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ABSTRACT 

This thesis deals with the use of gamma radiation 

to measure the density and neutron radiation to measure 

the water content of concrete. 

It is shown for both these methods that by elimin-

ating the effects of certain nuclear processes the read-

ing may be made independent of the chemical composition 

and therefore the types and proportions of constituents 

of the concrete. The design and calibration of appara-

tus in which this was achieved is discussed. 

For determining density with gamma radiation, the 

source and detector were placed on opposite faces of a 

specimen, in which case predominantly unscattered radia-

tion was detected, or on one face of a specimen so that 

scattered radiation was detected. Both these methods 

were analysed, showing how to design and use such appara-

tus and equations relating count rate and density empiri-

cally derived. 

Experiments were performed with various geometries, 

sources and detectors for neutron water content apparatus, 

and the best arrangement of source and detector chosen 

on the basis of those results. 
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PART 1 GENERAL INTRODUCTION 

The aim of concrete engineering is to provide a struc-

ture to perform a given function with the most economic 

use of material and human resources. The deformation of 

a structure, due to load, temperature or shrinkage, must 

be limited and the structure must resist deterioration by 

the environment. 

The concrete in a typical structure may be required 

to be strong, durable and impermeable, and not exhibit 

large amounts of thermal expansion, shrinkage due to water 

movement, thermal or sound conduction or chemical deter-

ioration. 

Concrete is made of cement and inert aggregate mixed 

with water and placed before hardening can occur. The 

properties of the structure will depend on the properties 

of the components, their proportions, the adequacy of 

mixing, the method of placing and the subsequent tempera-

ture and relative humidity surrounding the structure. 

If a structure in service be found to be unsatisfac-

tory the economic loss to the user may be great and it is 

necessary to ensure the quality of the structure at the 

time of construction, For that reason materials are 

selected, proportioned, mixed and placed with care, but 

because of the inherent variability of the components and 

the dependence of the concrete quality on the reliability 
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of both labour and machines, the finished structure must 

be tested. 

The usual procedure is to take standard small samples 

of concrete, cure them under specified conditions, and 

then subject them to tests which are usually standard 

crushing tests. If a sufficiently large proportion of 

the samples pass a specified test limit, the concrete in 

the structure is assumed to be of adequate quality. This 

procedure cannot be regarded as more than an empirical 

method of quality control, as the concrete samples are 

much smaller than the structure and are subjected to a 

different environment while curing and different conditions 

of stress under loading. 	Because of the long delay between 

placing the concrete and testing the samples, often as much 

as 28 days, it may be very expensive to remove unsatisfac-

tory concrete. 

Although the cube crushing strength is related to other 

properties of concrete the crushing test is related to the 

historical development of engineering techniques rather 

than to the real conditions of forces and stresses within 

the concrete which determine its behaviour. 

There is a. need therefore for in situ tests to assess 

the quality of concrete as soon as possible after placing. 

These needs are partially met, on hardened concrete, 

by the measurement of the elastic rebound, resonant fre- 
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quency or ultrasonic velocity. These tests derive from 

mathematical studies of elasticity and are strictly valid 

only for a homogeneous, isotropic, elastic material. 

Concrete in fact is made up of inert stone in a cement mor-

tar matrix which is a complex material composed of inert 

sand, cement at different stages of hydration and water 

both free and in various states of combination. This mix-

ture is neither uniform nor elastic, and its properties 

constantly change with applied stress or vapour pressure. 

The values of pulse velocity and resonant frequency are 

used to calculate elastic constants of a concrete but this 

result is related only empirically to the load bearing 

properties of a structure and requires knowledge of the 

density of the concrete. 

The properties of concrete listed above, strength, 

durability, impermeability, thermal expansion,. shrinkage, 

insulation and resistance to chemical attack are for given 

materials all related to the water content and density but 

no method has been available to measure these accurately 

on a structure. Even in a laboratory, density is measured 

by weighing in air and in a fluid such as water or paraffin 

which may permanently alter the properties of the specimen. 

Water content of a specimen is calculated, when desired, 

from the density of the concrete and its constituents, 

assuming a value for the air voids ratio. 
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These difficulties can be overcome by the use of 

radioactive isotopes to determine both density and water 

content of concrete without making any assumptions as to 

its elastic properties. These techniques can be used on 

fresh, unset concrete or hardened concrete, on site or in 

the laboratory and should open new methods of control of 

and research into concrete. 

Of the types of radioactivity available from radio-

isotopes, gamma and neutron radiation are sufficiently 

penetrating to. give information about structural concrete. 

The use of these radiations falls into two categories; 

gamma ray methods for determining density and neutron ray 

methods for determining water content. 

As this theSis deals with non-destructive testing, 

probe type instruments, used usually in soil boreholes but 

seldom in concrete, were not considered. In practice a 

source and detector of gamma rays may be placed on one 

face of a specimen, so that radiation is scattered into 

the detector, or the source and detector may be placed on 

opposite sides of a specimen so that predominantly un-

scattered radiation is detected. In both cases the count 

rate will be a function of the specimen density. The 

arrangement chosen for testing a particular part of a 

structure will depend upon the shape and accessibility of 

the member under consideration. A practical site instru- 
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went would consist of the source, detector and relevant 

shielding together with a portable electronic detection 

system. 

When a fast neutron source is placed near concrete 

the scattered slow neutron Intensity is a function pri-

marily of the hydrogen content, and therefore the total 

water content of the concrete so that the count rate at 

a slow neutron detector would be a measure of water con-

tent. Portable equipment would consist of the source-

detector assembly with necessary shielding and the port-

able electronic detection system. 

Both neutron and gamma ray methods have been in use 

for some years, particularly on soils. The design of 

apparatus has generally been purely empirical, and the 

readings appeared to be influenced by undesired factors, 

such as the chemistry of the tested material. The 

research reported here shows how the latter effect may 

be eliminated. 

