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ABSTRACT
Attenuation of transmitted gamma radiation is a
phenomenon commonly used for non-destructive measurement
of soil density and water content.

Information on design

of experiments using this method is given.

The major

reactions between gamma radiation and soil elements are
discussed.

Radiation counting statistics.are explained

so that a model can be developed to predict the expected
response of a system.
available equipment.

Finally, the model was applied to
The predicted response for

(1)

constant Counting time versus variable mass and (2) con
stant mass versus variable counting time was tested.

The

results of these tests indicate that the model proposed
is satisfactory for predicting the minimum detectable
change in soil density.

viii

CHAPTER I
INTRODUCTION
The attenuation of a beam of gamma radiation has
been a useful tool in the measurement of soil density be
cause of its non-destructive character.

Because of this

feature, it is often the only method for

(1) the estima

tion of uniformity of soil density or water content under
static conditions, and

(2) measurement of soil density or

water content under transient conditions.

The method is

particularly useful in testing theories concerned with
changes in total density from either soil m a t e r i a l , water
content, or both.
The aim of this study is to derive experimental
design criteria useful for optimal operation of gamma
radiation attenuation systems.
tives are

Specifically, the objec

(1) to determine the minimum detectable change

in soil density as a function Of counting time when the
attenuation exponent is constant,

(2) to determine the

minimum detectable change as a function of the attenuation
exponent for several counting tim e s , and

(3) to determine

the radiation attenuation exponent as a function of counting
time when the percent error is constant.

The minimum

detectable change is defined as the change in a variable
that has a 0.68 confidence level of being detected.
The attenuation exponent is the product of the soil
parameters that reduce the intensity of the primary radia
tion from the gamma source.

These parameters are mass

absorption coefficient, density of the soil and thickness
of the sample.
The experimental verification of these relations
is limited to available equipment a n d , therefore, the
figures and graphs were developed specifically for these
conditions.

The equipment included:

(1) gamma radiation

from a 200 millicurie cesium-137 source with the primary
radiation centered at 0.662 million electron volts, and
(2) a collimated beam, 50 centimeter source-detector
distance., producing 266,000 counts per minute in air.

CHAPTER II
LITERATURE REVIEW
Three major topics that influence the validity of
the prediction model proposed in this thesis are reviewed
in this chapter.

The first section covers some of the

previous studies using gamma radiation in soil research
with the main emphasis placed on the variation in experi
mental design parameters.

The second section is on the

basic principles of gamma radiation.

An understanding of

how gamma rays interact with matter and the response of the
measuring equipment is reviewed.

The last section of this

chapter is on the statistics of radiation counting.

This

section is concerned with the effects of source-detector
geometry,

size of sample and counting accuracy on the

design of gamma radiation experiments.
Gamma Radiation in Soil Research
Information on the properties of a soil using gamma
rays may be obtained by analyzing either the gamma rays
transmitted through a soil, or that scattered back to a
d etector.

Both field and laboratory equipment has been

designed for each m e t h o d .
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Many experimental design parameters have been used
with apparently equally good results.

Vomocil

(1954) used

a one millicurie cobalt-60 source w h i l e ■Clasmann and Orr
(1965)

used a 500 millicurie cesium-137 source.

Most ex

perimenters favor the cesium-137 source because of its long
half-life and monoenergetic beam
and Gardner

(Thames 1966).

Ferguson

(1962) report using a 20 millicurie cesium-137

source and McHenry and Bendy

(1964) used a seven millicurie

cesium-137 source.
The absorption pathlength varied significantly.
Reginato and van Bavel

(1964) used a pathlength of 30 cm

with a five millicurie cesium-137 source.
Yaron

Shalhevet and

(1967) report a 5 cm pathlength with a 19 millicurie

cesium-137 source.

.Van B a v e l , Underwood, and Rogar

(1957)

used cesium-137 sources of 200 microcuries and five millicuries in a study that varied the pathlength from 15 to
35 cm.

Counting time varied greatly a l s o , such as 15

seconds in the study by Shalhevet and Yaron
minute by Fritton

(1967) and one

(1969).

The design model proposed will help to clarify the.
parameters that may be arbitrarily selected and those that
may improve the precision or even the eventual success of
the experiment,
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Basic Principles of Gamma Radiation
Gamma rays are electromagnetic radiation or, for
convenience,
particles.

they may be considered as pho t o n s , discrete
Photons

(or gamma rays) may be absorbed or

scattered as a result of interaction with matter.
absorption reaction, the photon disappears.

In an

In a scatter

ing reaction, the photon is deflected from its initial
direction.

The scattering reaction may be thought of as

the absorption of a photon with emission of another in a
new direction

(Grodstein 1957).

The most important process at low photon energies
is the photoelectric effect.

This is the absorption of a

photon with subsequent ejection of an atomic electron.
Photons with energy in excess of that required to eject
an electron are unlikely to be absorbed.

Therefore, the :

probability of an interaction by the photoelectric effect
decreases with increasing energy of the photon and increases
with increasing atomic number of the absorber.
Scattering of photons by atomic electrons is the
dominant interaction in the middle energy range
5 Mev).

