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ABSTRACT 

The distribution of moisture content in specimens of Eucalyptus regnans at various stages of drying 
from the green state has been measured using a direct scanning gamma-ray densitometer. Densitometry 
results obtained using 59.5 keV gamma-ray photons were compared with data obtained from matched 
specimens using a conventional slicing and weighing technique. Preliminary results of a shrinkage 
distribution analysis are presented for the first time. A detailed discussion of the theoretical and 
experimental aspects of the scanning densitometry technique is given together with a description of 
the instrument constructed for this work. 
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INTRODUCTION 

The process of collapse-checking in Austra- 
lian eucalypts is not well understood. Exten- 
sive studies of wood collapse in typical col- 
lapse-susceptible species such as E. regnans 
and E. delegatensis have clearly established the 
influence of moisture distribution on collapse 
development. It is also generally accepted that 
a lower degree of degrade (check development) 
occurs when moisture gradients are not severe, 
particularly during the early stages of drying. 
Ilic (1 983) reported relationships between wood 
anatomical features and collapse oflow density 
eucalypts and showed that samples with a large 
proportion of thin-walled earlywood fibers and 
with large earlywood-latewood density con- 
trasts exhibited a high incidence of internal 
collapse-checking. The measurement of mois- 

ture distribution and density of wood during 
drying should help to provide a better under- 
standing of the collapse-checking process. 

Quantitative measurements of moisture dis- 
tribution in wood during drying have tradi- 
tionally involved the invasive and destructive 
method of weighing thin slices cut from a spec- 
imen. The technique can be used to determine 
shrinkage behavior. However, the destructive 
nature of the procedure precludes a continuous 
study of a single specimen. 

This paper describes a nondestructive meth- 
od for measuring moisture content distribu- 
tions in wood during drying using a scanning 
gamma-ray densitometer. A similar method 
was applied by Spolek and Plumb (1981) to 
determine moisture content in southern pine 
specimens. 
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FIG. I .  The scanning dcnsitometer measurement 

scheme. A collimated gamma-ray photon beam of width 
A and height H is directed through the specimen of thick- 
ness L. The scanning path makes an angle 0 with the radial 
direction of the specimen. 

PRINCIPLES OF GAMMA-RAY DENSITOMETRY 

It is usual in a scanning densitometry mea- 
surement to step-wise translate a specimen of 
uniform thickness through a collimated gam- 
ma-ray beam as shown in Fig. 1. At each step 
position, i = 1 to N, the beam samples a con- 
stant volume of material, and the ratio in Eq. 
(1) is determined by the mass of attenuating 
material in that volume. If p is known, the 
density of the sampled volume is 

When a material consists of a mixture of N 
elements, the average mass attenuation coef- 
ficient can be determined from the mixture 
rule (Jackson and Hawkes 198 1) 

where p, is the mass attenuation coefficient of 
the ith element and wi is its proportion by mass. 
The value of p in Eq. (4) is then the average 
density of the material traversed by the gam- 

When a divergence-free beam of gamma-ray 
ma-ray beam. 

or X-ray photons is directed into a material, 
In a scanning densitometry measurement of 

some photons will be removed from the beam 
wood, three gamma-ray photon attenuation 

by attenuation processes. The number of pho- 
processes occur: 

tons surviving the passage through the mate- 
1. photoelectric absorption, in which the 

rial is related to the quantity of material in the 
photon is totally absorbed by the electrons 

path of the beam. For an homogeneous ma- 
within an atom that, in turn, emits isotropic 

terial of thickness L composed of a single el- 
fluorescent radiation. emental species, the transmission probability 

2. elastic scattering, often called Rayleigh 
for mono-energetic photons is 

scattering, in which the incident photon 
I/I, = exp(-XL) (1) changes direction without loss of energy. 

where I, is the incident photon intensity, I is 
the transmitted photon intensity, and X is the 
total linear attenuation coefficient of the ma- 
terial. The value of X depends upon the ma- 
terial bulk density p, the atomic number of the 
material, and the gamma-ray photon energy. 
The attenuation per unit mass of material in 
the beam path is given by the mass attenuation 
coefficient 

3. inelastic scattering, often called t o m p -  
ton scattering, in which both the direction and 
energy of the photon may be changed upon 
interaction with the electrons. 

