 nm through lum. Figure 103 gives the average §f
these points versus angle of incidence with the ideal mirror character-
istic given for reference for the range from 375 rm through 675 m and
Figure 104 gives the average of these points versus angle of incidence
for the range from 750 nm through lm.

These transmission angles are measured counter-clockwise from a
normal to the plane of the leaf sample so they can be plotted on the

graph with the reflection angles.
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Discussion of Resulis

A discussion of the experimental results is presented here with the
major objective being a classification of features for a bi-directional
scattering model for a healthy, green corn leaf. The discussion is
divided into three sub-sections, the first dealing with results for
vertical midvein orientation, the second dealing with results for
horizontal midvein orienﬁation and the third comparing results from

both vertical and horizontal midvein orientations.

Vertical Midvein Orientation

Gross observations of the polar bi-directional scattering plots for
corn leaves with vertical midvein orientation show that the functional
form of the scattering characteristic depends upon the angle of inpi-
dence. The reflection cheracteristic is apparently composed of both
specular and diffuse components. The corn leaf transmission character-
istic is apparently composed of a refracted or slightly scatiered com~
ponent and a diffuse component.

The polar curves for the infrared range appear diffuse for both
reflection and transmission except for an angle of incidence of 60°. At
60° a definite specular characteristic is measured with the specular
reflection Seing slightly sharper for the bottom incidence than for the
top incidence.

The polar curves for the visible range exhibit both diffuse and
specular reflection components. ‘The reflection curves are spread at

the specular angle for both top and bottom incidence indicating a rough

surface for both top and bottom. The spread for the reflection at the



specular angle is nearly the same for both top and bottom incidence.
This indicates that the top and bottom surfaces have nearly the same
roughness coefficient.

The corn leaf cross-section of Figure 50 shows that the corn leaf
has a rough surface, a cuticle layer over a layer of guard cells. This
surface is rough in a regular way, consisting of grooves which are all
parallel to the midvein. This would give the roughness for this midvein
orientation a regular peaked roof or sawtooth appearance. The inner
cell layers are mesophyll cells which contain chlorophyll. This is a
homogenecus inner structure with the same structure for cell layers
near the top and for cell layers near the bottom. This leaf structure,
like the soybean leaf, can have both rough surface diffuse reflection
and diffuse reflection due to radiation that penetrates into the interior
of the leaf to be scattered within. ’

Spectra for both reflection at the specular angle and transmission
along a normal to the leaf sample plane as shown in Figures 65 through
74 show the dependence of these two characteristics on wavelength. The
trapsmission spectra show blue and red chlorophyll absorption, infrared
water band absorption and strong transmission in the green and infrared
ranges. The trends of the reflection spectra are different from the
transmission spectra only in the blue region, where the reflection
spectra indicate less blue absorption relative to the transmission
spectra. This indicates that the diffuse reflection may be due in part
to radiation which penetrates into the corn leaf sample since the reflec-
tion spectra so closely resemble those for transmission. As the angle

of incidence is increased, the reflection at the specular angle increases
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in the blue region relative to the green but does not increase as much
in the red region relative to the green.

These results indicate that the diffuse reflection characteristic
is probably due to both the rough surface and the radiation that pene-~
trates into the leaf.

The transmission spectra remain nearly the same as the angle of
incidence is changed. This indicates that the diffuse component of the
transmiseion characteristic is predominant over the refractive or direct
beam component,

Flots of scattering distribution function relative magnitude for
reflection at the specular angle versus angle of incidence are given in
Figure 75 for 450 mm, 550 nm,>650 m, and 850 nm. The data for both
top and bottom incidence are presented on the same page for comparison.

The trend of the curves for 450 m, 550 mm, 650 nm, and 850 mm is
a very small positive slope until about einc = 4,5° wherg the slope
increases. This indicates a greater specular reflection component for
einc 2-450 at these wavelengths. Comparison of the curve for top inci-
dence with the curve for bottom incidence for constant wavelength at
h50‘nm, 550 mm, 650 rm, and 850 mm indicates that the relative magnitude
for reflection at bottom incidence is nearly the same as that for top -
incidence.

Plots of scattering distribution function relative magnitude for
transmission along a normal versus angle of incidence are given in
Figures 76 and 77 for 450 mm, 550 rm, 650 mn, and 850 nm. The data for
both top and bottom incidence for each wavelength are presented on the

same page for comparison,
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The trend of the curves for 450 mm, 550 mm, 650 nm, and 850 mm is
a negative glope. Comparison of the curve for top incidence with the
curve for bottom incidence for constant wavelength at 450 nm, 550 rm,
and 850 nm Indicates that the relative magnitude of the scattering
distribution function for transmission at bottom incidence is nearly
the same as to that for top incidence. For the 650 mm curve the bottom
incidence curve has a glightly larger relative magnitude than the top
incidence curve.

