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ABSTRACT

This thesis is an aftempt made by us to distinguish discolored wood from sound
wood and to identify characterisiics of defects by measuring optical properties of
the wood. The work is concentrated on aspen wood which is a major raw

material for paper production in Canada.

One of the largest concerns affecting the utilization of aspen is the presence of
wood decay and stain which result in discolcration or reduction of strength.
Decayed wood causes problems in pulping and bleaching in the manufacture of
paper. ldeally it should be separated from the sound wood before it enters the
pulping system. An automated recognition system of clear wood from seriously

defective wood will be of great advantage in the industry.

The samples examined were cross-sectional slices of aspen wood, each

approximately 3 cm thick, through trunks of different aspen trees.

Reflection intensities of the wood slices were measured with reference to the
standard which is the clearest among the samples. The wavelength region
investigated was 390 to 1100 nm. Higher reflection intensities were obtained for
lighter samples than darker sampies. Although the reflection intensities of brown
and clear wood samples with respect to the clear aspen wood decrease with
decreasing wavelength, there is again an increase in the violet and near UV
region with a minimum around A = 450 nm. For a sample which has black

patches, a significant difference can be seen in reflection intensities with



respect to the clear wood because its reflection intensity continuously
increases with decreasing wavelength. The best region where the brown wood

can be distinguished from the clear wood is the blue region in the spectrum.

Light transmission through thin wood samples, which were taken from the large
slices, was also measured. As in reflection measurements, the wavelength
region investigated was 390 to 1100 nm. Higher relative transmission intensities
are obtained for the clear wood than stained wood. It was also seen that there
are striking differences in transmission for both clear and stained wood when
the light enters along the grain as compared to entering across the grain.
Light travelling along the grain is attenuated much less than light travelling
acrcss the grain. Absorption coefficients were calculated and plotted against
wavelengths. Higher absorption coefficients are found for light travelling across
the grain than light travelling along the grain for both clear and discolored wood

samples.

Photoluminescence response of discolored aspen wood slices was detected in
the wave length range of 500 to 620 nm with a peak at 635 nm. It was noted that
only the edges of the certain types of discolored parts give luminescence. The
shape of photoluminescence spectrum does not depend on the type of the
disease. An attempt was made to measure decay times at room temperature
and liquid nitrogen temperature but the response times of the order of 1 ns were

too short to be resolved.
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CHAPTER 1

Introduction

1.1 Objective of the Thesis

The idea for this thesis arose out of a request of Visionsmart Inc. to measure
light reflections of aspen wood to search for useful identifiable characteristics
between sound wood and defective wood that could eventually lead to
automated defect recognition in the pulp and paper industry. The study was then
expanded to other optical properties such as transmission and luminescence as
a general interest study of easily measurable optical properties of aspen wood.
Some of the variables that were controlled were wavelength, thickness of the

wood sample, and the grain direction of the wood.

1.2 Aspen Wood Resource

In volume of standing timber, Canada’s aspen resource is very large: about 2.2
billion cubic meters. That is more than twice the volume of birch, number two in
the hardwood family, and almost five times the volume of maples. Figure 1
illustrates the widespread distribution of aspen across Canada. Aspen
represents about three-quarters of the country’s stock of poplars. Aspen growth
is particularly dense in a wide diagonal band from Northeastern British Colombia
to Northern Ontario. Alberta has 30% of Canada's total aspen resource. The
total volume of aspen in the province of Alberta is approximately 850 million m3.
Alberta’s aspen stock is approximately equal to that of the entire United States

( Macleod,1987 ).



1.3 Characteristics, Structure and composition of Wood

1.31 Macroscopic Characteristics

Macroscopic characteristics are those features visible with naked eye, or with a
hand lens capable of magnifying 10-15 times. The macroscopic appearance of
wood varies according to the plane at which it is sectioned and viewed - in
relation to the longitudinal axis of a tree.

Wood is characterized by the presence of more or less conspicuous concentric
layers, known as growth rings or annual rings. This pattern is due to the
mechanism of tree growth, which takes place by super-position of structurally
different layers. In temperate zones there is, as a rule, one such wood layer
added during @ach season of growth. Although in most species, growth rings
can be easily distinguished, in aspen and other trees of the poplar family, growth
rings are more difficult to see.

Wood is divided into two groups: hardwood and softwood. Needle-like leaves
which remain green the year around characterize softwoods. In contrast to
softwoods, hardwoods have broad leaves which generally drop in the fall. Aspen

is a hardwood in the poplar family.

1.32 Physical characteristics

In addition to the macroscopic characteristics, there are a number of other
physical characteristics, such as color, luster, odor, taste, texture, grain, figure,

weight, and hardness.

Wood ccmes in a variety of natural colors which may range from almost white to
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jet black. Although healthy aspen wood is exceptionally white in color, the
decay due to fungal attack changes its color to brown and even biack.

The grain denotes direction of wood elements. When the grain changes; ie. the
direction of the wood cells changes, we can expect differences in optical
properties of wood. It was, therefore, important to while measuring reflection and

transmission to keep the grain direction as a variable.

1.33 Microscopic Characteristics

Wood is composed of a multitude of minute units, called cells. Cells of softwood
species differ in appearance from cells of hardwood species. Although both
hardwoods and softwoods are composed of tube-like cells, the ends of the cells
are different and there is a variation in size . The ends of the cells of hardwoods
are closed and pointed while softwoods cells have closed and blunt ends. These
cells are called fibers. In addition, what we call a piece of wood contains other
type of cells called vessel members and parenchyma cells which are shorter and
wider than the fibers. The thickness of walls of fibers varies depending on the
species. Length of the fibers also varies between species, ranging on the
average between 1 and 2 mm ( exceptionally 0.5 - 2.6 mm ). Diameters range

from about 0.01 to 0.05 mm.