Although possible applications to concrete tecfinol- 

ogy were constantly borne in mind during the conduct of 

this research, the work has concentrated on analysis of 

the methods rather than the development of the applications, 

because a thorough understanding of the principles and 

problems involved is necessary before these methods may 

successfully and correctly be applied. 
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The work reported in this thesis is divided into 

four parts. Part 2 deals with the determination of den-

sity by gamma ray backscatter; Part 3 with the determina-

tion by gamma ray transmission; Part 4 with the use of 

neutron radiation to measure water content; and in Part 5 

the conclusions of the different parts are considered 

together. 
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PART 2 THE USE OF GAMMA RADIATION TO MEASURE DENSITY 

BY HACKSCATTER 

CHAPTER 2.1 INTRODUCTION  

All the work previously reported on this method has 

been carried out with the aim of using the apparatus on 

soils, generally for quality control of earth structures. 

Sources used, of intensity up to 60 millicuries, have been 

Co 60, Cs 137 or the radium in a radium-beryllium neutron 

source, in which case the instrument was used for both 

moisture and density determination (Kuhn.1960). Detec-

tors have usually been Geiger-Muller tubes. 

In these density galiges the source was separated from 

the detector by a thickness of lead. The assembly was 

placed on the material to be tested and a count taken. 

A typical assembly is shown in Figure 1 and a typical curve 

of count rate against density, the calibration curve, 

shown in Figure 2. • In all reported work count rate fell 

as density was increased in the range above about 100 lb/ 

cu ft, and it has been explicitly stated (Jacquesson 1954) 

that this must be so in practice. This type of calibra-

tion curve can lead to ambiguous readings at low densities. 

Some workers (Neville and van Zelst 1960 , Gnaedinger 

1960, Mintzer 1960, Kuhn 1964) found that the type of soil' 

affected the calibration curve. Gnaedinger (1960) and 
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Carey et al (1960) found that the manufacturer's cali-

bration curve differed from their own, which may have 

been due to the types of soil used in establishing the 

curves. Carlton (1960) and Huet (1961) reported that 

for the soils used no soil type effect was observed. 

It must be concluded that in general a soil type effect 

does occur. It is shown in the present work that this 

must be so with apparatus in which count rate falls as 

density is increased. 

The distance between source and detector affected the 

shape of the calibration curve and was chosen by each 

worker to give the most sensitive reading over a parti-

cular range of densities. This distance varied from 54" 

(Carey and Reynolds 1958) or 6" (Pocock 1956) to 20 cm 

(Lauchaud 1961) or 30 cm (Brocard 1954). 	Some instru-

ments (Kuhn 1960) included a mechanism for varying the 

source detector distance to give best sensitivity for 

each range of density. 

Roughness of the surface upon which the instrument 

was placed was observed to cause error (Belcher et al 1952, 

Carey and Reynolds 1958, Kuranz 1959. Carlton 1960, 

Lauchaud 1961, Kuhn 1964). Carey and Reynolds (1958), 

Belcher et al (1952) and Kuhn (1964) reported that this 

error may be reduced by placing the instrument on three 

legs. Other workers (Kuranz 1959. Neville and van Zelst 



1960, Carlton 1960, Lauchaud 1961) relied on bedding the 

instrument well down on a specially prepared surface. 

The depth of effective penetration of the instrument 

was reported by various authors as shown below. 

TABLE 

Author Reported depth 

Belcher et al (1952) 4" 

Brocard (1954) :fr. 	4" 

Pocock (1956) 34" in concrete, 20" in air 

Carey and Reynolds (1958) 5" at density 140 lb/cu ft 

Carey et al (1960) 6" 

Carlton (1960) 3" to 4" 

Gnaedinger (1960) < 8" 

Neville and. van Zelst (1960) approx. 6" 

Lauchaud (1961) 6" 

Huet (1961) 6" at density 125 lb/cu ft 

Carey and Reynolds (1958), Carlton (1960) and Neville 

and van Zelst (1960) stated that if Co 60 were used rather 

than Cs 137 the depth would increase but that opinion is 

invalidated by the present work. 

The horizontal extent of the zone of influence was 

usually determined by each worker for his apparatus. 
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Belcher et al (1952) using the apparatus shown in Figure 

1 found that this volume did not extend beyond 2" from 

the base plate. These dimensions were different for 

different instruments but a plan area two feet square 

seemed generally effectively infinite. 

Calibration of an instrument offered problems to all 

workers. 	Belcher et al (1952), Pocock (1956), Neville 

and van Zelst (1960) and Carey et al (1960) used blocks 

of material and measured the overall weight and volume of 

each block. Differences between the overall density 

and the local density at the point of observation gave 

rise to errors. Carey et al (1960), Kuhn (1960) and 

Huet (1961) used the instrument on site and calibrated it 

against a standard technique such as a balloon volumeter 

or a replacement method but these methods themselves were 

subject to error, particularly on granular soils. Kuhn 

(1960)" did statistical tests on the results of both radia-

tion and sand replacement methods and concluded that the 

nuclear method gave results at least as accurate as the 

sand replacement method. Carey et al (1960) tested the 

instrument by taking 20 observations on a carefully chosen 

coarse rolled base, containing stone of 11" maximum size. 

They obtained the following results. 
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TABLE 2 

Method Mean lb/cu ft Standard error 
lb/cu ft 

Nuclear gauge 147.7 0.7 

Balloon volumeter 150.3 4.8 

Sand cone device 150.5 4.9 

The nuclear gauge appeared to give more consistent results 

but the authors were unsure as to which method gave rise 

to the difference between the means. 

The accuracy attainable with gamma ray backacatter 

density gauges appears to vary from author to author. 

Some quoted values are shown below. 

TABLE 3 

Author Quoted accuracy Remarks 

Belcher et al (1952) 

Carlton (1960) 

Gnaedinger (1960) • 

Carey et al (1960) 

Huet (1961) 

li% 

2.8 lb/cu ft 

"within 5%" 

4.4 lb/cu ft. 