Care must be taken in a densitometry mea- 
surement to minimize the detection of scat- 
tered photons; otherwise the value of I in Eq. 
(4) will be increased causing the value of p to 
be underestimated. Elastic scattering tends to 
be concentrated in the forward direction and 

p = Alp (2) its detection can be minimized by using good 

so Eq. (1) may be written as detector collimation geometry. The contribu- 
tion from inelastically scattered photons may 

I/I, = exp(-ppL) (3) be removed by the detector electronics pro- 
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vided that the detector has a sufficiently fine 
energy resolution capability. For incident pho- 
tons with the relatively low energy of 59.5 keV 
used in this work, the energy change on scat- 
tering is small and the electronic discrimina- 
tion of the inelastically scattered photons is 
not possible. However, at low photon energies, 
inelastic scattering is nearly isotropic, and good 
collimation geometry can minimize the detec- 
tion of inelastically scattered photons. 

EQUATIONS FOR MOISTURE 

CONTENT AND DENSITY 

In order to determine the specimen's mois- 
ture content, M, and density, p, using gamma- 
ray densitometry, it is necessary to measure 
the attenuation of the photon beam through 
the sample in its drying or unequilibrated state. 
A second, or reference scan, is then performed 
on the same specimen through the same cross- 
section with the specimen in a known equilib- 
rium moisture state. Throughout this experi- 
ment, the equilibrated state used was the 
oven-dried condition. A set of scan data is 
referred to as a profile. 

The purpose of this section is to present the 
equations that allow the experimental deter- 
mination of the unequilibrated moisture con- 
tent of the specimen and the unequilibrated 
specimen density at each measuring position 
of a densitometry scan. The full derivations of 
the relevant expressions are contained in Ap- 
pendix A, and only the necessary equations 
are reproduced here. 

To distinguish between the states of the 
specimen, the symbols are used with a sub- 
script d to identify the oven-dried state. The 
subscript w is used for those measurements 
and parameters that pertain specifically to wa- 
ter. In determining the value of the moisture 
content and density at each step, or within each 
sampled volume, of a scanning densitometry 
measurement, it is assumed that the specimen 
consists of two attenuating components: wood 
and total water (free and bound). These two 
components are distributed throughout the 
specimen thickness, L, within the sampled vol- 
ume, V. 

FIG. 2. The schematic layout of the scanning densi- 
tometer. 

From Eqs. (A9) the moisture content at each 
step in the unequilibrated specimen scan may 
be expressed as 

The average density of material p in the un- 
equilibrated sample volume is, from Eq. (A1 1) 

In the oven-dried case, the density may be 
obtained directly from Eq. (A 12) as 

These equations allow the values of the 
moisture content, M, and the density, p, to be 
calculated at each step of a densitornetry scan 
provided the volume ratio (V/V,) csan be de- 
termined. To obtain this ratio, it is necessary 
to devise a strategy to correct for the dimen- 
sional change of the specimen on oven-drying 
from the unequilibrated state. The correction 
method, described in Appendix B, also takes 
into account the anisotropic nature ofthe spec- 
imen and allows for situations where the scan 
path of the beam is not radial (Fig. 1). 

DESCRIPTION OF THE DENSITOMETER 

A schematic diagram of the densitometer 
constructed for this work is shown in Fig. 2. 
This instrument is similar to densitometer sys- 
tems reported elsewhere (Cown and Clement 
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TABLE 1 .  Drylng tlme In a 12% EMC environmental 
chamber (35 C' and 85% RH) for matched-paw specimens 

prior to densitomefer (A) and slicingand weighing (B) mea- 
surements. 