1.34 Composition

1.341 Elementary Chemical Composition

With regard to elementary chemical composition there are no important
differences among woods. The principal chemical elements of wood are carbon
(C), hydrogen (H), and oxygen (O); small amounts of nitrogen (N) are also
present. In addition to the above, there are small amounts of mineral elements

such as calcium (Ca), potassium (K), and magnesium (Mg).

1.342 Organic Components

Carbon, hydrogen, and oxygen combine to form the principal organic
components of wood substance, namely cellulose, hemicelluloses, and lignin.
These organic components of wood are not simple chemical entities that can be
identified. The terms (cellulose, hemicelluloses, etc. ) are generic, and each

includes a number of chemically related compounds.

Cellulose, a high molecular weight polymer, which appears in the wood cells, is
synthesized directly from units of glucose. Glucose molecules are linked

together to form long cellulose chain molecules.

Hemicellulose, a relatively low molecular weight polymer , which also appears
in the wood cells, is synthesized from other sugars (eg. glactose) along with

glucose. Both cellulose and hemicellulose are carbohydrates.



Lignin is a polymer complex and high molecular weight polymer composed of
carbon, nitrogen, and oxygen. Lignin occurs between individual cells and within
the cell walls. Between cells, it serves as a binding agent to hold the cells
together. Within cell walls lignin is intimately associated with cellulose and

serves to impart rigidity to the cell.

1.4 Wood chemistry of Aspen

Unusual wood chemistry is the feature which distinguishas aspen from all the
other important wood species in Canada. Figure 2 shows that in genera! terms,
cellulose accounts for more than 50% of aspen wood, while the lignin content is
typically 20% or less. Total hemicellulcse content is about 30%. The
corresponding values of several other common wood species are listed in Table

1, from which it is apparent that, in chemical terms, aspen is unique.

Table 1
Cellulose Lignin Hemicellulose
Trembling Aspen 53 16 31
Red maple 44 24 32
Balsam Fir 45 29 26
Jack Pine 42 29 29

White Spruce 45 27 28



Two simple consequences stem from aspen’s chemical composition. First, the
low lignin content. Low lignin content means that aspen wood can be softened
or delignified more easily than any of the other wood species in Table 1. Thus
chemical pulping can be fast and efficient. Second, the high cellulose content in
the wood leads to comparatively high pulp yields from chemical processes.
These things go hand-in- hand.

It is also true that sound, fresh aspen wood is an exceptionally *white* wood; as
a consequence, pulps made from it are relatively light in color even before any
chemical bleaching or brightening is done. But it is very imporiant to note that
biological decay and stain can greatly reduce the brightness of the wood and

therefore that of the pulp.

1.5 Decay and Stain

Large numbars of species of fungi are known to cause or to be associated with
the decay in aspen (Lindsey and Gilbertson 1978). Most are decay fungi of
standing dead or failen trees and are minor importance to live aspen. Seventeen
species of fungi have been :ientified which cause decay of standing live aspen

(Thomas et al. 1960).

1.51 Categories of wcod defects

1.511 Traditional classification
A widely used traditional classification system categorizes wood defects as
incipient decay, advanced decay, and stain. In incipient decay fungi eat up all

the lignin in fiber wall and leave cellulose behind. Therefore, within the pulp and



paper industry, incipient decay does not do any harm. After the initial attack of
incipient decay where the fungus has just entered the fiber, and has eaten part
of the lignin and some of other sugars, the cellulose structure itself is now
attacked. Therefore two effects occur: one is the reduction of material; and the
second, a degradation or reduction of the intrinsic strength of the fiber. This
traditional classification has created problems in judging and recording wood
defects in aspen. There is no clea: agreement on the classification of decay and

stain into these categories for the measurement processes of decay.

1.512 New Classification System

Five major categories of wood defects have been described in detail for the
purpose of decay and stain measurements by Hiratsuka,Y, Gibbard, D. A. ,
Bakowsky, O., and Maier, G. B. (1990). The classification which is shown in

Table 2 involves both visual characteristics and hardness of the wood.

i. Type A

This category is characterized by a prominent black line that surrounds and
often occurs within decayed areas. The rot, caused by a fungus, is white,
spongy, and soft. Most of the category of advanced decay of the traditional
classification system was likely caused by this fungus. This defect is
characterized by a long decay column, frequently continuing along most of the
main stem, less frequently in the bottom part of the trunk. Extensive decay of

this type usually occurs more than 2 m abcve the ground.



ii. Type B

The yellow, stringy rot is often covered by dark brown fungal material mixed with
wood. Black shuestring - like fungal structures are often found within and around
the decay. The Type B defect occurs only at the bottom of the tree and tapers

off quickly, seldom extending more than 1 m above the ground.

iii. Type C

This category of defect is characterized by a general discoloration of the wood
along with pockets of decay throughout the affected column. Decay and
discoloration of wood classified as Type C are conspicuously pink to brownish
pink and can occur along large columns of soft structural decay, and most of the
affected wood stays relatively firm. Although hardness in general may not be
reduced significantly, the infected wood may be more brittle than sound wood.
Fibres of the affected areas often pull out, and cut surfaces have a rough
appearance, while the adjacent sound wood cuts cleanly. A distinct splitting of
wood often occurs between affected ~nd healthy wood areas, causing a
shrinkage and separation of annual rings. The Type C defect was recorded as

incipient decay or stain under traditional classification system.

iv. Type D

All heartwood stains caused by fungi, bacteiia, and non biotic factors which do
not reduce wood hardness as in Types A, B, and C are categorized as Type D.
Because Type D defects are caused by various biotic and abiotic agents, they

are variable in distribution and extent.



v. Type E
This shcws grayish and blackish sapwood stains that often develop in stored
logs. These stains are caused by blue stain fungi. Type E stain typically

develops from the log ends or damaged bark of the cut log.