The plot of angle for maximum reflected and transmitted scattering
distribution function relative magnitudes is given in Figure 78 for the
visible range. The trend of the reflection curves is a positive slope.
The transmission and reflection curves indicate approximately the same
result for top incidence or botiom incidence. These transmission cufves
indicate that the index of refraction is the same for the top and bottom
layers of the corn leaf, assuring refractive transmission.

The plot of angle for maximum reflected and transmitted scattering
distribution function relative magnitudes is given in Figure 79 for the
low infrared range. The trend of the reflection curves is a positive

slope. The bottom and top incidence transmission curves are nearly the

same.

Horizontal Midvein Orientation

Gross observations of the polar bi-directional scattering plots for
cornn leaves with horizontal midvein orientation show that the functional
form of the scattering characteristic depends upon the angle of inci~

dence. The reflection characteristic is composed of both specelar and
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diffuse components. The corn leaf transmission characteristic is com-
posed of a refracted component and a diffuse component.

The polar curves for bottom incidence in the infrared range have
the appearance of having a definite specular reflection characteristic
component even for einc = 15° while the top incidence curves have a
diffuse reflection characteristic appearance for incidence angles of
15° and 30° and a specular component for angles of 45° and 60°. 1In
each case the bottom incidence curves have a greater value for the
scattering distribution function at the specular angle than the top
incidence curves.

The polar curves for the visible range have a definite lobe-like
characteristic oriented along the specular angle for both top and bottom
incidence.

The iobe character of some of the reflection curves at the specular
angle indicates a fairly smooth surface for both top and bottom.

The transmission characteristic has both refraction or direct
beam scattering and diffuse transmission present for both top and botfom
incidence at all of the wavelengths studied.

The corn leaf appears fairly smooth for horizontal midvein orienta-
tion since the view is one which does not cross the peaked roof or saw-
tooth structure but which runs along on one of the peaks or groove
bottoms.

Spectra for both reflection at the specular angle and transmission.
along a normal to the leaf sample plane as shown in Figures 90 through
99 show the dependence of these two characteristics on wavelength. The
transmission spectra show blue and red chlorophyll absorption, infrared

water band absorption and strong transmission in the green and infrared
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ranges. The trends of the reflection spectra are different from the
transmission spectra only in the blue region, where the reflection
gpectra indicate less blue absorption relative to the transmission
spectra. This indicates that the diffuse reflection is probably due in
part to radiation which penetrates into the corn leaf sample since the
reflection spectra so closely resemble those for transmission. As the
angle of incidence is increased the reflection at the specular angle
increases in the blue region relative to the green but does not increase
as much in the red region relative to the green.

It seems possible that the diffuse reflection characteristic could
be due to both a slightly rough surface and to radiation that penetrates
into the leaf. The lobe-like appearance of the polar curve at the
specular angle indicates the smooth or only slightly rough surface for
this orientation.

The transmission spectra remain nearly the same as the angle of
incidence is changed. This indicates that the diffuse component of the
transmission characteristic is predominant over the refractive or direct
beam scattering component.

Plots of scattering distribution function relative magnitude for
reflection at the specular angle versus angle of incidence is given in
Figure 100 for 450 mm, 550 nm, 650 nm, and 850 nm. The data for both
top and bottom incidence for each wavelength are presented on the same
page for comparison.

The trend of the curves for 450 m, 550 m, and 650 nm is a very
small positive slope until about &e = 45° where the slope increases.
This indicates a gfeater specular reflection component for einc‘z h5°

at these wavelengths. Comparison of the curve for top incidence with



negative slope for top incidence until about einc = 450 where the slope
becomes positive and increases, The bottom incidence curve for 850 mm
shows a very small positive slope until about ginc = 4,5° where the slope
increases, The relative magnitude for the bottom incidence curve is
larger than the top incidence curve.

Plots orf scattering distribution.function relative magnitude for
transmission along a normal vVersus angle of incidence are given in
Figures 101 and 102 fop 450 mm, 550 rm, 650 nm, and B850 nm. The data
for both top and bottom incidence for each wavelength are presented on
the same Page for comparison. |

The trend of the curves for 450 nm, 550 mm, 650 m, and 850 mm is a
negative slope. Comparison of the curve for top incidence with the curve
for bottom incidence for constant wavelength at 450 rtm, 550 mm, 650 m,
and 850 nm indicates that the relative magnitude of the scattering
distribution funetion for transmission at bottom incidence is nearly the
Same as that for top incidence.

The plot of angle for maximm reflected and transmitted scatiering
distribution function relative magnitudes ig given in Figure 103 for the
visible range. The trend of the reflection curves is a positive slope
almost équal to the plane mirror reference line. The transmission and

reflection curves indicate essentially the same result for top and

bottom incidence. The transmission curves indicate that the index of
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refraction is the same for the top and bottom layers of the corn leaf,
assuming refractive transmissicn.