Std.errorm0.01g/cc 

Compared with 
replacement 

Compared with 
balloon volumeter 

It appears, in general, that whereas reasonable 

accuracy is obtainable with a good instrument calibrated 
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for a particular material, the error when used on a diff-

erent material may be significant. In addition, an un-

stable electronic system may give rise to errors (Gnaedinger 

1960, Carey and Reynolds 1958). The usual procedure was 

to take a reading on a standard specimen and if this 

differed from the standard reading an adjustment was made 

to one or other electronic stage until the error was eli-

minated. Neville and van Zelet (1960) and Huet (1961) 

used, instead of count rate, the ratio of count on speci-

m en to count on standard in order to overcome both the 

drift effect and the effect of source decay. 

The background count due to cosmic radiation or other 

causes may be significant. Carey and Reynolds (1958) 

found that this was so when the total count rate was about 

300 counts per second with a Geiger-Muller tube. The 

significance of this effect will depend upon the instru-

ment, the location and the time, so that in general the 

background rate must be considered. 

No theoretical expression has been developed to give 

count rate as a function of density for backscatter gauges. 

Some functions quoted for the equation of the calibration 

curve are discussed in Chapter 2.9.4. Carey et al (1960) 

who obtained experimental curves of density against count 

rate fitted a first order polynomial, a quadratic and a 

simple exponential to the experimental curve and found 

that for the range of densities considered, from 98 lb/cu ft 
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to 143 lb/cu ft the linear model was sufficiently accurate, 

but for extension to higher densities a curved function 

would have been preferred. Neville and van Zelst (1960), 

Carlton (1960), Lauchaud (1961) and Huet (1961) found 

that for the range of soils tested count rate fell linear-

ly with density. 

CHAPTER 2.2 DESCRIPTION OF THE RELEVANT NUCLEAR 

PROCESSES 

When a beam of gamma photons passes through a mater-

ial, many reactions may occur between photons and the 

elemental particles of the material, but the only reactions 

that need be considered for this method are:- 

(a) Pair production. 

(b) Compton scattering. 

(c) Photoelectric absorption. 

(a) Pair Production. In pair production a photon reacts 

in the presence of matter giving rise to a positron-

electron pair. The cross section per atom for this re-

action increases with Z2, where Z is the atomic number. 

The pair production cross section depends, therefore, on 

the proportions of elements in the material. As the 

method should be independent of these proportions, the 

effects of pair production should be eliminated. Figure 

3, which gives the cross sections or reaction probabilities 
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for the above processes as functions of energy (Grodstein 

1957). shows that the cross section is zero below 1.02 MeV 
and up to 2 MeV is very small in materials of medium atomic 

weight such as phosphorus or concrete.and may be neglected. 

For this reason the source energy should not be above 2 MeV. 

(b) Compton Scattering. Compton scatter is the scatter 

of a photon by an orbital electron. In this process the 

energy of the photon is much greater than the binding energy 

of the electron to the nucleus so that the electron is 

effectively free. The cross section per electron is 

given by the Klein Nishina formula (Evans 1955) and is 

dependent only upon the incident photon energy. If t 

be this cross section per electron and Z the atomic num-

ber of the scattering material, then the cross section 

per atom is Zt and the macroscopic cross section is 

E = —A OA 	 . 2.2.(1) 

where A is the atomic weight and p the density of the 

material, and NA  is Avogadro's number. 

If the material is composed of n elements, the mass 

fraction of each being Gi, then the mass of each element 

per cc is GP and the macroscopic cross section is given 

by 	r  = 	Z 4 G ce NAt 
L.  A. 

G•Zz 
p NA 	'Ai 

rt 

2.2.(2) 
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GZ,: 
For convenience the quantity 	Az 	of a concrete 

n 

will be defined the Compton scattering factor, X. 

At each scatter a photon loses energy. If Eo is 

the incident energy, and e the angle of scatter, the energy 

of the scattered photon is given by 

E. 2.2.(3) 14E. 0-cose) 
0.511 

The maximum energy loss occurs when the photon is scattered 

back through 1800. 

(c) Photoelectric Absorption. In the photoelectric ab-

sorption process all the photon energy is absorbed by a 

single collision with an orbital electron which is tightly 

bound to the nucleus. The cross section per atom is given 

approximately by (Price, Horton and Spinney 1957) 

= 	1.25 x 10-9  z5E
0
-7/2  

Therefore 7 = KNo) 25 where 
A 

K = 1.25 x 10-9E0-7/2 

For a material comprising n elements as above 

E = KNA(r`i 
Ai 

2.2.(4) 

It is to be noted that the quantity Z/A is very nearly 

1 for all elements except hydrogen, for which it is almost 

1. 	Table 4 shows the quantities 	G- Z .  
A.  

and 
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for a wide range of concretes and phosphorus for compari-

son, from which it is seen that whereas the former varies 

from one concrete to another the latter varies hardly at 

all. Therefore the absorption process is greatly depen-

dent upon the elemental constitution of the material while 

scattering is not. It is apparent that any technique 

devised to measure the density of concrete over a large 

range of mix proportions should be based on Compton scatter-

ing processes, the influence of photoelectric absorption 

and pair production reactions being reduced to a minimum 

or entirely eliminated. 
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TABLE 4 

G  -7s 

	

....,,:.,,L i. 	Gi.z QuantitiesE---- and 1:--- for various concretes  

	

Ai 	A, 
n 	n 

and phosphorus for comparisin  

Proportions . (Trade 5  
Grouping) 
Aggregate 
Type 

Z.i. 1-_(  

Water Portland 
Cement 

Aggregate L_ 
n 	A` n 

Az  

Pure Phosphorus 24,510 .484 

".8 1.0 1.5 26,670 ' 	.512 
Granite(a) 

.3 1.0 9.0 27,870 .503 

.8 1.0 1.5 27,670 .513 
Basalt(b) 

.3 1.0 9.0 31,160 .502 

.8 1.0 1.5 28,590 .512 
Granite(c) 

.3 1.0 9.0 32,930 .500 

.8 1.0 1.5 28,510 .513 
Limestone(d) 

.3 1.0 9.0 32,860 .501 

.8 1.0 1.5 26,340 .511 
Hornfels(e) 

.3 1.0 9.0 28,610 .497 

Maximum Variation 22.6% 3.2% 

Maximum Variation is the difference between the highest 

and lowest values expressed as a percentage of the mean 

value. 
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TABLE 4 (Cont'd) 

Chemical analyses of the components were from the follow-

ing references. 