Drying time a1 
measurement 

Matched palr specimens (days) 
- - 

(IA, 1B) (6A, 6B) Zero (Green) 
(2A, 2B) (7A, 7B) 3 
(3A, 3B) (SA, 8B) 10 
(4A, 4B) (9A, 9B) 22 
(5A, 5B) (IOA, IOB) 53 

1983; Laufenberg 1986; Winistorfer et al. 
1986). The radiation source is a 200 mCi (7.14 
GBq), 5-mm-diameter bead of Am-24 1 (59.5 
keV) sealed in a stainless steel cylinder (Amer- 
sham International AMC.26) and contained 
in a radiation shield holder made of brass. 
Gamma-ray photons are detected using a so- 
dium-iodide (thallium) scintillation crystal- 
photomultiplier detector (Canberra Nuclear 
Products Group Model 1701). A brass sleeve 
of 5-mm wall thickness encloses the detector 
and shields it against scattered radiation from 
the specimen and other low energy radiation. 

Pairs of matched brass collimators, each 10 
mm thick in the beam direction, having rect- 
angular slits 4 mm high and widths of 0.25 
mm, 0.5 mm and 1 mm, may be attached to 
the source holder and the detector shield. The 
source holder is mounted on a horizontal mi- 
crometer stage that permits accurate alignment 
of the collimating slits. The distance between 
the source and detector collimators can be var- 
ied from 60 mm to 150 mm to accommodate 
a range of specimen thicknesses. 

The specimen to be scanned is translated 
step-wise through the collimated gamma-ray 
beam on a stepper-motor driven stage. Limit 
switches at the extremes of the stage move- 
ment provide references for specimen posi- 
tioning. The stage assembly can accommodate 
specimens up to 300 mm in length. 

Data acquisition, system control, interface 
electronics, and high and low voltage regulated 
power supplies are housed in a single module. 
This module provides a single RS232 link to 
a host PC-AT microcomputer. An MC6803 

microprocessor in the module serves as the 
hub of the system. 

Voltage pulses generated by the photomul- 
tiplier, upon detection of gamma-ray photons 
in the scintillator crystal, are shaped and passed 
to a pulse-height analyzer (PHA) unit that se- 
lects pulses produced by the 59.5 keV photons. 
These pulses are presented to a counter-timer 
scaler. The system dead-time is about 1 psec. 
The counter-timer scaler may be operated in 
either a preset-time or preset-count acquisition 
mode. In the preset-time mode, the scaler ac- 
cumulates pulses for predetermined time in- 
tervals selectable from 0.1 sec to 1,000 sec. 
For the preset-count mode, the time taken to 
reach a preset value, selectable from 1,000 
counts to 1,000,000 counts, is recorded as an 
integral number of 10 psec timing intervals. In 
the preset-count mode all recorded scan data 
will have the same statistical uncertainty. 

EXPERIMENTAL DETAILS 

Specimen preparation 

Five pairs of matched contiguous specimens 
were cut from each of two green back-sawn 
boards of mountain ash (E. regnatzs). The 
specimen dimensions were typically 95 mm 
by 45 mm in cross-section and 100 mm along 
the grain direction. All specimens were 
wrapped in thin plastic foil and stored at 4 C 
before drying. The specimens were dried for 
various periods ('Table 1) in a 12% equilibrium 
moisture content (EMC) chamber. 

Matched-pair specimens were labelled as 1 A, 
1 B to 5A, 5B for one board and 6A, 6B to 10A, 
I OB for the other board. The A specimens were 
scanned in the densitometer. Independent 
weighing and volume measurements were 
made on sliced samples extracted from the B 
specimens. Measurements were made at var- 
ious times over a period of 53 days. Densi- 
tometry and slicing measurements were car- 
ried out simultaneously on the unequilibrated 
specimens. 

Densitorneter measurements 

Prior to scanning, the specimen mass, its 
dimensions and bulk density, and the angle 
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between the scan profile path and the specimen 
radial direction (Fig. 1) were measured. Spec- 
imens were scanned while wrapped in thin 
plastic foil to minimize moisture change dur- 
ing scanning. 

Collimators were selected to give a nominal 
beam cross-section of 4 mm high by 0.5 mm 
wide with a source-to-detector collimator sep- 
aration of 1 10 mm. The gamma-ray count rate 
without a specimen was about 600 counts/sec 
and the stepping interval was 0.5 mm. Count- 
ing was performed in the preset-time mode 
using a preset value of 20 sec. After each scan 
the specimen mass and dimensions were re- 
measured with no observable changes appar- 
ent. 