The plot of angle for maximumm reflected and transmitted scattering
distribution function relative magnitudes is given in Figure 104 for the
low infrared range. The trend of the bottom incidence curve is a
positive slope while the trend of the top incidence curve is a negative
slope from 6 = 15° to & e = 30° and a positive slope for 6 e > 30°.

The bottom and top incidence transmission curves are, however, nearly

the same.

Composite Results

This sub-section is a discussion of the corn leaf bi-directional
scattering with regard to comparison of results for vertical midvein
orientation with results for horizontal midvein orientation.

The experimental results show a rougher surface for thé vertical
midvein orientation than for the horizontal midvein orientation.

Comparison of scattering distribution function relative magnitudes
for the reflection curves indicate that the reflection coefficients are
nearly the same for the two orientations even though the shapes of the
polar curves for the two orientations are different. Comparison of
scattering distribution function relative magnitudes for the trans-
mission curves indicate that the transmission coefficients are nearly
the same for the two orientations. Here again, the polar transmission
curves do not have the same shape for the two orientations.

The spectra have the same trends for the two orientations.
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Corn leaf Bi-Directional Scatterine Model

A simple empiriecal bi-directional Scattering model for a healthy,
green corn leaf is presented in three stages. The first stage will
present the empirical model for vertical midvein orientation, the second
stage will present the empirical model for horigzontal midvein orienta-
tion and the third stage will present the composite empirical corn lear

scatiering model.

Vertical Midvein Orientation

Figure 105 is the diagram of a simple two dimensional bi-directional
scattering model for a healthy, green corn leaf with vertiecal midvein
orientation suggested by the experimental results and the physical leaf
structure. This model does not include the midvein. This is a three
layer structure with outer layers 1 and 3 contributing refraction and
specular reflection but having no selective absorption characteristic.
These epidermal layers are effective for Specular reflection at all
angles of incidence in the visible range and for a 60° angle of incidence
in the infrared range. These layers have rough surfaces which could
cause diffuse reflection angd a spread in the specular reflection charac-
teristic,

The inner layer, layer 2, ﬁas both refractive and diffuse trans-
mission characteristics and a diffuse reflection characteristic together

with a selective absorption characteristic.
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" Horizontal Midvein Crientation

Figure 106 is the diagram of a simple two dimensional bi-directional
scattering model for a héalthy, green corn leaf with horizontal midvein
orientation, suggested by these experimental results and the physical
leaf structure. This model does not include the midvein. This is a
three layer structure with outer layers 1 and 3 contributing refraction
and specular reflection but having no selective absorption characteristic.
These epidermal layers are effective for specular reflection in both the
infrared and visible ranges. The inner layer, layer 2, has both
refractive and diffuse transmission characteristics and a diffuse reflec-
tion characteristic together with a selective abscrption characteristic.

The surfaces are smooth giving rise to fairly sharp reflection at

the specular angle.

Composite Model

Figure 107 is the diagram of a simple bi-directional scattering
model for a healthy, green corn leaf suggested by the results of this
experiment and the physical leaf structure. This is a three layer
structure with outer layers 1 and 3 contributing refraction and specular
and diffuse reflection but having no selective absorption characteristic.
The inner layer, layer 2, has both refractive and diffuse transmission
characteristics and a diffuse reflection characteristic together with a
selective absorption characteristic.

The experimental results are the specifications for the bi-direc-

tional scattering model. The composite parameters are given by the
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individual vertical and horizontal midvein orientation models. The

composite model does not include the midvein.

nOFn, ®oa,
n3 = n3v ~ n3h
Q Fe T
Ry S Ry, ® Ry
Rb ¥R, B Rbh
Tep & Ty = Ty

Tt ® Ty & T,

Each of these parameters is a function of wavelength, incidence
angle and collection angle as shown by the data.

The model surface is designed from the actual physical leaf struc-
ture using a peaked roof design for both the bottom and top surfaces.
Each peak runs along the direction of the midvein so that for vertical
orientation the surface appears rough and for horizontal orientation

the surface appears smooth.
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CONCLUSIONS

This experiment has resulted in two-dimensional bi-directional
scattering curves for healthy, green soybean leaves and healthy, green
corn leaves in the range from 375 mm to 1000 rm. These results suggest
a simple model for soybean bi~directional leaf scattering and a simple
model for corn bi~directiocnal leaf scattering.

The results show a large specular reflection component along with
diffuse reflection and both refractive and diffuse transmission. A
selective absorption characteristic is evident along with definite
surface effects. The leaf scattering mechanism is very complex having
many possible integral components. The specular reflection spreading
can be due to a rough surface yet the rough surface also appears to
contribute diffuse reflection, and only an arbitrary boundary between
the two can be established by an observer. Diffuse reflection is also
due to scattering within inner leaf layers. The diffuse transmission is
due to scattering within the inner leaf layers and also can be due to
the rough surface. Refractive transmission can be expected to occur
within ﬁhe inner leaf layers.