Aggregate Reference 

(a)  

(b)  

(c)  

(d)  

(0) 

H.M.S.°. 1956a rock no.650 

H.M.S.0. 1956a rook no.684 

H.M.S.°, 1956a rock no.652 

H.M.S.0. 1956b rock no.S1 149 

H.M.S.°. 1931 	rock no.529 

A typical ordinary pOrtland cement analysis, by private 

communication from the Associated Portland Cement Manu- 

facturers Research Laboratory, was used. 

"Trade Grouping" follows H.M.S.°. (1960) 

Values of Ai from Etherington (1958). 

Figure 3 shows that if the source energy is below 

about 2 MeV and if photons of energy less than 0.1 MeV 

are not detected, Compton scatter will be the only rele-

vant process, and the effects of chemical composition on 

the count rate will then be very small. 

None of the processes described above depends upon 

interatomic, crystalline or other forces. While in gen-

eral these forces may influence energy quanta, the effect 



at this range of energy is negligible. Gamma density 

methods measure the number of electrons per unit volume 

without regard to chemical binding forces and effects, 

and therefore are insensitive to the structure of the 

concrete. 

CHAPTER 2.3 CONSIDERATION OF VARIOUS BACK SCATTER 

METHODS 

In this research programme'a sodium iodide scin-

tillation counter was used. A photon entering the NaI 

scintillator and colliding, either by photoelectric ab-

sorption or scatter processes, deposited energy in the 

crystal. This appeared as a flash of light which was 

converted into an electronic pulse by a photomultiplier. 

The intensity of the light flash was proportional to the 

energy lost by the photon. If the photon was completely 

absorbed, the light flash and therefore the magnitude or 

height of the electronic pulse was that corresponding to 

full absorption of the photon. Some photons scattered 

within the crystal and then scattered out, depositing 

less than all their energy. Therefore, for photons of 

some single energy detected by the scintillator, there 

was a distribution of pulse heights ranging from zero 

for one glancing collision to the pulse height corres-

ponding to full absorption of the photon. 
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In this project the crystal, li in dia. by 1 in thick, 

was coupled to the photomultiplier by means of silicone 

grease. From the photomultiplier the pulses were passed 

through a cathode follower to a linear amplifier and then 

to a discriminator, as shown in the block diagram of Figure 

4. The discriminator passed only those pulses of ampli-

tude greater than the discriminator voltage level which 

was set as desired. From the discriminator pulses were 

passed to a scaler-timer unit for determining the count 

rate, R. 

As pulse height was proportional to photon energy, 

discriminating at a particular pulse height level was equi-

valent to discriminating at a particular energy level. 

A scintillation counter was preferred in this pro-

ject because it was more efficient than a Geiger-Muller 

counter (about 50% compared with 1%) and permitted energy 

discrimination and selection. 

With the exception of the work by Forrester (1960), 

surface backscatter apparatus has been of the type shown 

in Figure 1 where the source and detector, separated by 

a lead shield, were placed on the material to be tested. 

The use of a scintillation counter with pulse height 

selector made other geometrical arrangements feasible. 

In the first series of experiments the source was 

attached to the detector and then placed upon the. concrete 
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surface as shown in Figure 5. 

The.pulse height selector was set to reject pulses 

of height corresponding to the source energy and to accept 

the lower pulses due to photons scattered off the concrete. 

The source photons did, however, produce a large number 

of pulses of height as low as that due to scattered pho-

tons, so that the ratio of scattered to source count was 

low, as shown in Figure 5. 

The next development was to make the apparatus shown 

in Figure 6a. The scattered count was reduced, compared 

with the previous arrangement, on account of both the lead 

shield and the increased distance from concrete to detec-

tor. The source count was however reduced by a greater 

factor, so that an overall improvement in the ratio of 

scattered to source count was obtained. 

The size of concrete block which was effectively in-

finite to this apparatus was determined by taking readings 

at the centre of a 4" x 4" x 2" block, a 6" x 6" x 3" block, 

and so on, the block size being increased by equal incre—

ments. The resulting curve of count rate against block 

size is shown in Figure 6b. The count rate reached a 

constant value when the 14" x 14" x 7" block was reached, 

from which it was concluded that that size of concrete of 

density 140 lb/cu ft was effectively infinite. 

The pulse height spectrum, in Figure 6a, showed that 
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the scattered radiation fell in a broad peak between 0.05 

MeV and 0.20 MeV, which, as shown in Chapter 2.2, made 

the count dependent on the chemical composition of the 

concrete. The results shown are for a Cs 137 source but 

similar results were obtained using Co 60. 

Because the ratio of scattered to source count was 

low, and because the count was dependent on chemical com-

position, this method was rejected. 

Initial experiments, in which a scintillation counter 

and source were separated by 6" of lead in an arrangement 

similar to that shown in Figure 1, indicated that this 

geometry may give better results. Readings were taken 

with the source and detector separated by distances of 

3" or more, which gave curves of count rate against den-

sity with negative slopes for densities over about 120 

lb/cu ft. The pulse height spectra showed all the scatter-

ed photons to .be below 0.1 MeV. 

This method then led through the theory discussed in 

Chapter 2.4 to the apparatus discussed in the chapters 

following. 

CHAPTER 2.4  THE EFFECT OF THE COLLISION PROCESSES 

ON THE CALIBRATION CURVE 

The total count comprised radiation scattered off the 

concrete Rs, radiation penetrating through the lead shield 
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from the source R , and background radiation due to cosmic 

and other sources Rb.  