1.6 Background and Objectives

If the decay is not particularly severe, it may cause only minor problems in
pulping and bleaching. But, the more extensive the decay, the more severe the
pulping problems: retarded delignification rates, lower pulp yields, darker pulp,
more difficulty in bleaching, loss in pulp strength. Obviously the economic
picture deteriorates as well. It is virtually impossible to harvest only the sound
aspen trees, because the presence and extent of decay cannot be determined
reliably in the standing trees. In fact, all the trees should be removed to facilitate
regrowth. If the decay represents a large proportion of the wood mass, the
decayed wood ideally should be separated from the sound wood before it enters

the pulping system.

1.7 Samples

Ten cross-sectional slices, each approximately 3 ¢cm thick, through trunks of
different aspen trees, were given to us by Visionsmart Inc for testing, without
specification of their defects. Table 3 gives a brief description of each slice as
noted by an observer who is unfamiliar with aspen wood and its diseases. More
recently, after we made our measurements, all ten samples were taken
to Y. Hiratsuka ( Forestry Canada ) to identify the category of defects. Of all

samples, only the four listed in Table 4 could be clearly categorized.
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Figure 2

Chemical composition of aspen wood
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Table 3

Slice of 2° thick, 6° diameter
Rotten center is dusty: fibers no longer stick together

Slice of 2" thick, 6" diameter
Old, dry wood with crack from the edge toward the center
Brown spot in the very centre

Slice 2* thick, 9" diameter
Dusty in the inner diameter portion
Black figuring in more solid wood

Slice 2" thick, 5" diameter
Small dark spot in the very center otherwise looks uniformly
clear

Slice 2" thick, 6.5" diameter
Fairly clean but has some greenish grey rings, 3.5" diameter

Slice 1.25" thick, 7" diameter
Dusty region near center and a brown region from a rotten
branch

Slice 2" thick, 6" diameter
Some dusty sections, some light brown stain

Slice 2" thick, 8" diameter
Combination of blemishes: green-grey and dark brown

Slice 2" thick and 10" diameter
Deep crack from the bark inward

Most of the area covered by large odd shaped stains

Generally looks clean



Category of defects

Table 4

Type A
W-9

Designation of the sample

W-3

Type C
W-5
W-8

14
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CHAPTER 2

Reflection Measurements

2.1 Background

The appearance and smoothness of the surfaces of the pure and discolored
wood slices described in Table 3 are not the same. Since the reflection depends
upon the color, the reflection characteristics of aspen wood were the starting

point cf the study.

2.2 Equipment and Procedure

Reflection intensities were measured using the experimental layout illustrated in
figure 3.

A focused beam of white light enters through the slit of the monochromator. The
beam is dispersed by the prism. Adjustment to the prism allows the operator to
select a narrow wavelength range at the output slit. This selected light is passed
on to either the sample or the reference after which the reflected light falls onto a

phototube where its intensity is measured.

Light Source
A 55W ( 12V ) quartz halogen automobile head lamp was used. ( Model No:
TUNGSRAM 50340 ). Itis a bright source useful from the UV to near IR.
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Monochromator
This mirror double monochromator-F/G ( Kipp & Zonen ) uses two flint prisms
( approximate refractive index 1.5, rsfractive angle 54° ) to disperse the light.
Figure 4 shows the internal optical arrangement.
A rotation of the prisms allows the selection of narrow wavelength intervals from
the near ultra-violet to the near infrared region. Mirrors, instead of lenses, are

used to eliminate chromatic aberration within the instrument.

Detector

The detector was a RCA 7102 S-1 response photomultiplier (PMT) working at
1200 volts delivered by a high voltage power supply ( model PMT2N10KA,
Speliman Highvoltage Electronics Corporation ). The wavelength sensitivity of
the PMT, although optimized for IR, limits the measurements to a maximum
wavelength of 1.1um. The typical response curve for a S-1 response tube is

illustrated in figure 5.

Amplification and Noise Reduction System

The chopper was used to convert the constant intensity light source into one
whose intensity alternates at a well defined frequency. The lock-in amplifier then
only amplifies that part of the signal that has the correct fundamental frequency

and phase as defined by the chopper.



20
Sample Holder and Assembly
The side view of the sample assembly and the sample holder are illustrated in
figure 6. The quasi-monochromatic light from the exit slit was allowed to fall on a
sample holder 35 mm away and inclined to the optical axis by 30°. The detector
was mounted at right angles to the beam emerging from the exit slit, thus giving
an angle of reflection of 60°, avoiding specular reflection angles. No lenses or

mirrors were used between the exit slit and the detector.

The sample holder was a slider of aluminum with two identical round holes, 13
mm in diameter, large enough not to block any of the light from the exit slit. The
wood sample was mounted against and behind one hole; the reference was
mounted behind the other hole. The slider was constrained to move between
accurately placed stops, allowing rapid and reproducible reflection comparisons

to be made.