(0.5 to

Most of the scattering is incoherent or Compton

scattering, where a photon is deflected with a reduction
in energy and an atomic electron recoils out of the atom.
Some of the scattering may be coherent, or Rayleigh scatter
ing, where the photon is deflected with no loss in energy

and the

atomic system as a whole recoils under the

The probability for this
energies.

impact.

effect is large only for low

Compton scattering produces a spectrum of fre

quencies smaller than the primary frequency.
A photon with an energy greater than one million
electron volts, 1 Mev, may be absorbed in the neighborhood
of an atomic nucleus or atomic electron and produce an
electron-positron pair.

The positron is eventually an

nihilated usually emitting photon pairs with energy hv,
h being

P l a n k ’s constant and v the frequency.
The reduction in

the intensity of a narrow beam of

photons is equal to the sum of the probabilities of the
various reactions.

In general, the reactions are inde

pendent of the effects of chemical combination

(Grodstein

1957, p. 2).
In summary we find that at very low energies, less
than 0.1 Mev, absorption by photoelectrons predominates but
decreases rapidly with increasing energy
1952, p. 94).

(Davisson and Evans

As photoelectric absorption decreases,

absorption by Compton effect increases until the region
of slightly less than 1 Mev where almost all the absorp
tion is by Comp ton effect.

Above 1 Mev, absorption by

pair production starts and increases while the other ef
fects decrease.

This result is characteristic of all

elements but the particular energy at which one mode of

absorption is dominant changes from element to element.
However, in all elements, absorption by the Compton effect
predominates in the region from about 0,5 to 4 Mev.

For

this reason also, the absorption coefficients expressed as
centimeter square per electron or centimeter square per
gram show small variation.

This is true only for mono

chromatic , primary radiation— the radiation of one wave
length emitted by a source and transmitted to the detector
without alteration.
B e e r ’s Law is the basis for all measurement on the
attenuation of gamma radiation.

This is the fact that the

intensity of radiation decreases as it passes through
material in such a way that for a small thickness Ax, the
change in intensity AX is proportional to the thickness
and to the incident intensity I (Davisson and Evans 1952,
p. 79),

That is,

'/

AI = - U l IAx
where

(1)

is a proportionality constant and is known as the

linear absorption coefficient.
and absorbing material,

For homogeneous radiation

is constant.

the differential form of equation
I = Ip exp

Integration of

(1) yields,
(-pLx)

where I is the intensity of radiation after a beam of
initial intensity I0 has traversed the thickness x of the
material,

Since the product p^x must be unitless, the

(2)
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units of uL will be reciprocal centimeters when x is in
centimeters„
As indicated earlier, the interaction of gamma rays
and matter at low energies, near 1 Mev, is primarily be
tween the gamma rays and the atomic electrons„

It may be

desirable to express the thickness of the absorbing m a 
terial in terms of electron density or cross section.

The

units would be electrons cm"^ times the pathlength in
centimeters giving x in units of electrons cm“^ .

To

maintain a unitless attenuation exponent, the units for
2
ye , the electron absorption coefficient, would be cm per
electron.
The relation between electron absorption coefficient
]ie and the linear absorption coefficient iiL is

(Davisson

and Evans 1952, p. 79) .
]iL = pN(Z/A)ye
where p
N
Z
A

=
=
=
=

The ratio

density g cm“^
Avogadro’s number, 6.0228 x 10
Atomic number of the element
Atomic weight of the element
of Z/A

is nearly one

_
mole

for hydrogen. Above

atomic n u mber, the ratio is near 0.5 and
small as Z increases.

(3)

this

the change is

Therefore, the absorption coef

ficient shows the least variation from element to element
above hydrogen when expressed in cm /electron.

The mass absorption coefficient ym is related to
the linear absorption coefficient tL by,
U l = P^m

(4

where p is the density of the absorber in g cm""^.

Sep

arating the density effect from the linear absorption
coefficient allows analysis for variation in density when
the pathlength and composition are constant.

The mass

absorption coefficient for a compound or mixture is equal
to the sum of the mass absorption coefficients for each
element times the respective weight fraction of that ele
ment in the mixture

(Reginato and van Bavel 1964).

Gamma Ray Spectrum for Cesium-137
The gamma ray spectrum for cesium-137 as seen by
an ideal scintillation detector would show only three
features;

(1) a low energy peak at 32 Kev from x-rays

generated during de-excitation of barium 137 to its ground
state; (2) a continuous spectrum of energy from Compton
scattering up to a Compton edge of 48p K e v ; (3) a single
gamma ray peak at 662 Kev.

However, a real detector would

show a spectrum as seen in Figure 1.
is the result of;
scattering, and

This typical curve

(1) statistical broadening, (2) back

(3) photomultiplier noise.

This broaden

ing of the photopeak arises primarily from the statistical
spread in the small number of photoelectrons.

The term
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resolution, used to denote the degree of broadening, is
defined as the full width of the peak as measured at half
the maximum counting rate divided by the energy of the
photopeak

(Scintillation Spectrometry, 1960).

The photo-

peak shown in Figure 1 is 113 Kev wide at the photopeak
of 662 Kev which yields a resolution of 17%.

The small

peak seen near 200 Kev in the Compton scattering region is
due to back scattering, . This is from the detection of
gamma rays that have scattered into the lead shield and
.then back into the crystal.

, .

Another significant part of the spectrum is the
valley that lies between the photopeak and the Compton
edge.

Ideally, there should be no counts in this region.

However, the statistical spread in. the energies from
Compton and photoelectric interactions gives the few
counts in this valley.