RT g. Re  + Rp  + Rb 	2.4.(1) 

The background count Rb  was always subtracted from 

the total count to give 

RT Rb = Rs 
♦ Rp 

The nett count rate RT  Rb  was denoted by the symbol 

R, so that 

R 	= Rs + R p 	 2.4.(2) 

The shape of a typical calibration curve for a back 

scatter density meter was shown in Figure 2. At zero 

density no photons were scattered back to the detector, 

i.e. Rs = O. As the density of the material was increased, 

two opposing processes occurred. Whereas on the one hand 

more photons were scattered towards the detector, on the 

other, photons directed towards the detector were again 

scattered and moved away from it. At low densities the 

number of scatters experienced by a detected photon was 

low, perhaps only one scatter. An increase in density 

in this range caused an increase in the count rate as the 

number of once or twice scattered detected photons increased. 

On the rising portion of the curve, the photons had lost 

little energy. At some density, the multi-scatter pro- 
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cess began to predominate and as few once or twice scatter-

ed photons survived to detection, the6curve fell. As 

density was further increased, the photons scattered more 

until their energy was reduced to that region in which ab-

sorption probability was high. Thus as p.co , Re-- 0. 

The intensity Rs  of the back scattered radiation 

showed a peak at a density dependent upon the source-detector 

geometry. Reports of this type of apparatus indicated 

that for densities above about 1.0 (g /cc, Rs  was a falling 

function of p. It must be inferred that in those pieces 

of equipment, the source, shield and detector were situated 

so that at normal densities the probability of detection 

of once or few times scattered photons was smaller than 

the probability of detection of multi-scattered photons. 

Carey and Reynolds (1958) assumed that the calibra-

tion curve was the product of a polynomial in p of posi- 

tive slope, due to the scattering process, and a negative 

exponential due to the photoelectric absorption process. 

Results reported in Chapter 2.5 show that scattering alone 

may account for the shape of the calibration curve. 

The above discussion assumed that the tested concrete 

was an effectively infinite scattered for the apparatus. 

Because photons which penetrated deep into the concrete 

had low probability of scattering back to the detector, 

an "effectively infinite volume" was defined as the volume 

beyond which the material had negligible effect on the 
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count. It is apparent that, in general, the effectively 

infinite volume depended on the geometry of the source-

detector system, the source energy, the material density, 

the reaction cross sections for the material and the 

detector characteristics. 

CHAPTER 2.5 THE VARIABLE PARAMETER EXPERIMENTS 

Chapter 2.5.1 Description of the Apparatus  

The aims of this series of experiments were 

a) To discover whether a calibration curve could be ob-

tained with a peak at a density high enough, so that 

count rate would give a unique value of density over 

all practical ranges. 

b) To find the size of the effectively infinite volume 

and how this was affected by the source-detector 

distance, the total angle of scatter and the source 

energy. 

c) To determine whether it were.practical to eliminate 

all photons of energy less than 0.1 MeV so that a 

change in the proportions of elements in the concrete 

would have very small effect on the count rate. 

The sources used were 5 millicuries of Cs 137 and 

1 millicurie of Co 60. 

The detector was the scintillation counter system 

described in Chapter 2.3. 



b 

ead shield Source 

Lead shield 

Scintillator 

Stand 

Concrete 
block 

1:3 

a 
i 	 

4 1  

Coaxial 
cable 

Detector 

SECTION SHOWING SOURCE AND  

DETECTOR COLLIMATING SHIELDS  

Fig. 7 a 



O 
4-P 

fr
o

m
  s

h
ie

ld
 

Detector shield 

U 
O 
.D 

a) 
4-i 
a) 
U 
L 
O 
U 

0 

a) 

Source shield 

...18F7.•..0.....N.(70""..... 
...........16. 0....... 

PLAN ON SHIELDS  

Fiq. 7 1- 



2.5.2 	 43 

Two lead shields were made as shown in Figures 7a and 

7b. 	The source shield absorbed all the photons except 

those penetrating the inclined hole, providing a directed 

source beam. The scintillation counter, fitted inside 

the detector shield, could detect only those photons from 

within a limited cone. This shield could be inclined at 

any angle a to the concrete by means.of a special stand, 

and set at any distance 'a' from the source shield. 

Chapter 2.5.2 The Experiments  

The primary aim of the experiments was to obtain curves 

of count rate R against density p for various configura-

tions of source and detector beams, thereby showing which 

geometry gave the required calibration curve, as described 

in Chapter 2.5.1. Before doing this it was necesary to 

know the size of the effectively infinite volume as a 

function of the density of the material under test, the 

source energy and the geometrical parameters.. 

The first series of experiments was performed there-

fore in order to determine the size of the effectively 

Infinite volume as a function of these parameters at a 

concrete density of 140 lb/cu ft. The experiments were 

then repeated on concrete of 39 lb/cu ft. The distances 

b, c, d, and a hereafter referred to are shown in Figures 

7a and 7b. 
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The effectively infinite dimensions were obtained as 

follows. The detector shield, inclined at angle a, with 

the source shield distance 'a' from it were,  set up at the 

edge of the block of concrete and a reading taken. They 

were then moved some interval of distance along the con-

crete, the distance between the shields being kept constant. 

At positions near the edge, photons which would have been 

scattered back to the detector escaped from the block 

and the count rate was consequently low. When the source 

and detector were at the centre of the block, concrete 

near the edges had negligible-effect on the count rate 

and the count rate against distance curve became horizontal 

(see Figures 8a to 8g). The distance from the beginning 

of the straight portion of the curve to the edge of the 

block was the minimum distance required to give the same 

count rate as an infinite block. The effectively infi-

nite depth was obtained by using blocks of concrete 1" 

or 3" thick. The apparatus was placed in the centre of 

a block in a region where the R vs b, c, and e curves 

were horizontal, and readings were taken on one block, 

two blocks, and so on until the count rate reached a 

steady value. The curves are shown in Figures 8a to 8g, 

and the dimensionsbo,c, co do,, and ea)  given in Table 5 c  
as functions of source energy, distance 'a' and angle a, 

for densities of 140 lb/cu ft and 39 lb/cu ft. The 

suffixoorefers to that dimension corresponding to the 
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infinite size. For example, in the curve of R vs b 

(Figure 8a) with source Cs 137, a ma 30°  and a = 511, the 

dimension b giving an effectively infinite reading• is 

seen to be boo = 2". 