Further study could use a polarigzed beaﬁ as a possible means of
separating the diffuse and specular reflection components. The effect
of the sample scattering upon the source polarigation can be measured
and used to study the leaf. The problem of separating the diffuse and

specular reflection components is still unsolved particularly with

respect to rough surface scattering. The source used in this experiment

did not have sufficient intensity for a polarized beam study. A new

monochromator design is needed to provide the necessary increase in
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intensity. The results of this scattering experiment serve as a guide

to the selection of wavelengths and conditions for this further investi-

gation.

Future work at the Laboratory for Agricultural Remote Sensing
should include bi-directional scattering measurements on the leaves of
plante cther than corn and soybean plants. Other plants having a high
agricultural economic value in the midwest are wheat, oats, and sorghum.
The smail size of the wheat and oat leaves makes é higher intensity
source necessary for some of these future experiments.

Again in the interest of the baéic mission of the lLaboratory for
Agricultural Remote Sensing, experiments should be carried out to measure
bi-directional scattering characteristics for leaves under stress condi-
tions and for various times in the growing season. This work will be
involved since the leaves naturally begin to curl and wrinkle under
several stress conditions including moisture stress. If, for instance,
in a moisture stress experiment the normal leaf is constrained to a
plane in the sample holder and later subjected to moisture stress while
in the sample holder, the leaf curling action would not be allowed to
cccur in the natural way. However, it would be difficult to uncurl a
dry leaf in order to fit a plane without breaking and desiroying the

leaf.

Future work could be concerned with the extension of bi-directional
scattering data for leaves to three dimensions. Experiments involving
non-zero tilt angles carried out as a part of this corn and soybean leaf
project suggest a trend for the three—dimensional data. These tilt
studies showed that the two~dimensional data plots are good indicators of

the actual three-~dimensional scattering surfaces.
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In this experiment the leaf sample was tilted in the sample holder
using the protractor to measure the angle of tilt. Effectively this
considered situations where the normal to the sample surface was not
parallel to the plane of the source and detector. This began to give
an indiéation of the three-dimensional result.

The results indicate that rotation of the two—dimensional curves
about certain axes will produce a good approximation to the actual
scattering surfaces. For normal incidence both the reflection and
transmission curves are rotated about the surface normal axes to produce
the scattering surface which correlates best with the results from the
tilt experiment. For the 15°, 30°, 45°, and 60° incidence angle
experiments, if the two-dimensional reflection data polar curves were
rotated about an axis constructed along the line of the specular angle
in each case, the resultant three-dimensional scattering distribution
function correlated well with measurements from the tilt experiment.
For the 15°, 30°, 45°, and 60° incidence angle experiments, if the two-
dimensional transmission data polar curves were rotated about an axis
constructed along the line of the angle of maximum transmission in each
case, the resultant three-dimensional scattering distribution function
correlated well with measurements from the tilt experiment. This
technique gave approximate predictions of the three—dimensional scatter-
ing surfaces. |

Bi~directional scattering studies on leaves can be continued with
several different approaches. Three possible approaches to the problem

will be suggested here with some concern being given to application of
the results. The first approach is a purely theoretical scatiering

study of the leaf structure. This could use the plane-parallel Rayleigh
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vatmosphere model as given by Chandrasekhar or possibly a rough surface
model similar to the theory outlined by Beckmann. In order to use

- either of these theories the leaf structure must be greatly idealized.
Therefore it is necessary to develop significant additional theory for
a selectively absorbing and highly inhomogeneous medium with a pseudo-
random rough dielectric surface. A numerical spproach would be to
carry out a large scale ray tracing problem on a leaf cross-section
with assumed optical parameters for the leaf components.

The basic difficulties inherent in the theoretical treatment of
the bi-directional scattering problem for leaves make it necessarily
important only for long range contribution. This treatment should be
carried on at a modestblevel for its long range value.

The second approach to the bi-directional scattering problem for
leaves is for the physical scientist or engineer to continue to collect
valid peasurements on more leaf samples. Vork could be done on more
varieties and possibly work using polarization and other experiments
could be carried out. This work would be done with modest guidance
from the life scientist in the care and selection of samples. This
approach would result in enormous amounts of data which must be put into
convenient form for analysis or statistical compilation. Kot many life
scientists would try tec look at these data and make conclusions, par-
ticularly on normal leaves with which the engineer would of necessity
be working.

This treatment of the problem, while contributing te the further
development of the instrumentation and data handling system design,

would result in a data production rate far in excess of user demand.
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The third approach to the

bi-directional scattering pProblem for
leaves is for the 1ife Scientis
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