The higher moisture content specimens were 
air-dried in the laboratory before oven-drying 
to minimize the formation of additional col- 
lapse degrade. Each specimen was oven-dried 
at 102 C until its mass became constant. The 
bulk density and moisture content of each 
specimen were determined at the time of scan- 
ning. A densitometry scan of each oven-dried 
specimen, again wrapped In plastic foil, was 
carried out along the initial scan path. 

Slicing and weighing measurements 

A cylindrical core sample of 25 mm diam- 
eter was extracted from each B specimen and 
sliced into 2-mm-thick discs as shown in Fig. 
3. Each disc was weighed and its volume mea- 
sured using the mercury displacement method 
(Chafe 1985). 

EXPERIMENTAL RESULTS 

Densitometer measurements 

Values of the mass attenuation coefficient of 
dry wood, p,, were obtained from the oven- 
dry scan data for each specimen using Eq. 
(A 16). The value of p, averaged over all ten 
specimens was found to be 0.0 189 -+- 0.0002 
m2 k g i .  

The experimentally determined value of the 
mass attenuation coefficient of water, p,, at 
59.5 keV was found to be 0.0200 + 0.0002 
m 2 k g 1 .  This result is in reasonable agreement 

1 0 1 { slices 
2mm thick L / 25mm diam. 

Specimen 
FIG. 3. Matched-pair specimens in a sawn board. Each 

A specimen was scanned in the densitorncter. Measure- 
ments were also made on 2-rnm-thick dtscs sliced from a 
25-rnm-diameter core extracted from each B specimen. 

with the value of 0.02048 m2 kg ' deduced 
from the most recently tabulated theoretical 
photon-atom cross-section data (Cullen et al. 
1989). The lower experimental value may be 
attributed to a small contribution fiom either 
multiple scattering or the unavoidable inelas- 
tic forward scattering. 

Scan data for the oven-dry slate were cor- 
rected for shrinkage as described in Appendix 
B. In this procedure, a segmented region ap- 
proach was adopted to allow for non-uniform 
shrinkage during drying. Within each seg- 
mented region, the shrinkage was assumed to 
be uniform. The number of data values (or 
increment steps) in corresponding segments of 
the unequilibrated and oven-dried states were 
denoted as n (n 5 N) and n, (n, -2 N,), re- 
spectively. The expression for the volume ratio 
V/V, derived from Eq. (B 14) then becomes 

The quantity y, defined in Appendix B, takes 
into account the dimensional changes in the 
tangential and radial directions and allows for 
situations where the scanning path of the gam- 
ma-ray beam is not parallel to the radial di- 
rection (Fig. 1). In the evaluation of y, a value 
of 2 (Kingston and Risdon 196 1 ) was used for 
the tangential-to-radial shrinkage ratio of E. 
regnans. 

The moisture content M and density p at 



158 WOOI> A N D  FIBER SCIENCE, APRIL 1993, V. 25(2) 

TABLE 2. Summary of the  awrage density and rnoisture in Tables 2 and 3. For the densitometer met- 
contcnt results obta~ned /?om scan data (sc) and the whole 
rpecrmen (d for each o f the  dens~tometer (A) spermens. 

Average density Average moisture 
(kg m ') content (percent) 

Specmen p, P ~ ,  P P:,,, M~ M" 

each step in a scan of N total steps are obtained 
from Eqs. (6) and (7) as 

The experimentally determined values of yd 
and p, quoted previously were used in the 
above calculations. Profiles of moisture con- 
tent and unequilibrated density in each spec- 
imen were obtained using Eqs. (10) and (1 l), 
respectively. Average values of density and 
moisture content obtained f r ~ m  the densitom- 
eter and slicing measurements are presented 

TABLE 3 .  Average density and moisrurt, content results 
obrained,from the unequilibrated slrced (B) samples. 