TABLE 5  

The Effectively Infinite Dimensions for the Variable 

Parameter Experiments  

p mabm 
Source Co 60 Source Cs 137 

coo etz  dm  di bm  cm  em  go  di  

140 90°  41" 2" 3- " 3" 5" 1.6" 1" 4" 3" 41" 1.4" 
lb 51" li-" 31" - - 1" 4" - '- 
per 61n 11" 24" - - 1" 4" - - 
cu 74" 1" aft,  - - 4" 3" - - 
ft 81" 11" -(11" 3" 5" 2.5" 14" 24" 3" 4-1" 2.5" 

94" 0" <=11" - - 1" <14" - - 

60°  4" <0" 6" 3" - <111 5" 3" - 
5"  <0" 6"  <1" 54" - - 
6" <0" 5" <1" 4" - - 
8" - 3" - - - 4" - 

30°  4" <1" 4" 4"  5"  0.8" 2" 4" 3" 4" 0.6" 
5" <1" 4" 4" - 2" 3" 3" - 
6" <-1" 4" 4" - 2" 34" 3" - 
7" - 34" 4" 1" - - 3" 4" 0.8" 

90°  , 39 7s" 8" 71" 8" 12" 4.6" 7" 71" 6" 10" 3.7" 
lb 
per 60°  4" <4" 12" 6" 13" 2.5" c=4" 12" 6" 12" 1.8" 
tuft 
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The quantity Rb  was always determined by taking a 

count with the source removed. R was obtained by placing 

the source and detector upon a thin sheet of perspex remote 

from the floor, walls and laboratory equipment, so that no 

source photons could be scattered into the detector. The 

errors in Rb, R and Rs  were estimated by usual nuclear 

statistical methods, but this neglected two further causes 

of error in the count rate. 

a) Local variation in density from point to point 

in the concrete. 

b) Errors in positioning the source shield relative 

to the detector shield. 

The broken lines in Figures 8 indicate .± 2 standard 

deviations calculated from consideration of the nuclear 

statistics only, so that the actual errors were greater 

than those indicated. 

Figure 9 shows the values of eco  and b oo plotted against 

doe where d, was taken to be the last path distance from 

the edge of the effectively infinite volume. This gives 

a clearer picture of the shape of that volume and is fur-

ther discussed in Chapter 2.5.5. 

The distances di, at which the scattered count rate 

Rs was equal to half the maximum, are plotted on the curves 

in Figures 8c and 8d and are shown in Table 5. 

By interpolation using certainly safe assumptions 

the minimum size of concrete block required at each density 



Code 
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1 Co 60 90°  140 4-5"&.8-5" 
2 Cs137 90°  140 4-58,8-5 
3 Cs137 30°  140 4" 
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.  

. 39 7-5" 
6 Co 60 60 39 4" 
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All (a.cco) plot 
outside the cone. 
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Code 
No Source a 
1 Co 60 4-5,8-5 
2 Cs137 4.5;8.5 

Fig.9 
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was calculated. Blocks larger than this minimum size 

were made at a further five densities, giving a range from 

39 lb/cu ft to 156 lb/cu ft. Count rate readings were 

taken at four values of a, five or six values of oat, 

and two values of source energy, giving the curves of 

Figures 10a to 10h. 

Chapter 2.5.3 The Experimental Results  

The count at the detector was due to three separate 

sources, as discussed in Chapter 2.4. 

Determination of effectively infinite size (Figures 8a to 8g) 

Nett count rate R, which is (RT  - Rb), was plotted 

against b, e or d as appropriate in order to find boo, cm, 

exo, and da, for a number of geometries, for two sources and 

two densities. The discriminator level was 0.05 MeV, 

which was the minimum operating bias of the discriminator. 

The calibration curves (Figures 10a to 10h) 

Nett count rate was plotted against density. The 

discriminator level was again 0.05 MeV. 

Chapter 2.5.4 Discussion of the Calibration Curves  

From examination of the curves R vs p (Figures 10a to 

10h) the following conclusions may be drawn. 

a) A calibration curve giving a unique value of 

density over all ranges is obtainable when the 
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detector "sees" concrete near the source. 

b) 	The shape of the calibration curve is little 

affected by source energy. 

. This may be more clearly understood by considering 

information obtainable from the detected pulse height 

spectra. 

Figure 11 shows the pulse height spectra observed at 

a given geometry, a = 900, a im 5f" with source Cs 137 

on concretes of 156, 64 and 39 lb/cu ft. 

• The source energy was 0.662 MeV, and the energy after 

scattering through 120°  was calculated from equation 2.2.(3) 

to be 0.224 MeV. Therefore the highest energy peak was 

due to the once scattered photons. The peak at about 

0.13 MeV was due to twice scattered photons. It has been 

observed (Hayward and Hubbell 1953 and 1954, Wiechers 1958) 

that in a system such as this where the photons scatter 

through a given angle, by one, two or many scatters, the 

twice scattered photons give a peak in the spectrum. The 

energy of twice scattered photons has been calculated as 

a function of scattering angle in Appendix B. There it 

is shown that for a Cs 137 source and a total angle of 

scatter of 120°, photons which suffered one large angle 

scatter had final energy near 0.13 MeV, which gave the 

peak. Bopp (1937) calculated that peaks should be observed 

at both high and low energies, but the high energy peak was 

not observed by Hayward and Hubbell (1953) and (1954) nor 
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Witichers (1958). The relatively poor collimation of the 

present apparatus may have obscured this peak, if it 

occurred. At energies below 0.13 MeV are photons which 

had scattered many times. If the concrete were a pure 

Compton scatterer, showing no absorption, the spectrum 

would reach infinity asymptotically as E--awo but because 

photoelectric absorption eliminated the lowest energy 

photons a peak was obtained. If the atomic number, Z, 

of the material were increased, the absorption cross section 

would be increased and the low energy peak would move to a 

higher energy. 