2.3 Samples

Each cross sectional slice through the tree trunks, W-1 to W-10, had regions of
varying quality, some completely clear, some with different stages of fungial
attack. From each of these larger slices, we cut small, smooth pieces,
approximately 1 x 1 cm? in area from areas we considered to be representative

of the various defects found on the slice.
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Fgure 6

Schematic dlagram of sample hoider and assembly
for reflecion measurements
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2.4 Results and Discussion
The most uniform, whitest cross sectional slice, W-4, was selected as a
standard. lts reflection was measured against a white ceramic surface (figure 7).
Since we were interested in determining deviations from “clear® aspen wood in
the defective material , we subsequently made all further reflection
measurements with a sample of W-4 as the reference standard. Different
samples from W-4 when compared to each other agreed in reflection properties

to within one percent.

Reflection measuremants on W-3, W-5 W-8, and W-9 vs wavelength are shown
in figures 8, 9, 10, and 11. All curves, except W-3 which has black patches,
show that the relative reflected intensity for the discolored wood is lower than
for the clear wood. According to Hiratsuka (table 4), W-3 and W-9 wood
samples are classified as type A and W-5 and W-8 wood samples are classified
as type C. Although reflection intensities with respect to the clear aspen wood
decrease with decreasing the wave length, there is again an increase in the
violet and near UV region with a minimum around A = 450 nm. The sample
taken from W-3 which has black figuring (Type A) was different from light brown
and rot in the same wood slice. Its reflection intensities increase with
decreasing wavelength over the entire range as compared to the clear wood.
The surface of that sample, W-3 with black patches, was very smooth and

harder than the other two samples of W-3.

in addition to the samples described above, other samples were also examined

for reflection characteristics. Intensity curves of brownin W-6 and brown in
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W-10 were the same as the brown in W-8. A clear sample of W-10 with
light brown patches had the same characteristics as W-3 with black patches.
The greatest deviation of reflection intensities between brown wood and clear
wood is in the blue region of the spectrum whare the clear wood has higher

reflection intensities than brown wood by as much as 50%.

Since it was important to know whether the reflection intensities with respect to
the clear aspen wood depend on the smoothness of the wood sample, some
samples were tested after sanding by different grades of sand paper. Although
reflection intensities of freshly sawn W-7 - sample measured with respect to the
clear wood decrease with the wavelength, reflection intensities of a sample after
being sanded by 240 sand paper continuously increases with decreasing the
wavelength similar to the sample of W-3 with black patches { See figure 8).
When the surface of the wood is sanded, the reflection of light is the result of
scattering due to small particles. Since the scattering depends on the inverse of
fourth power of wavelength, the reflection intensity increases with decreasing
the wavelength. When the sample is sanded, the spacings of the wood fibers on
the surface of the samples are covered by the small wood particles. Due to that
fact, the amount of light which enters the wood along the fibers decreases and
reflection due to scattering increases. Therefore, reflection is higher when the

sample is sanded and increases with decreasing of wavelength.

Also to check the effect of the grit size of the sand paper used for the sanding,
one sample sanded with 240 grit carborundum and an other with the very coarse

50 grit garnet were compared with respect to reflection intensitias. There were
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no noticeable differences between them. In both cases, the spacings between
fibers on the surfaces of the samples are covered by the particles of wood dust
which decreases the light entering into the wood. Regardless the size of the
wood particles made from 50 grit gamat and from 240 grit carborundum, all
particles block the light which enter to the fiber. Also, the reflection due to
scattering does not directly depend on the size of the particles. Therefore, the
reflection intensities of the samples sanded by two different grades of sand

paper are expected to be similar.

Moisture content is very important, because in light woods tha weight of
moisture may exceed by many times the weight of wood substance itself.
Moisture is also subject to continuous variation when wood is exposed under
varying atmospheric conditions. It was suspected that the reflection
measurements of wood was depend on the moisture content of wood. Therefore
reflection measurements, always with respect to the ciear aspen wood, were
taken for a light brown sample and then for the same sample after soaking it in
water for one day. There was no noticeable difference in reflection
measurements with respect to the clear standard W-4 sample before and after

soaking in water.

In addition to measurements of refiecticn intensities of pieces of the sawn and
polished wood slices, it was decided to use small chips of aspen wood from the
pulp mill just before they enter the puiping process. Chips do not possess a
specific shape or smooth surfaces. Here too we used W-4 as the standard. Two

sets of reflection intensities of each were measured, one with incident light
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hitting the surface along the grain; ie. the plane of the incident light and reflected
light is parallel to the grain and the other with the light hitting across the grain;
ie. the plane of incident light and reflacted light is perpendicular to the grain. For
a very clear chip reflection intensities are almost same for both the horizontal
and the vertical grain measurements with respect to the incident light. For a
stained chip, the reflection intensities of vertical grain measurements are higher

than that of horizontal grain measurements with respect to the incident light.