Mass Absorption Coefficients
A discussion on the theoretical attenuation coef
ficients of the elements can be found in Davisson and Evans
(1952) and Grodstein

(1957).

Reginato and van Bavel

(1964)

developed a theoretical mass absorption coefficient for
soil using cesium-137 as the gamma source.
-

For any compound or mixture, the mass attenuation

coefficient is the sum of the coefficients for each element

times the weight fraction of that element.

Mass absorption

coefficients for 13 common soil elements at a gamma ray
energy of 662 Key are listed in Table 1.

Based on these

v a lues, the mass absorption coefficient for a Mohave loam
soil from Buckeye, Arizona, has the value of 0.0772
(Reginato and van Bavel 1964)„
Resolving Time
The resolving time of a gamma ray counting, system
is the minimum time that can separate two consecutive
recorded gamma ray photons

(Fritton 1969).

When the mass

absorption coefficient is found by plotting the logarithm
of the observed counting rate versus the thickness of the
material, the result will be affected by both the true mass
absorption coefficient and the resolving time,
(1966)

Thames

reports a system resolving time of two microseconds

and Gurr

(1962) reports an experimental resolving time of

nine microseconds.
An observed counting rate can be corrected for re
solving time with the equation

(Fritton 1969),

I = R/(l - TR)
where I is the true counting rate
counting rate
per count.

(5)

(CPM), R is the observed

(CPM) and T is the resolving time, minutes

When T = Spsec/count or 0.0833 x 1

0

min/

count, the percentage correction is 0.8% for R = 1 0 ^ counts

Table 1,

Mass Absorption Coefficients for Common Soil
Elements21
Element

ym/ cm 2 g " 1

Oxygen

0.0775

Silicon

0.0772

Aluminum

0.0748

Iron .

0.0732

Calcium

0.0778

Magnesium

0.0765

Potassium

0.0756

Sodium

0.0741

Phosphorus

.

0.0750

Sulpher

0.0775

Nitrogen

0.0774

Carbon

0.0774

Hydrogen

0,1538

;

aReginato, R, J„ and.C. H, M, van B a v e l , 1964,
p. 722.
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r

per minute and 9.1% for R = 10^ counts per minute

(Fritton

1969).
Radiation Counting Statistics
In order to evaluate the feasibility of proposed
density measurements,

the relation between the response of

the detector system and the disintegration rate must be
known.

Considered in this section are:

counting distributionj

the statistical

counting geometry, sensitivity,

accuracy, precision and minimum detectable change.
Counting Distribution
Radioactive decay is a random process.

There is

no way to specify the exact number of disintegrations in
a given time interval from a specific source, but there is
a statistical distribution about the true mean number, \i»
Binominal probability distribution can be applied
to radioactive decay if the total number of radioactive
atoms, N, changes little over the time period considered,
or if p, the probability that an atom will decay in time t ,
is very small

(Gardner and Ely 1967, p. 115).

The true

mean value of the binomial probability distribution is
U = PN

(6)

and the standard deviation, a , can be shown to be
a =>/pN

(1-p)

(7)

15
where

(1-p) is the probability that an atom will not decay

in time t„
Further approximations on the binomial distribution
can be made.

If p is small, then n, the number of atoms

decaying during the observation interval, is small compared
to N, and pN is essentially constant.

.Under these condi

tions, the Poisson distribution can be derived.

The useful

property of this distribution is that the standard devia
tion is equal t o ^ pN

or ^~1T since p<<l.

When values of n over 100 are being counted and
N is much greater than n, the normal or Gaussian distribu
tion approximates the Poisson distribution.

The normal

distribution differs from the binomial and Poisson distribu
tions in that it is a continuous distribution, whereas t h e .
binomial and Poisson distributions are discrete integer
distributions.

The advantage of the normal distribution

is that it is symmetrical about the true average value,
and can be integrated over any arbitrary range of values
to obtain a confidence level.

The advantage of the Poisson

distribution is the simple relation between the standard .
deviation and the true mean value.
In radiation counting, we are interested in the
true mean number of counts in a given time interval and in
the accuracy of estimating that mean.

An estimate of y is

usually obtained from a single observation of the number of

16
counts, n, in a given elapsed t i m e .
tion of p, is Vu~«

The standard devia

Since, the value of y is .unknown, an

approximation must be employed.

The best available es

timate of p is n, the single observed value; thus, the best
estimate of the standard deviation is
c (n>
Equation

\fn

(8)

(8) is a good estimator of a(n)

n are being considered.

if large values of

Values of n larger than 100 give

good results.
When the relative accuracy of the true mean is
desired, the relative standard deviation is used.

The

relative standard deviation is defined as the standard
deviation divided by the estimate of the true mean value, .
or;
gj-Pl
n

=xOr
n

=

(9)
Kvr

/IT

Since the number of observed counts depends directly
on the time interval considered, we can improve the relative
standard deviation by
example, consider

increasing the observation

asource yielding

of 100 counts per minute.

time.

an average counting

From equation

For
rate

(9), the relative

standard deviation for a minute count will be 1 / / 1 0 0 0.10.

However, if the observation time is increased to 100

minutes, about 10,000 counts will be observed.

The rela

tive standard deviation in this case will be 1/^.10,000 =

0 .01 .
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The significance of the relative standard deviation '
lies in its ability to predict the relative error in a
total count due to random decay of the radioactive atoms.
This error can be reduced by increasing the amount of radio
active material in the source or changing the geometry as
described in the following section.
<0

i

■

1

.