Molsture content 
(percent) 

Average denslty 
Speclmcn (kg m '1 M,,,,, M,,,,, 

imens, there is good agreement between the 
values for the whole specimen (s) and the av- 
erage scan data (sc). 

The differences in the moisture content val- 
ues for the slicing results in Table 3 are a con- 
sequence of the definition of moisture content. 
The moisture content of the cylindrical core, 
derived from data for 5V individual discs, is 
given by 

where m and m, are the masses of d disc in 
the unequilibrated and oven-dry slates, re- 
spectively. The average moisture conlent of N 
individual discs is found from 

In general, MCore 5 M,,,,, and the results in 
Table 3 are consistently in accord with this 
relationship. This relationship does not hold 
for the moisture content data in Table 2 since 
the results for the whole specimen moisture 
content M, and average scan moisture content 
M,, were not derived from the same volume 
of material. 

Typical density and moisture content pro- 
files for the matched pair specimens 2A and 
2B, are presented in Fig. 4a and 4b. The oven- 
dried densitometer density profiles were cor- 
rected for dimensional change to allow regis- 
tration with the unequilibrated profiles. 

Estimate of shrinkage distribution from 
densitometer scan data 

The results reported in this paper represent 
density and moisture content distributions in 
different specimens at different stages of drying 
from the green state. The shrinkage distribu- 
tion profile in specimen 2A after oven-drying 
from an average moisture content of 95% is 
shown in Fig. 5. Shrinkage data were obtained 
by a segmented comparison of corresponding 
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FIG. 4. (a) Density and (b) moisture content profile 
data for matched-pair specimens 'A and 2B. The curves 
arc spline fits to the data. 

length segments in the unequilibrated and 
oven-dry density profiles. The shrinkage val- 
ues 6 were calculated using the expression 

where 1 and I, are the lengths of corresponding 
regions in the unequilibrated and oven-dry 
density profiles, respectively. 

DISCUSSION 

Moisture content and density distributions 

Given the expected smoothing effect on the 
density and moisture content profile data in- 
herent in the slicing method, and the varying 

D I S T A N C E  F R O M  F A C E  [ r n n ]  

FIG. 5.  The shnnkage distribution profile lor specimen 
2A deduced from densitometer scan data. Positive and 
negative values are indicative of compressivc and tensile 
strains, respectively. 

grain direction over the length ofthe matched 
pairs of specimens, the densitometry data agree 
extremely well with the independently mea- 
sured slicing data. Absolute uncertainties in 
the densitometry moisture content values 
ranged from f 3% at 150% to .t 2% at 10%. 
The uncertainties in density values ranged from 
k20  kg mP3 to +-6 kg m-3 at high density- 
high moisture content (1,000 kg m-3) and oven- 
dry states ( 5  50 kg m-3), respectively. 

The principal factors contributing to uncer- 
tainties in the densitometer results arise from: 

1. the experimental determination of p, and 
p,. It is usually expected that these values will 
be underestimated because of the unavoidable 
detection of scattered photons. It should be 
possible to estimate the fraction ofthe incident 
photon Rux scattered into the detector colli- 
mator aperture using Monte Carlo methods. 
The simulation of gamma-ray photon scatter- 
ing from wood is the subject of a current in- 
vestigation. 

2. the measurement of the specimen thick- 
ness L. Calculations of density and moisture 
content assume that the thickness of the spec- 
imen in the gamma-ray beam direction is con- 
stant at all steps in a scan. Hence, it is impor- 
tant that specimens are accurately machined. 
Given that this condition is achieved, L may 
be measured to better than 1%. 
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3. statistical fluctuations in I,, I and I,. The 
incident (unattenuated) count I, can be mea- 
sured to high statistical precision. Uncertain- 
ties in I and I, are determined by the preset 
conditions for data collection. 

4. the procedure used to correct the oven- 
dry scan data for dimensional change. The seg- 
mented approach adopted for this work is 
probably satisfactory for stepping increments 
of 0.5 mm. 