The results of reflection measurements from chips were basically similar to the
reflection measurements from sawn wood samples. Reflection measurements
from clear chips with respect to the clear aspen wood were the same as that of
the clear slices. Reflection intensities of discolored chips as compared to the
clear aspen wood decrease with decreasing wavelength and there is again an
increase in the violet and near UV region with a minimum around A = 45C nim,
the same result as was found in the slices. When the color of the chips gets
darker and darker, the slope of the curve in reflection intensities between 450 -

1100 nm increases gradually.
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CHAPTER 3

Transmission Measurements

3.1 Background

While making luminescence measurements on various pieces of aspen wood
( which will be described later ) , it was noticed that He-Ne laser light penetrated
as much as 1 cm of wood. The visibility of the laser light on the opposite side
appeared to depend on both the direction of grain and the quality of the wood.
Although transmission measurements are likely to be far more difficult to apply
to automated monitoring of large quantities of wood than reflection
measurements, it was considered to be of scientific interest to make a
systematic investigation of transmission characteristics of sound and defective

wood as a function of wavelength and direction of grain.

3.2 Equipment and Procedure

The experimental set-up for measuring transrnission intensities is shown in
figure 12. The equipment used for the reflection measurements was, except for
the sample holder and the sample assembly, the same as that described in

section 2.2 .

Sample Holder and Assembly
The sample holder was a slider of brass with a hole of 3 mm in diameter. The
sample was glued on and behind the hole. The slider can be shifted by pulling or

pushing on a wire. This assembly allowed the beam to pass either through a
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Fgurs 12 - Experimental satup for transmission measwrements
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wood sample or unimpeded through a 3 mm opening (figure 13). This allows the

two factors of the transmission ratio to be measured within a short period.

3.3 Sample Preparation

For the transmission measurements we concentrated on segments of slice W-9.
Since samples of more than 10 mm thickness do not give reliable transmission
intensities to measure, we started with samples not more than 8.75 mm thick,
and, after each set of measurements, reduced the thickness with sandpaper.

Wood dust on the surface was removed by a blower.

We always took two samples from the same portion of the wood and cut them
such that in one sample light travels along the grain, and in the other across the

grain.

3.4 Resuits and Discussion

The behavior of transmission ratios with respect to thickness at different
wavelengths for samples of the wood slice designated as W-9 is shown in
figures 14, 15, 16, and 17. Figures 14 and 15 were obtained for the pieces of
clear wood and figures 16 and 17 were for the discolored wood. Figures 14 and
16 show the results with the incident light along the grain, while 15 and 17 were
measured across the grain.

It can be seen that there are striking differences in transmission for both clear
and stained wood when the light enters along the grain as compared to entering
across the grain. Light travelling along the grain is attenuated much less than

light travelling across the grain which confirms the results of Mathews (1976).
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For the discolored wood samples, transmission ratios are very difficult to
measure for thicknesses greater than 6.7 mm. The variation of absorption
coefficients of W-9 vs wavelength is shown in figure 18. Absorption coefficients

( a ) were calculated according to the following equation.

=1 oot

transmitted intensity

incident intensity

t = thickness of the sample in mm

absorption coefficient in mm™?

R
i

For clear wood the two curves for iicident light along the grain and across the
grain, behave in the same manner as a function of wavelength, but there is a
consistently higher absorption coefficient for incident light across the grain. It
~an also be noticed that for the wavelength shorter than 690 nm, the discolored
wood has a higher absorption coefficient than clear wood. All four curves

showed higher absorption coefficients for shorter wavelengths.

3.5 Transmission Analysis

We have constructed a model to do a computer simulation of the transmission of

light through wood.

3.51 Assumptions

Due to the complicated structure of the wood, we made the following simplifying

assumptions,
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. Wood consists of a single cell type, henceforth referred to as fibers (even
though all wood mass is made up of a variety of different cells called fibers,
vessel members, and parenchyma cells) and even though light transmission
may occur more through the other types of celis (vessel members ) than
fibers.

ii. Wood fibers are cylindrical in shape and they are aligned parallel to the tree
as shown ir the figure 19.

iii. The diameter of the wood fiber is greater than the wavelength of the incident
light.

iv. Wood fibers consist of an isotropic, transparent, and homogeneous

medium.

3.52 Calculations

As shown in figure 20 , it was assumed that light rays enter each fiber as a
parallel beam perpendicular to the axis of the cylinder. Furthermore, according
to the basic laws of reflection and refraction, the incident, reflected, and
refracted rays all lie in the plane of incidence. Therefore, for the calculations,
only one plane, the plane of incidence, was considered.

When a plane monochromatic light wave is incident on a surface separating two
isotropic media, its E ( electric field ) and B ( magnetic field ) can be resolved
into components of parallel and perpendicular to the plane of incidence. In our
calculations, only the case of E perpendicular to the plane of incidence was

considered for simplicity.
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Figure 19

Alignment of fibers In a tree
as assumed In the wood
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For a light ray impinging on a surface with its E perpendicular to the plane of
incidence, the amplitude of the reflection coefficient ( r ) and the amplitude of the
transmission coefficient ( t ) are given by following expressions which are

derived from Maxwell's equations.

n; cosB; - ny cos6y

nj cos@; + ny cos6y

2n; cosO;

n; cosO; + N cosby

n; = index of refraction of the incident medium
ny = index of refraction of the refracted medium
; = incident angle

6y = refracted angle

As shown in figure 20, when the incident light enters the "fiber®, part of it reflects
while the other part refracts and penetrates the *fiber® where it undergoes
numerous additional reflections and refractions. Since the *fiber” is assumed to
be cylindrical in shape, the amount of incident light per unit surface area of the
fibar is not the same along its circumference as shown in the figure 21. Hence
the actual energy per unit area which strikes the surface is the beam intensity

multiplied by the cosine value of the angle as measured with respect to the
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direction of the incident light (Figure 21). The computer program written for

intensity output calculations is given in appendix 1.