Counting Geometry
Radiation from a source is emitted equally in all
directions.

A hypothetical sphere of radius d can be con

structed around a point source.

All the emitted radiation

will pass through this sphere if no absorption Occurs.

For

any given sphere size, the average radiation flux per unit
time per unit area is constant over the entire sphere
surface„
The fraction of the radiation that strikes a de
tector can be given in terms of the fraction of the sphere
that is intersected by the detector.

For source to de

tector distances d that are large compared to detector
area A, the ratio of the area of the detector to the area
of a sphere with radius d is approximately
,

'

;
;

■■■"■ ■

4ia2

This approximation is also used when the source is not a
point source, but is small compared to the dimension d.

: ■■■
(1°)
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Accuracy and Precision
The- precision of a measurement is determined mathe
matically from a series of experimental observations and is
expressed as the standard deviation of the measurement.

It

is a measure of the confidence to be placed in the experi
mental readout.

Accuracy is the difference between a me a 

sured value and a true value.

To obtain the true value,

measurements against a standard are taken. .
The reliability of a counting rate is often desired
rather than the total number of counts in a given time
period.

If the observed counting rate is denoted as r,

then
r = n/t

(11)

Assuming that there is no error in the measurement of t,
the standard deviation of the counting rate is

(Gardner

and Ely 1967, p. 118)

(r) - :-L"i ^

^

-

JJ

(12)

The sensitivity of an instrument is defined, as the
response for a change in the variable being measured.
Sensitivity does not imply the ability to sense a small
change in the variable because the accuracy with which one
can make the measurement is also a factor,

19
Absorption "Cross Section
In designing an experiment, the optimum size of the
sample should be considered.

With the attenuation of trans

mitted gamma r a y s , the best sample size is a function of
the energy of the gamma ray u s e d .

The intensity of radia

tion passing through an absorber is given by the exponential
law and may be expressed as
r = r0 exp

(-Um px)

(13)

where rQ = Counting rate with no absorber
r = Counting rate with absorber between detector
source
1im

= Mass absorption coefficient, crn^/g

p = Absorber density, g/crn^
x = Absorber thickness, cm
If the uncertainty in measuring an independent
variable y is due only to fluctuations of the source dis
integration, then the standard deviation of y will b e ;
0 (y) = I f 9 (r)

(14)

For an exponential response and y = x , we proceed by solv
ing equation

(13) for x to obtain
x = (l/iam p) In(r0/r)

(15)

Taking the partial derivative of x with respect to r and
substituting o(r) from equation
standard deviation of r yields

(12), the relation for the

20
a(x) = -1/ (y^pr) Jr'/t

(16)

Substituting the expression from equation

(13) for r we

have
o (x):= -exp

(um px/2)/ym p|r0t-

(17)

The standard deviation of x is a function of the
product ym p.

To obtain the optimum sample size, we must

find where 0 (x) is
da(x) /d

a minimum. This can be done by

(yp) = 0, or
0 = JF—
/ ^ o 6" [ ^m2

Equation

setting

- *£_
2ym

exp(ym px/2)

(18)

(18) is valid only when the product ym px = 2.

The

second derivative is positive, indicating that the standard
deviation of x is a minimum when the product of the mass
absorption coefficient, ym , density,

p, and sample thick

ness , x,

equals two, and the error is due to random fluctua

tions of

thesource disintegration rate.
If instrumental uncertainty is the predominant

error term and, as

is usually the case, ym p is

tion of the instrument error,

not a func

the optimum value for

sample

size occurs at ym px = 1 (Gardner and Ely 1967, p. 282).
Minimum Detectable Change
Following the development given by Gardner and Ely
(1967, p. 262) , a concept is needed to express the ability
to sense a small change in a variable.

T h u s , it is desired

to measure the difference Ay between two values of y; i.e.,
Ay = y - y ' .

Each value of y has a standard deviation and the

difference may be written as
Ay[±c (Ay):] = y [+a (y) ]-y'[±a (y') ]

(19)

The standard deviation for the sum or difference of any two
numbers allows equation

(19) to be written as

Ay ± o (Ay) = (y-y') i [a2 (y) + a2 (y')]d

(20)

The value Ay must be as large or larger than o (Ay) before
the measured value of Ay can be attributed to a change in
y rather than to a statistical fluctuation.

There will be

a 0.68 confidence level in detecting a change in y when
that change, Ay, is equal to o (Ay).
'

-

From equation

(20),

-

detecting this change will occur when
Ay = [a2 (y) + a2 (y')]^

(21)

For small Ay, y is nearly equal to y ' and a (y) is nearly
equal to c ( y ') and the detection of Ay becomes
' •' ‘ '

"■ ■"

&Y ^

^
(2) % (y)

’■

(22)

The relative value Ay/y is often more useful, when compara
tive studies are being made.

Therefore, the minimum de

tectable change is defined as the relative change in the
variable y which has a 0.68 confidence level of being de
tected

(Gardner and Ely 1967, p. 263).

Using, the expres

sion for the standard deviation of y from equation
we have
. ; ■

■'
V
'
Minimum detectable change =

%
— q.^.r V
y

2%
or

(14),

(23)
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With an expression for a (r) and 3y/9r similar to equation
(16), the minimum detectable change for a scaler where the
predominant source of error is the fluctuations of the
radioactive source becomes

'".JL
In (r0/r)
Equation

(24)

rt

(24) shows that increasing the source strength or

increasing the counting time will reduce the minimum de
tectable change,

It should be noted that minimum detectable,

change is unitless and can be applied to any of the inde
pendent variables.