In Chapter 2.2, it was shown that the absorption cross 

section depends strongly on the proportions. of elements in 

the concrete, increasing with Z5/A. Discriminating at an 

energy of 0.1 MeV would eliminate the low energy peak from 

the system, so that changes in photoelectric absorption 

cross section would have no effect on the count rate. 

Comparison of the three curves in Figure 11 shows that 

at a density of 39 lb/cu ft the number of once scattered 

photons observed was greater than the number of lower energy 

photons. At 64 lb/cu ft the number of once scattered 

photons was approximately the same as at 39 lb/cu ft but 

the relative number of twice and many scattered photons was 

increased. At 156 lb/cu ft the number of once and twice 

scattered photons was reduced, and most of the count rate 

was due to many scattered photons. 
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Figure 12 shows the pulse height spectra at a density 

of 156 lb/cu ft with a Cs 137 source and ani 900, at 

various source to detector distances. The peaks were 

due to once, twice and many scattered photons, as in Figure 

11. 	It is seen that as 'a', the distance source to detec- 

tor was increased, the relative number Of once and twice 

scattered photons decreased. In other words, the count 

became increasingly due to much scattered, low energy, 

photons. 

Figures 10a to 10h show the curves of count rate vs 

density for values of a  = 450, 600, 750, 900, two source 

energies (co 60 and Cs 137) and various distances source 

to detector. These curves are of the general shape des-

cribed in Chapter 2.4. It was there explained that the 

rising portion of the curve was due to the enhanced pro-

bability of once or twice scattered photons being detected; 

the falling portion was due to the enhanced probability of 

multi-scattered photons being detected. 

The spectra shown in Figure 11 were observed with the 

same parameters as the curve marked X on Figure 10b. The 

spectrum at 39 lb/cu ft is on the rising portion of the 

curve, the spectrum at 64 lb/cu ft is at the peak, and the 

:spectrum at 156 lb/cu ft is on the falling portion of the 

curve. Scattering alone may therefore account for the 

shape of the calibration curve, although in systems where 
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R falls as p increases the energy of the detected photons 

will be low so that the photoelectric absorption process 

will affect the slope of the calibration curve. 

It can be seen by comparing the curves of Figures 10 

that the-values of R at p = 0 were far higher for the 1 mC 

source of Co 60 than for the 5 mC source of Cs 137. It 

is desirable that R be kept low and Cs 137 is therefore 

a better source than Co 60, for this application. 

When photons of energy above about 0.5 MeV scatter in 

a material, it has been shown that after two or three 

scatters the energy of the photons is almost independent 

of the source energy (Hayward and Hubbell 1953 and 1954, 

Goldstein and Wilkins 1954, Matveev et al 1957, Hyodo 

1962). It is therefore to be expected that the shape 

of the falling portion of the calibration curve, due to 

multi-scattered photons, be unaffected by source energy. 

The rising portion of the curve will be influenced, as 

the collision probability for once and twice scattered 

photons will depend on the source energy. This proba-

bility, however, does not vary very much in the range 

0.66 to 1.3 MeV (see Figure 3). 

In general, therefore, the value of source energy 

has little effect on the calibration curve. 
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Chapter 2.5.5 Discussion of the Effectively Infinite  

Volume 

From Table 5 it is observed that at a density of 

140 lb/cu ft the distances bb, cm, em  and d ap hardly varied 

with distance source to detector or with source energy. 

As a was decreased, boo decreased while cm  increased. 

For the 30°  values, go was unduly low on account of ab-

sorption of scattered radiation by the lead source shield 

(see Chapter 2.5.6). 

In order to be detected, a photon must have had its 

last collision within the detected beam, and after colli-

sion must have been directed towards the detector. The 

probability that a photon survives from its last collision 

to the detector is 

-E X 
p at e t 2.5.5.(1) 

where x is the last path distance in the concrete and Et  

the total cross section. If the effectively infinite 

volume be defined so as to correspond to a particular value 

of p, the effectively infinite dimension is seen to depend 

upon Et. 

Now Et = Ea 4. Es = a + u  ) 	
where 

s

and 1111  each depend upon the elemental constituents of the 

concrete and the photon energy, so the effectively infinite 

dimension will depend upon the density and elemental con- 
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stitution of the concrete and the photon energy spectrum 

in the detected beam. 

The influence of source energy 

It has been shown in Chapter 2.5.4 that after a few 

collisions the energy of a photon was independent of the 

source energy. The photons reaching the outer regions 

of the effectively infinite volume were, generally, multi-

scattered photons (Hayward and Hubbell 1953 and 1954) and 

were therefore independent of source energy. The dimen-

sion of the effectively infinite volume should therefore 

have been independent of source energy, if the low energy 

photons were detected. 

The influence of distance source to detector 

Whatever the geometrical arrangement of the apparatus, 

it was the multi-scattered photons which penetrated to the 

outer regions of the effectively infinite volume, and 

which therefore determined the extent thereof. After re-

latively few scatters the multi-scattered photons were at 

a single energy, which was the low energy peak in Figures 

11 and 12, and so Et, which was a function of photon energy, 

was independent of distance 'a'. The effectively infinite 

dimension was therefore independent of 'a'. The volume 

itself did increase as 'a' was increased but the distance 

beyond the source or detector remained constant. 
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The influence of anglea  

As a was decreased, the detection beam, which was 

conical, "saw" less concrete beyond the detector, and 

more beyond the source. 	bco  therefore decreased and go  

increased. Knowing an experimental value of dm  andthe 

geometry of the detection cone, et4, 1,02  and cco  were examined 

to see if they fell within the detection cone. These 

were plotted in Figure 9 which shows that eco  and by  did, 

while cm fell outside the detection cone. 	Such behaviour 

may be expected for the collimated apparatus used. 