3.53 Results and Discussion
Since the intensity of the light is greatly reduced by the reflections and

refractions due to the reflection coefficient (r) and the transmission coefficient (t),
only the first few terms were considered for calculations.

Refractive index n; was taken as 1 (for air) .

The graph for relative transmitted intensity from the fiber against the angles ( 0°
- 360° ) measured with respect to the direction of incident light is shown in figure
22. Since the refractive index of wood is unknown, the calculations were made
for refractive indices (iy’s) 1.3, 1.5, and 1.7. It can be seen that the transmission
is highest at the angles where the light travels straight through the fiber.

The ralative light intensity after the first external reflection and the transmitted
light intensity after the first, second and third internal reflections can be seen in
figure 23 where the calculations were made for n = 1.5. The highest relative
transmitted intensity including the peak forward intensity is given by the
transmission after the first internal reflection. The relative transmitted intensity
after the third internal reflection is considerably smaller. The total relative
transmitted intensity which was calculated by adding the intensity in each 6°
intervals can be seen in the figure 24. The discontinuities of the transmitted
intensities in figure 24 can be explained; ie. the transmission at the first internal
reflection does not occur at some angles at which the first external reflection

occur.
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'f we take the transmitted light which comes out within 15° of the incident light
directiui, we get an approximate value of 40% of the intensity. Now assume that
the light rays which come through within 15° of the incident light direction are
close to being parallel to the incident light. If that 40% of transmitted light from
the first fiber at the first layer hits the second fiber at the second layer, again
40% of second fiber's incident light will be transmitted to the third fiber at the

third layer.

If we take a = 0.75 mm-1 ( from the figure 18 ), the thickness of a single fiber
can be calculated using the following equation which was introduced in section

34;

=1, e o4

ot =-In(1/1,)

where | /1 = 0.4 for n = 1.5 and t = thickness of a single fiber layer
Calculated value for the thickness of a single fiber layer = 1.2 mm
The light which travels at angles greater than 15° of the incident light direction is

considered to be scattered in the wood.

For completeness of the calculations, an absorption coefficient of the wood
should also be included since real wood is not perfectly transparent even though

we assumed it to be so in our calculations for the sake of simplicity.






Fgure 21

Decrease of energy for two arbitrary incident light rays
per unit area with respect to the angle of incidence
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CHAPTER 4

Luminescence Spectroscopy

4.1 Background

Itis well known that some wood will luminesce under UV excitation after fungal
attack. ( Harring, 1978 ) This luminescence is in fact easily seen as a yellowish
glow in the dark when the wood is exposed to a UV source.

The question we wanted to answer is if different defects in aspen have a
different response in either the wavelength or the response time which could be
used to distinguish between defects and adapted for automated defect

recognition.

4.2 Equipment and Procedure
The luminescence intensity and the decay time were obtained by using the

experimental setup illustrated in figure 25.

Monochromator
The MP1018B ( Pacific Instruments ) monochromator uses the reflective
diffraction properties of a grating to spread out the spectrum of the incident light.

This is in accordance to the grating equation ;

d(sin® +sini)=nA
d - the distance between lines

0 - the angle of diffraction
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i - the angle of incidence
A - the wavelength of the beam of interest

n - the order of diffraction

Detectors

| Photomultiplier

The detector was an S-1 response PMT ( RCA 7102 ) working at 1200 volts
delivered by a high voltage power supply ( Northeast Scientific Company, model!
RE-2002 ). During the experiment, dry ice was used to cool the PMT to reduce

the noise. The response curve for a typical S-1 tube can be seen in figure 5.

ti. Photodiode

A photodiode was used as a trigger to measure the arrival time of the laser

pulse.

Laser
The excitation source used was a nitrogen laser ( model PRA LN 1000 ) with
pulse duration of 1ns and maximum repetion rate of 10 pulses per second.

Wavelength of the laser was 337 nm.

Data acquisition system
The data acquisition system basically consisted of a peak detector, an 8-bit
analogue-to-digital convertor ( ADC ), a monochromator drive unit, and a

computer.
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The data acquisition sequence involved the amplification of the output current
from the photomultiplier, followed by finding and holding the maximum level for
a sufficient length of time to allow for analogue-to-digital conversion by an ADC.
Typical 8-bit conversion time was less than 20 us. At the end of the conversion,
the datum was stored by the computer. Data could be accumulated for a preset
number of laser triggers for a particular wavelength setting, on completion of
which, the data were sent to the computer ( TKD 8006952, Wugo Technology )
for storage. At the end of data transmission, the whole sequence was repeated
at a new wavelength setting selected by the computer, until the final wavelength
( preset by the operator ) was reached. This system enabled the whole emission

spectrum to be collected automatically.

4.3 Samples

Since all spots on the edges of the discolored parts of the slices did not give the
same luminescent intensity, we chose as our samples those which gave the
highest luminescence under UV excitation. Therefore, from among discolored
wood samples described in Table 3, we used pieces of discolored wood from
the slices designated as W-3, W-7, W-8, and W-9 for our luminescent

measurements.
4.4 Results and discussion
4.41 Luminescence Intensity

After amplifying the output signal of the PMT and converting it to a binary signal

by the ADC, the luminescent intensity was recorded with the wavelengths in the
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computer. The wavelength range investigated was from 500 to 620 nm. A UV
pass, visible blocking filter ( corning glass CS 7-37 ) was placed in the incident
beam to eliminate visible light falling on to the sample. 5§ mm thick plexi glass
was placed in front of the monochromator in order to block UV while allowing
visible light to pass through. Since the readings of the iuminescence intensities
depend upon the wavelength sensitivity of the phototube, the measured
intensities were corrected by using the sensitivity curve of the PMT ( figure 5 ).
Luminescence intensity curves representing W-3, W-7, W-8, and W-9 are shown
in figure 26. The maxima of the W-3, W-8, and W-8 curves were normalized with
respect to W-7. It can be seen that all the curves have maximum intensity
around 535 nm. Even though the fungi are said to be different in different
stained samples, the samples exhibit the same shapes in emission spectra and
the maximum luminescence intensity occurs at the same wavelength. Therefore,
the luminescence byproducts in decayed wood are very likely the same

regardiess of the fungi involved.