CHAPTER III
MATERIALS AND METHODS
Gamma Radiation Equipment
The system used is. illustrated in Figure 2 and con
sists of these major components:
A,

Source

B,

Detector

C,

Photomultiplier

D,

High voltage supply

E,

Analyzer

F,

Scaler

G,

Ratemeter

H,

Shield

I , .Elevator
Source
The radioactive source is a cesium-137 capsule.
The source strength when measured on November 16, 1964,
was 201 millicuries.

Assuming a half life of 26.6 years,

the strength would be approximately 178 me in the spring
of 1970 when, measurements reported here were made.

Cesium-

137 decays by emitting a beta particle, thereby transforming
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Figure

2.

Gamma Radiation Measuring System.

itself to barium-137,

In 92% of these transformations,

the barium-137 is in an excited state and the energy is
released as a gamma ray of 662 Key.
Detector
The gamma ray detector is a sodium iodide f thalliumenriched crystal 2.5 cm in diameter and 2,5 cm thi c k .

This

scintillator responds to incident radiation by emitting
photons in the visible light range.

The crystal emits

approximately.two photons for every 100 electron-volts of
radiant energy received.

The photons thus formed are re

flected by the crystal housing until they strike the
photocathode of the photomultiplier.
light photons eject photoelectrons.

About 10% of these
T h u s , a number of

photoelectrons proportional to the number of incident light
photons are injected into the multiplier structure of the
phototube,
Photomultiplier
,.The photomultiplier contains a phototube and a pre
amplifier, . The phototube abutts the detector crystal with
a grease seal to form a light conducting path.
voltage is applied to the phototube.

The high

When light photons .

eject electrons in the phototube, the pulse is amplified .
causing a signal in proportion to the intensity of the light
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pulse.

This signal is then further amplified by the pre

amplifier and transmitted to the analyzer.
: Analyzer, Scaler, Highvoltage Supply
These units are all in one panel-mounted chassis.
The highvoltage supply must provide an adjustable stable
voltage source for the photomultiplier.

Voltage is ad

justable from 400 to 2500 volts in steps of 100 volts.

In

each step, a fine adjustment of 150 subdivisions provides
for a fine tuning of the highvoltage including an over
lapping of the steps.
The pulse height analyzer is a discriminator circuit
to allow the selection of a single range of pulses.

The

controls for this circuit consist of a baseline setting and
a mode selection.

The counting modes of integral, wide

differential and narrow differential are available.

In

integral mode, all pulses above the baseline are counted.
In wide differential, all pulses above the baseline and
less than the window value above the baseline are counted.
In the narrow differential mode, the window value is one
tenth that of the wide differential mode.

The baseline and

window voltages must be calibrated to be meaningful in
analysis.

Usually, the full scale of 10 divisions is set

to equal one million electron volts.

Then the digits can

be read directly in one hundred thousand electron volt units.
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The scaler consists of a six decade counter, a
three decade offset, and a five decade clock.

The clock

can be operated in minutes or seconds and the scaler can
be set for preset time
counts

(record the counts), or preset

(record the time),

The scaler can also be operated

manually or in a percent mode.

In the preset mode, any

time or count setting within the range may be used, and the
scaler will stop recording when the first limiting condi
tion is met.
-- - -

.

-

'

■

Ratemeter
The ratemeter records continuously and gives a dial
reading proportional to the count rate.
has six linear and one logarithmic scale.

The dial setting
A recorder out- .

put of either one milliamp or 10 millivolts full scale is
connected to the dial reading.
able to obtain an average,

Six time constants are avail

stable meter reading.
Shield

-

To collimate the beam of gamma radiation and to
protect the equipment operator, a lead shield is con
structed around the cesium source and the crystal detector.
The source is at the center of a lead cylinder 20 cm in
diameter and 20 cm lo n g ,

The detector is enclosed by a

lead cylinder 20 cm diameter and 8.8 cm thick with a 3.8 cm
well at the center for the detector.

A port 0.3 cm
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diameter was drilled through the center of the lead source
and.detector shields to provide a pathway for a narrow
collimated beam of gamma radiation.

Readings on the out

side of the lead shield were less than one milliroentgen per
minute,
Elevator
The shields with the associated source, detector
and photomultiplier are mounted on a platform in a steel
framework.

The platform has an opening in the center for

a soil sample up to 25. cm in diameter and up to 1% meters
in length.

The platform is motor-driven and can be raised

or lowered to scan the column, or it can be held in any
position for a continuous point count

(See. Figure 2).

Calibration and Instrument Setting
The scaler was calibrated to read the pulse height
energies in electron volts.

By adjusting the high voltage

supply so that the peak from cesium-137 is centered at
6.62 on the dial, the dial range of zero to ten could be
considered as zero to one million electron volts.
The baseline and window setting can then be inter
preted in terms of energy and range allowing comparisons of
data -in this experiment with, other, work.
voltage setting was;
ment at 64,

The final high

course adjustment at 800, fine.adjust
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In the experiments of this study, the baseline was
set at 5,30,

This is in'the;botton of the valley before

the photopeak of cesium-137,
integral counting-mode.

The range of energy counted was

therefore 530 key and above.
about 8 00 key.