In any scanning densitometry measurement, 
the raw attenuation data profile represents a 
convolution of the distribution of attenuating 
mass within the specimen and the resolution 
function of the instrument. Factors that con- 
tribute to the instrument resolution function 
include the beam geometry within the speci- 
men and the collimation geometry, particu- 
larly at the detector. In practice, collimated 
beams are not parallel and do not have a uni- 
form cross-sectional flux distribution. The 
model used in this work does not account for 
these factors. However, for the rather coarse 
resolution employed in this study and, given 
that grain direction variation of at least 0.5 
mm can occur in a thick specimen, the ideal 
parallel beam assumption is reasonable. 

Shrinkage distribution 

The shrinkage profile data of Fig. 5 are con- 
sistent with the drying strains that occur after 
wood dries from the green state to the oven- 
dry state. The strain in specimen 2A is com- 
pressive near the surface and becomes tensile 
towards the core. 

These preliminary results demonstrate that 
the scanning densitometry technique provides 
a measure of the spatial distribution of shrink- 
age within a specimen during drying. Future 
work in this area will involve the use of two- 
dimensional X-ray tomography data of green 
state specimens to study the shrinkage and 
strain distributions within specimens during 
drying to an equilibrated state. This infor- 
mation should help to determine optimal dry- 
ing schedules for collapse-prone eucalypt spe- 
cies. 

CONCLUSIONS 

Direct scanning gamma-ray densitometry 
can yield accurate and precise quantitative in- 
formation about bulk density and moisture 
content distributions in wood during drying. 
The technique has the potential to provide in- 
formation about shrinkage and strain distri- 
butions in wood, particularly eucalypt species, 
during drying. 
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APPENDIX A 

In this Appendix the same convention is used regarding 
the subscripts as in the body of the papcr. In order to 
derive general expressions for equilibrated measurements 
and parameters (and not just for the special case of oven- 
dried), a prime is used. 

Using Eqs. (2) and (4), the product XL for corresponding 
sampled volumes in the unequilibrated and equilibrated 
states of a scanned specimen is given by 

X'L' = [p,pt + /.L,PLlL' (A21 

Here, p ,  is the mass attenuation coefficient of dry wood, 
r, is the mass attenuation coefficient of water, L is the 
specimen thickness in the beam direction, p and p' are the 
partial densities of wood in the unequilibrated and equil- 
ibrated states, and p, and p', are the partial densities of 
total water In the aforementioned states, respectively. Par- 
tial density is defined as the ratio of the mass ofcomponent 
material (wood or total water) to the volume sampled by 
the collimated gamma-ray beam. 

The moisture content M In a sampled volume at each 
step is the ratio of the total water mass m, to the mass of 
oven-dry wood m,. For the unequilibrated and equili- 
brated states, the moisture contents are 

or in terms of partial densities 

where V and V' are the unequilibrated and equilibrated 
sampled volumes, V, is the corresponding oven-dry vol- 
ume, and p, is the dry wood density for that volume. Using 
Eqs. (3). (A5) and (A6), Eqs. (Al)  and (A2) become 

where 1 and I' are the measured transmission intensities 
in the two scans. 

From Eqs. (A7) and (AS), the moisture content at each 
step in the unequilibrated specimen scan may be expressed 
as 

M = ABC + D (A91 

where 

The average bulk density of material, p, in the unequili- 
brated sampled volume is the sum of the partial densities 

and using Eq. (AS), Eq. (A10) becomes 

The average bulk density in the equilibrated sampled vol- 
ume is 

The mass attenuation coefficient of dry wood p, may be 
determined using the equilibrated specimen scan data. Re- 
arranging Eq. (1 7), we have for the ith step in a scan of N' 
steps 

where p,, M' and L' are assumed constant for the entire 
specimen. Summing over all N' scan steps and averaging 
yields 

Assuming, for an equilibrated specimen, thc average den- 
sity of the densitometry scan is equal to the bulk denisty 
p: of the entire specimen, then 

and from Eq. (A14), the mass attenuation cloefficient of 
dry wood is given by 

(1 + M') 
, = { [ I  n o  - r. M' (A 16) 

Once values of p, and p, are known, the values of M, 
p and p' in Eqs. (A9), (A1 1), and (A12) can be calculated 
at each step of a densitometry scan provided the volume 
ratio (V/V1) can be determined (see Appendix B). For the 
experiment described in this paper, as mentioned previ- 
ously, all equilibrated specimens are in the oven-dried 
condition, and the appropriate equations were obtained 
by setting all the primed symbols to their oven-dried 
equivalents, and noting that M, = 0. 