4.42 Decay Time

At the wavelength of maximum intensity, we attempted to measure the decay
time at room temperature and liquid nitrogen temperature using a high speed
digital oscilloscope ( Tektronix TDS 420 ). The graphs obtained for the decay at
535 nm are shown in figures 27, 28 at room temperature and in figures 29, 30
at liquid nitrogen temperature for W-3 and W-7. In both graphs, the decay times
were too short ( 1 to 2 ns or less ) to be resolved satisfactorily. It was noticed
that there was higher luminescence intensity when we cooled the samples to the

liquid nitrogen temperature, but there was no noticeable change in decay time.
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5. Summary AND DISCUSSION
Aspen is the major raw material for paper production in Canada. Its low lignin
content and intrinsic whiteness make it an ideal wood if only it were consistently
disease free. Unfortunately various forms of decay and stain create processing
difficulties, and automated recognition and rejection techniques of seriously

defective wood before pulping takes place would be advantageous.

A series of laboratory measurements were done on samples of clear and
discolored aspen wood to find optical characteristics which, at some later stage,
could be applied in industry to reject unsound wood. In addition to that, the study
was expanded as a matter of general interest to transmission and luminescence

measurements and theoretical calculations.

Three different optical properties of aspen wood were investigated. We
measured reflection spectra, transmission spectra, and luminescence. Of these
three, the reflection spectra appear to be the most applicablse. It is found that the
reflection intensities of clear wood samples are higher than that of darker
samples confirming the reflection measurements of Klapstein, K. P., Weichman,
F.L., Bauer, W. L., and Kenway, D. J. (1989) for other wood species. Although
reflection intensities with respect to the clear aspen wood decrease with
decreasing wave length, there is again an increase in the violet and
near UV region with minima around A = 450 nm. A significant difference in the
reflection intensities can be seen for the sample which has black patches. Its
reflection intensities increase with decreasing wavelength over the entire range

as compared to the clear wood. In retrospect we should have examined more
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samples from the wood with black patches to be able to classify the wood with
black patches having consistently different characteristics from other parts of the
wood. One general conclusion can definitely be drawn. The best wavelength
region where the brown wood can be distinguished from clear wood by
measuring reflection intensities with respect to the clear wood is the blue region
in which clear wood has higher reflection intensitieas than brown wood by as

much as 50%.

Transmission measurements show no promise in the field, they are however of
interest in a more basic sense. We have measured transmission intensity ratios
of light of different wood samples with respect to the thickness at different
wavelengths and found significant differences between clear and
defective specimens. Transmission intensities are higher for clear wood than for
the defective wood. There is also a very significant difference between the
transmission of light along and across the grain. Light travelling along the grain
is attenuated much less than light travelling across the grain. Light travelling
along the grain means light travels the length of the wood fibers while light
travelling across the grain means light travels across the fibers; ie. across fiber
walls. Since the part of light is reflected each time when light travels across the
fiber walls, the transmission intensity of light travelling across the fibers is lower

than light travelling along the fibers.

As a supplement to the experimental work, we have also done some computer

modelling on an oversimplified wood-like structure to see if and how the concept
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of an absorption constant makes sense in specifying the transmission

characteristics of wood.

In our calculations of transmission, when the total relative transmission intensity
was calculated, only the amplitude of the light waves has been considered. The
intensity of the wave is directly dependent on not only the amplitude but also the
phase. Butin the case of real wood, since the surface is irreqular, interference
cannot be expected to be important. Therefore, the inclusion of the phase

information is irrelevant.

When light travels through the wood fiber, some part of the light is absorbed by
the wood due to its absorption coefficient. in the calculations, the loss of light
which is absorbed by the fiber was not considered. Also only the case of E
perpendicular to the plane of incidence ( E; ) was considered in the calculations
for simplicity. E parallel to the plane of incidence ( E; ) should have been
calculated separately. For the smaller angles of incidence with respect to the
incident light, there is not much difference between amplitude coefficients of
reflection and transmission for the two cases of E; and E; . But, for higher
incident angles, E; cant be nejlected because the difference between
amplitude coefficients of reflection and transmission for the two cases of E; and
E// are considerably larger for larger angles. Figure 24 shows the calculated
transmission intensities over a range of angles ( -180) - 180 for E;. Therefore,
a difference can be expected in E; and Ej for larger angles. However, in the
calculation of the absorption coefficient, transmission intensities from only the

middle portion of the graph; ie. small angles of incidence with respect to the fiber
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structure, were considered. Therefore, no significant difference in absorption

coefficient is to be expected had E; been included.