The counts were collected in

The effective upper limit was

As discussed earlier this spread is due to

statistical broadening of the photopeak since only gamma
ray energies of 662 key are produced by the source.

This

range is probably the largest that would be considered by
experimenters using this method.

Special features of equip

ment or experimental purpose can justify a more narrow
counting ran g e ,
Constant Attenuation Exponent
The' following procedure was used to determine the
minimum detectable change in soil density as a function of
counting time when the sample attenuation exponent is
constant.
A plastic cylinder 10 cm tall and 8,8 cm inside
diameter was filled with air-dried soil.

The average

density of the soil and the attenuation exponent were cal
culated,

The values obtained were 1.05 for attenuation

exponent and 1,47 for soil density.
Ten readings were taken for each time period at the
same position and instrument setting.

The time periods
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ranged from one^tenth of a minute to one minute by tenths,
and at 1,5, 2,0, 3.0 and 5.0 minutes.
Constant Counting Time
The following procedure was followed to determine
the minimum detectable change as a function of attenuation
exponent with the counting time constant.

It was felt that

the best results could be obtained where the density, mass
absorption coefficient and thickness could be accurately
controlled.
-

.

For these reasons, aluminum plates were chosen
6

■.

rather than a soil material.
Ten one-minute readings were made through air and
through aluminum plates with thickness and attenuation
exponent given below;
Thickness, cm

Attenuation Exponent

5.07
7.66
10.25
12.84

1.03 ,
1.55
2.06
2.57

CHAPTER IV
RESULTS AND DISCUSSION
Constant Attenuation Exponent
From the theory of minimum detectable change con
sidered in Chapter II, equation

(24) was developed to give

the expected value of minimum detectable change in density.
When r of equation
equation

(24) is expressed in terms of rQ through

(13) the minimum detectable change is
%
ym px

(25)

r0t exp(-ym px)

In Figure 3, this equation is solved for counting
times of one-tenth of a minute to five minutes and for
values of the attenuation exponent of 1 , 2 ,

3,4

and 5 at

a r0 of 266,000 counts per m i n u t e .
Figure 3 illustrates the theoretical solution of
the first objective of this thesis.

This objective was to

find the effect of counting time on the minimum detectable
change of density for different values of the attenuation
coefficient.

If the experiment measures a static or slowly

changing density, counting time may be increased to obtain
greater precision.

Predicting this effect can be of con

siderable help in the formulation of an experiment.
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In Table 2, the counting data included in Appendix
A is converted to density by equation
values, Figure 4 was drawn.

(13).

From these

The lines forming the envelope

around the mean value of all points is the minimum detect
able change predicted by equation

(25).

Minimum detectable,

change is defined as having a 0.68 confidence limit of
being detected.

We can consider the 10 data points for

each counting time as having a binomial distribution with
seven points expected within the envelope and three outside
on the average.

The range of the 0.90 confidence interval

for a binomial distribution of this type is from five to
ten „
Constant Counting Time
The following procedure was used to find the re
sponse curve for minimum detectable change as a function
of the attenuation exponent with counting time constant.
This is the second objective of this thesis.

Equation

(25) is solved this time for attenuation coefficients from
.one tenth to five at counting times of 1, 2, 3, 4 and 5
minutes, and r0 equal to 266,000 counts per minute.

The

results of this calculation are shown in Figure 5.
In Table. 3, the data from Appendix B for aluminum
at a constant counting time;are, converted into density
values.

Figure 6 is a plot of these results with confidence
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Table 2.

Predicted Densities at Constant Attenuation
Exponent
COUNTING TTMfc- =
• 1 MINUTES
1 .499
) .495
.528
1.487
1 .505
.485
1.486
1 .494
1*507
1*510
1 .494
] .500

COUNTING 1 1ME =
.2 MINUTES
1 .499
.494
1.49b
1 .488
1
.49?
1 .499
.505
1.50b

COUNTING T t m f =
) .499
1 .495
1.487
1.497
1 .49 7
1 .485

.3 MINUTES
.497
1.491
.499
1.494

COUNTING t t m e =
1.494
1 .507
1 .503
1.508

.4 MINUTES
.507
1.495
.498
1.489

1*493
1 .49o

.5 MINUTES
COUNTING T IME =
.491
1.503
) .496
1 .488
] .509
1 .49?
1.528
1.497
.501
1-500
COUNTING TIME =
1 .479
1 .486
1*495
1*498
1 . 498
1.502

.6 MINUTES
.498
1.491
.501
1.505

COUNTING TIME s
1.495
1.499
1 .498
1 .508
1 .499
1 *496

. ? MINUTES
.50 2
1.499
*493
1.505

COUNTING TIME =
1 .494
I.489
1.498
1.491
1 . 498
1 .505

*d MINUTES
.499
1.491
.496
1.499

Table 2.