APPENDIX B 

T o  determine the moisture content and bulk density in 
the unequilibrated specimens, the equilibrated scan data 



162 WOOD AND FIBER SCIENCE, APRIL 1993, V. 25(2) 

must be subtracted from unequilibrated data. The radial 
and tangential dimensions of the specimen in the equili- 
brated state will be less than those in the unequilibrated 
state. Consequently, the equilibrated state data must be 
transformed or stretched to register with the unequili- 
brated state data prior to subtraction. The transformation 
strategy used in this work is described below. 

Using the same notation as in the main text and Ap- 
pendix A, let the number of data values or steps in the 
unequilibrated and equilibrated scans be N and N', re- 
spectively, with N z N'. Denote by A, the scan step length 
(width of the gamma-ray beam) for both scan measure- 
ments. The equilibrated data file is then stretched so that 
these data are now associated with step increments of 
width A', with A' 2 A. Since the scan data sets now have 
thc samc overall length, then 

NA = N'A' (B1) 

This stretched data set is then mapped into a set of N 
values, each associated with an increment A prior to sub- 
traction from the unequilibrated data set. 

Define {E,, : 1 5 n 5 N'} to be the set of stretched raw 
equilibrated data and the set {EL : 1 5 m 5 N )  to be the 
transformed equilibrated data set. To map the set {En}  
into {EL}, it is necessary to know where the mth increment 
in {EL} is located in {E,,) and whether it is completely 
overlapped by an increment or overlaps adjacent incre- 
ments in (En) .  If mA is the distance in {E',,) from the start 
of the set to the end of the mth increment and, beginning 
with n = 1. calculate the difference 

If D ,,,,,, > 0. n is incremented by 1 until D,,,, 5 0. When 
this condition is satisfied, the right-hand end of the mth 
increment in {Em,') lies at or to the left of the right-hand 
cnd of the nth increment in {E,,}. The following difference 
term is thcn calculated 

D,,, , ,, = (m - l)A - nA' (B3) 

If D,,, , , ,  2 0, then the m'l' increment in {Em) lies within 
the no' increment in { E, }; otherwise it overlaps the n'" and 
(n - increment. The overlap in the nth increment of 
{En: is 

and in the (n - 1)"' increment it is 

B = (n - A '  - (m - l)A = 

= [(n - l)(N/N') - (m - I)]A (B5) 

When D,,, , . r 0 

E:, = E,, (B6) 

otherwise 

As a check on the transformation process, the following 
consistency condition should be satisfied 

This process can be applied to segments of the scanned 
data. T o  do this, the equilibrated data set is partitioned 
into segments that correspond to the same segments (for 
example, latewood to latewood bands) of equal or different 
lengths in the unequilibrated data set. The above trans- 
formation process is applied to each corresponding seg- 
ment where the number of data values are denoted as n 
(n 5 N) and n' (n' i N') for the unequilibrated and equil- 
ibrated data sets, respectively. 

Completion of the transformation process enables the 
evaluation of the volume ratios V/V1. The sampled vol- 
ume at each step in the densitometer measurement is de- 
termined by the gamma-ray beam cross-section and the 
thickness of the specimen (Fig. 1). This volun~e IS given 

by 

V = AHL (B9) 

where A is the beam width, H is the beam hetght, and L 
is the specimen thickness. However, the volun~e sampled 
in the equilibrated measurement contains material origi- 
nally distributed in a larger volume given by 

where 

and 

The correction factors t and y account for anisotropic 
shrinkage of specimens. In practice, the scan path across 
the specimen from face-to-face may not be radial. If 0 is 
the angle between the scan path and the radial direction 
(Fig. 1). the correction factor y is 

cos 0 + a sin 0 

where a is the tangential-to-radial shrinkage ratio. 
The required volume ratio is given by 