For the experimental value of absorption coefficient of 0.75 mm™1, the calculated
value for the thickness of a single fiber is 1.2 mm in our model, where the
refractive index was taken as 1.5. The actual diametars of the fibers are in the
range of 0.01 to 0.02 mm. If the value of absorption coefficient had been
calculated using a more realistic value for the diameter of the fiber, we would
predict absorption coefficient as 60 mm-1for n=1.5 although the measured value
is in the range of 0.5 to 1.5 mm-1. In the calculations, only the incident light
entering to the fiber as a parallel beam perpendicular to the axis of the fiber was
considered but the other light coming from the adjacent fibers was not included.
If the light coming from the adjacent fibers is also included in the calculations, it
can be guessed that the light transmission intensity will somewhat higher. The
more the transmission, the lesser the value of absorption coefficient we get.
However, the discrepancy between measured and calculated absorption

coefficient is too large to ignore.

We have repeated the transmissions calculations for n=1.1, and found that
about 60% of the incident intensity comes out within 15° of the incident light
direction instead of 40% for n=1.5. Since more light is transmitted, we get lower
absorption coefficient than for n=1.5. To create a better match between theory
and the experiment, the effective refractive index should be decreased even
further. One way to reduce the effective refractive index, is by assuming that the

fibers are immersed in water or a liquid of refractive index closer to the refractive
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index of the fiber since the effective refractive index is the ratio of refractive
index of fiber to that of the liquid . This also makes sense in reality because

wood contains a large amount of water.

Abnormalities in wood complicates the structure of wood. Deviations from
normal are not uncommon, because trees are living organisms and are subject
to various influences through their span of life. Therefore, when reflection and
transmissions measurements are made, these abnormalities can cause
noticeable differences. For an example, if a knot is present inside of the sample
of wood, the grain direction can be completely different than expected and also
the reflection intensities may be noticeably decreased. Please note that in these

studies, samples were carefully chosen to avoid such structural abnormalities.

The model constructed for the transmission calculations needs major
modification to pradict the reflection measurements for light travelling across the
grain. In the transmission measurements, the incident light falls on the fiber
making an angle 90° with the layer of fibers when light travels across the grain.
But in the case of reflection measurements for light travelling across the grain,
incident light falls on the fiber making an angle of 30° with the fiber layer. The
reflection intensity at 90° direction with respect to the that incident direction can
be calculated by the model for a single fiber. But, when we consider a layer of
fibers, some incident light and some reflected light is blocked by the adjacent
fibers when the incident angle is 30° with the fiber layer. Therefore, more time
should have been spent to do a major modification to the model of transmission

behavior to calculate the reflection characteristics.
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In considering this model; howsver; it is important to emphasize the simplifying
assumptions, especially that wood consist of a single cell type ( referred as

*fibers® and that transmission of light is similar through radial and tangential

sections of wood.

Finally, luminescence measurements were made as a function of emission
wavelength for different wood samples. It could be seen that all luminescence
spectra for different samples with different diseases exhibit the same shapes
with a common peak at 535 nm. Since it is known that the luminescence
intensities are higher, show more structure and that the decay is usually slower
at low temperatures, it was decided to check the luminescence intensity and
decay time at 77°K (-192°C ). This low temperature was chosen because it ‘s
the boiling point of liquid nitrogen and liquid nitrogen is readily available and
easy to use. Although the dacay times of the samples at room temperature and
liquid nitrogen temperature were too short to be resolved, higher luminescence
intensity was noticed at liquid nitrogen temperature. Luminescence, although
found to be strongest in defective wood, is not localized in those parts of the tree
which are of concem to the paper making process. It was noticed that
luminescence does not only appear in the defective wood but also can be seen

at the edges of the rotten parts and in some areas of white wood.
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APPENDIX 1|
CLS
10 INPUTR
20 FOR X =.001 TO R STEP .001
30 A=(X/R)

40 B=SQR (1-A*2)

50 D=X/(1.3'R)

60 C=SQR (1-DA2)

70 R(1)=(B-(1.3'C))/(B+(1.3°C))

80 R(2)=-R(1)

90 t(1)=2*B/((1.3'C)+B)

100 t(2)=2*1.3"C/((1.3°C) +B)

110 E=A/B : F=D/C

120 G = ATN(E) * 57.29578 : H= ATN(F) * 57.29578

130 LPRINT "X="; X; "& INCIDENT ANGLE="; G

140 LPRINT 2°G; TAB(15) ; R(1) A2

150 LPRINT 180 + (2*(G-H) ) ; TAB(15); ((t(1)*%2))2)* B
160 LPRINT 360 + (2*(G-2*H) );TAB(15) ; ((t(1)*t(2) *R(2) }*2) * B
170 LPRINT 180 + (2*(G-3"H)) ;TAB(15); ((t(1)°*t(2)*(R(2)}*2y*2 ) * B
180 LPRINT 360 + (2*(G-4*H)); TAB(15); ( (t(1)"1(2)*(R(2)}*3)"2) * B
190 LPRINT

200 LPRINT *X="; -X; *& INCIDENT ANGLE="; G

210 LPRINT (360 - 2'G); TAB(15); ( R(1) }A2

220 LPRINT 180 - 2*(G - H) ); TAB(15) ; ( (4(1)*t(2))*2) * B

230 LPRINT -(2*(G - 2*H) ); TAB(15); ( (t(1)'t(2)*R(2) *2) * B
240 LPRINT 180 -(2(G - 3*H) );((t(1)*t(2)*(R(2)*2)*2 ) * B

250 LPRINT -(2*( G - 4 *H) ); ( ({(1)"1(2)*(R@))'3*2) * B

260 LPRINT

270 NEXT X

280 END

IA