(Continued)

1 .499
3 .492

C O U N T I N G T MF.=
.493
1 ,50 3
1 .499
.503

.9 M I N U T E S
1.500
1.498
1.497
1.496

cr

C O U N T I N G T M E = 1. 0 M I N U T E S
1.504
1.501
1 .494
.497
1.491
1.491
1.500
.489
1 .501
1 .499
1 .505

C O U N T I N G T ME= 1 •5 M I N U T E S
1 .501
1.496
1.497
.502
1.494
1.498
1 .499
.500

1 ,496
] .498

C O U N T I N G T M E = 2. 0 M I N U T E S
1,494
1.492
1 .499
.496
1.494
1.499
.496
1,499

1 .502
1 .499

C O U N T I N G T M E = 3. 0 M I N U T E S
1 .498
1.500
1.498
.492
.499
1,495
1.496
1.499

1.495
1 .493

5. 0 M I N U T E S
COUNTING T
1 •4*4
1.500
1 .499
.496
.498
1.501
1.493
1*501

1.52-

1.50ro

.48-

MEAN DENSITY l.497g cm

.47.46^

1.45
.44.43.42.41 .40i

i

I

2

i

3

i

4

COUNTING T IM E , M IN U T E S
Figure 4.

Variance in Measured Density at Constant Attenuation Exponent.

i

5

LU 1.4
COUNTING RATE (r ) OF
266,000
®
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MINUTE
o

minute

3 MINUTES
# m in u t e s

ATTENUATION
Detectable Change as a Function of
Attenuation Exponent.
Lu
-vj
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Predicted Densities at Constant Counting Time

A T T E N U A T I O N E X P O N E N T : 1.03
2.695
’ .688
p . 678
2.668
2.670
P . 879
P . 6 9 3 p .688
2.692
2.682
2.685
2.687

A T T E N U A T I O N E X PO N E 6 T = 1 . 5 5
?.696 2.681
2.695
2.690
2.69i p.687
2.o67
2.693

ATTENUATION EXPONENT: 2.06
2.693
?.693
2.667
2.678
P . 676
P .681 2 . 6 8 1
2.680
2.672
?.683

ATTENUATION E X P O N E N T = 2.57
.67]
2 . 6 7 9 p .68 3
2.690
2* 688
r *685
2.690 2.697
2.669
2.678

v r>j

Table 3.

2.70i
2.69

2.68ro 2.67 i

§ 2.66 H
cn

2.65 H
t 2.64
co

w 2.63 H
Q

2.622.61 2.60-c*-

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
ATTENUATION EXPONENT
Figure 6.

Variance in Measured Density at Constant Count
ing Time.
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limits drawn around the values just as was done for Figure
4.

Again we expect to find about seven of the points for

each set of readings to be within the envelope.
Percent Error Constant
The third objective of this study was to determine
the radiation attenuation exponent as a function of count
ing time when the percent error is constant.
were also derived from equation
Figure 7,

The results

(25) and are presented in

These results could not be verified experimentally

since by definition the error term is not a controlled
factor.

Figure 7 shows that the minimum counting time for

any constant error value occurs at an attenuation exponent
of 2.0, as fixed by the assumptions of equation

(18).

The significance of this figure is in the design of
an experiment where density is being measured as a function
of time.

An experiment of this kind may be a study of un 

saturated flow of water in a soil.

For the values that apply

to this specific case, we find that for a 0,25% minimum
detectable change, a sample with an attenuation exponent of
0,8 or 4.2 would require 4.5 minutes of counting time while
the same precision could be obtained in 2,2 minutes if the
attenuation exponent was equal to 2.0,

For a dry soil with

a density of 1.4, the thickness of the sample required to
give an attenuation exponent of 0,8, 2.0 or . 4,2 would be

4.5-1
• 0.50%

4.00.25%

EXPONENT

3.0-

ATTENUATION

3.5-

2.0 -

M IN IM U M
CHANGE

DETECTABLE

0.20%

2.5-

1.5-

1.0 0.5-

0.0-

i

3

r

4

COUNTING T IM E , M INUTES
Figure 7.

Attenuation Exponent as a Function of Counting Time Fractional
Error Constant.

i

5
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7,4, 18,5 and 38.9 centimeters thick, respectively.

It is

also worthwhile to note that the change in counting time
for a constant precision is not abrupt and is fairly sym
metric around the attenuation exponent of 2.0.

This means

that a small range in density centered about an attenuation
exponent of two at a constant counting time will have nearly
equal counting precision.

From Figure 7, a range in the

attenuation exponent from 0.9 to 3,9 will have a precision
near 0,5% or better at a counting time of one minute.

A

soil sample 16 cm thick and at a density of 1.40 would have
an attenuation exponent from 1.73 to 2.41, while changing
from oven-dry to 50% water content by volume.

/■

CHAPTER V
SUMMARY AND CONCLUSIONS
The objective of this study was to develop a model
that would show the influence of counting time,, attenua
tion exponent and fractional error in the measurement of
soil density by gamma radiation transmission.
For soil density measurement the attenuation of a
medium energy gamma ray, slightly less than one million
electron volts, will be almost entirely by Compton scatter
ing,

As a result, the absorption coefficient expressed as

cm^/g will show only slight variation between, elements with
the exception of hydrogen.

Therefore, soil density mea

surement using gamma radiation of medium energy will be
insensitive to slight variation in the chemical composi
tion of the s o i l ,
The gamma ray spectrum by a scintillation detector
is broadened at its maximum value, giving an almost sym
metrical energy distribution about the mean value of the
photopeak.

Opinion has differed on the best setting of the

discriminator

(van Bavel 1959, Gurr 1962, Thames 1966),

since,taking too much of the low energy counts increases
the non-linearity of the response and a narrow setting
'-
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will reduce the counting rate and:become more, sensitive
to instrument drift.

The discriminator setting used in

this thesis was set for the bottom of the valley before
the photopeak and all counts above this energy were re
corded.

This may not be the best setting but was chosen

to represent the most extreme setting likely to be con
sidered.
The mass absorption coefficients used in this study
were the theoretical values reported in the literature.
An experimentally determined value was not used because it
was desired to keep the results general and applicable to
all systems.
Radioactive decay is a random process.

When certain

minimum conditions are met, such as long half-life and a
total count greater than 100, properties of the Poisson
and Gaussian statistical distribution can be used to
evaluate the data.

From the Poisson distribution, the

standard deviation is

equal to the square, root of the ob

served count

1965, p. 52).

(Topping

From the Gaussian

distribution, confidence levels around a single point can
be predicted

(Topping

counting distribution

1965, p. 59).

This knowledge of the

is basic to the prediction model

developed in this thesis.

With the assumptions that the

exponential type of response represents the calibration
curve, and the predominant source of error is due to
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radioactive decay rat e s , a mathematical model equation

(24)

was developed which predicts the minimum detectable change
in density that can be measured at a 0.68 confidence level.
Two tests of the model were made.

The first was a

comparison between the predicted values of minimum detect
able change and experimentally determined values.

The

factors that comprise the attenuation exponent were kept
constant.

These factors are mass absorption coefficient,

density and thickness of the material.

One hundred forty

separate measurements of soil density were made with count
ing times varying from One tenth of a minute to five
minutes.

The measured values verified the minimum detect

able change predicted by the model.
The second test of the model compared the minimum
detectable change with the counting time constant, versus
variation in the attenuation exponent.
known thickness were used.

Aluminum blocks of

Therefore, only the sample

thickness component of the attenuation exponent varied.
The attenuation exponent ranged from 1.0 to 2.6.

Again,

the experimental deviation was consistent with the pre
dicted deviation.
The following conclusions were made from this
study:
1,

The theoretical model of gamma radiation attenua

tion adequately describes the response of a soil density

measuring system using transmitted gamma radiation.

Hand

book values for mass absorption coefficient and wide range
photopeak counting can be u s e d .
2,

The major source of random error is in the radio

active disintegration rate.

The statistical distribution

of this error source is known and a single measurement
will provide as much information as several measurements
when the total counting time is the same,
3,

The feasibility or optimum design of proposed

experiments can be evaluated for counting time or linear
density using the model for minimum detectable change
developed in this thesis.

APPENDIX A
COUNTS AT CONSTANT ATTENUATION EXPONENT
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COUNTING TIME9085
9040
9112
910 A
90 09
9027

»1 M I N U T E S
8891
9161
9176
9171

«2 M I N U T E S
COUNTING TIME=
181.68
1.8311
182.35
18202
18230
18090
18072
18146
■ 18172
18256
*3 M I N U T E S
COUNTING. T I M E 2745%
27405
27332
2 748:8 ■ 2 7 2 7 8
27291
27534
27255
27352
27286
COUNTING-, TIMES

36492
36582

36404 • 36129
36226: ' 3 6 1 0 2

e4 M I N U T E S
36115
36436
36365
36595

*5 M I N U T E S
COUNTING TtMEs
45687
45278
45773
45512:
45095
45347
45365
45466
44535
45492
C O U N T I N G TIMF.s
54636
55294
55015
54368
54531
54532
COUNTING

63772

6359.9
72699
72361

63558
63715

TIME=

63629
63183

e6 MINUTES
54556
54797
54412
54270
♦7 M I N U T E S
63432
63591
63871
63295

C O U N T I N G . T I M E = :>8 M I N U T E S
73175
72950
72670
7.3106
72709:
73071
72842
72645

8]759
82153

COUNTING TIME=
»9 M I N U T E S
81487
82081 81686
81824
A 1767
81485 81864 . 81906

C O U N T I N G T J M E s 1 eO M I N U T E S
91018
90476
90678
91127
90990
90 6 8 9
91495
91328
90786
91370
136269
135618

C O U N T I N G T T M E = 1 e5 MINUT E S , .
135968
136491
136486
136036
136147
136710
136355
136220

C O U N T I N G T I M E S 2 ,0 M I N U T E S
162088
182378
182539
181656
182 072
181852
182063
182304
181651
181594
COUNTING TTME= 3 *0 MINUTES
272745 273850 . 272272
27], 9 2 4
272645
272464
272545
273059
27247 0 273299
counting

455348
456116

454229
453547

TIME= 5 eQ M I N U T E S
455674
453905
455150
453415
456060
454594

APPENDIX B
COUNTS AT CONSTANT COUNTING TIME

50

cxj ru

A T T E N U A T I O N E X P O N E iV T ™ o 6 o o
72745
2 7 2 5 2 8 27208.3 2 7 2 6 7 7 2 7 2 2 8 0
72082
272922
272919
272529 272079
A T T E N U A T I O N E X P O N E N T S U 03
97948
98T9.6
98577
98921
98865
98514
97994
98181
98040
98410
58441
58358'

AT'T'ENUAT10 N E X P O N E N T ™ 1 . 5 5
58073
58573
58103
58270
5 8 2 3 0 . 59369'
58375
58178

34788
34984

ATTENUATION EXPONENTS 2*06
34531
34536 ■ 34693
34917
34853
34855
34861
35092

A T T E N U A T I O N - E X P O N E N T S 2 e57
20924 ' 20759
20692
20555
20586
20654
20543
20416
20978
20786
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