The probability that a photon penetrates a distance 

dm through the concrete without collision is calculable 

from equation 2.5.5.(1) and is tabulated in Table 6 for 

the experimental densities at two values of photon energy. 

TABLE 6  

Probability of Last Path Survival  

Density 
lb/cu ft 

d 
inches 

P = 6"4 
photon energy 

0.05MeV 

p= e—pod 
photon energy 

0.1MeV 

140 

90 

39 

4 

6 

14 

0.00035 

o.00046 

0.00042 

0.021 

0.025 

0.024 

The cross sections fl are for the typical concrete of 

Grodstein (1957). 
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The influence of density on effectively infinite depth  

Because the effectively infinite depth was determined 

by photons of a single low energy, E t  in equation 2.5.5.(1) 

was proportional to p. 	For a constant p, therefore, 

depth dm  was inversely proportional to density as is shown 

in Table 8 of Chapter 2.7.2. 

Chapter 2.5.6 The Relation Between Count Rate and Distance  

Source to Detector 

Jacquesson (1954) and (1958), Pocock (1956), Bulatov 

(1960) and Hyodo (1962) have observed that in a backscatter-

ing system the scattered count rate Rs  was related to a 

general distance source to detector x by the relation 

Rs = Ae-Bx 
	

2.5.6.(1) 

where A and B were constants. 

Before proceeding further, the effect with this 

apparatus of absorption by the source shield of photons 

en route to the detector was examined. The detected beam 

was a cone and the intersection of the concrete surface and 

this beam therefore an ellipse. Knowing the geometry of 

the shields the proportion of the detected beam obscured 

by the source shield was calculated. All the count rates 

for cc= 45°  and the count rate for ct= 60°, a = 4" were 

multiplied by the ratio of the total ellipse area to the 

area "seen" by the detector (see Figure 13a). 
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This correction was artificial, in the sense that at 

negative valued of x once scattered photons could not have 

been detected and the spectral composition of the beam 

would have been different from that which was actually 

detected. 

In equation 2.5.6.(1), px seemed to be a more logical 

variable than x, so curves were drawn of log Rs  vs px for 

each density, angle a and source. These are shown in 

Figures 13a to 13i and appear to be straight lines. 

The values of A and B in the equation Rs  = Ae-Bpx  were 

found by least squares fitting. Table 7 shows the sums 

of squares of residuals obtained, averaged over p at each 

value of a. 

TABLE 7  

Least Sums of Squares of Weighted Residuals for 

Fitting Rs  a Ae-141x, Averaged over 7 Densities  

a Source Co 60 Source Cs 137 

90°  17 41 

75°  6 14 

60°  19 19 

45°  144 153 
1 
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For the values with a . 45°, when Rs was adjusted, 
the residuals were higher than for the unpdjusted cases, 

showing that the adjustment by area proportion did not 

entirely correct for the count loss. 

In calCulating A from the curve of Rs vs px, the 

value of A depended upon the datum for x. Distance x 

was taken from the centre of the detection ellipse to the 

centre of the source ellipse, which was approximately the 

horizontal distance at the concrete surface between the 

centres of source and detected beams, and was not equal 

to 'a' in Figure 7a. 

The sources of error in R were:- 

a) Nuclear statistical variations. 

b) Errors in positioning the shields relative 

to each other. 

c) Non-uniformity of density within each 

block of concrete. 

Weights were assigned to the points (R p) assuming s, 

that the errors due to b) and c) were negligible. • 

Chapter 2.5.7 Conclusions  

From this series of experiments the following general 

conclusions were drawn. 

a) When the detector "sees" concrete near the source 

the peak of the calibration curve will be at sidensity 
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sufficiently high so that R varies monotonically with p 

over all practical densities. 

b) With such a geometry the detected spectrum in-

cludes a large proportion of count due to photons of energy 

greater than 0.1 MeV. 

c) Source energy has a very small effect on both 

the calibration curve and effectively infinite size. 

d) The effectively infinite dimensions are little 

influenced by the distance source to detector. 

e) The effectively infinite depth varies inversely 

as density. 

CHAPTER 2.6 DEFINITION OF SENSITIVITY S 

As has been shown in Chapter 2.4 the count rate at 

the detector 

RT7 RI)  + Rs  + Rb 	2.6.(1) 

A further mode of scattering may occur in which pho-

tons scatter from the concrete to the lead and then back 

to the concrete before being detected. 	Because a photon 

emitted from Cs 137 will drop to 0.4 MeV with one colli-

sion of only 60°, when lead is effectively opaque to gamma 

energy, any photon which undergoes such scattering can be 

assumed to be absorbed by the lead. 

To determine the density from Re  Rb  must be known. 

In practice, it should be small. 	R will be a constant 



2.6 	 86 

for a given piece of apparatus, detector and source. 

Let the expression relating density and count rate 

at a given source intensity I be Rs  = IF(p) 

Now 	R
P 
 = K 

P
I 	Kp  a constant. 

Therefore 	IF(p) KpI 
	2.6.(1) 

If the count rate R be derived from N counts in 

T seconds and if Rb<<R the standard deviation of R 
= R 5-1  

If the second derivative of R with respect to p is 

small, R(p) may be assumed to be linear over a small inter- 

val and 	cr 
d 	R 

ere 	op 
cr 

RI  

R 	2.6.(2) 

F(P) 	Kp 

F i(e) /17  

This is an extension of the accuracy defined by Kuranz 

(1959) and provides a useful basis for the assessment of 

a particular piece of apparatus. 

The factor 	depends only upon the number of counts 

taken. 

The lower limit of RifRI is reached as K-4- 0, and 
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is 	P ). For this reason Cs 137 was used. 	(See Chapter 

2.7.1). 

The factor R/11' is defined as the sensitivity of the 

apparatus, designated S. It depends upon the source energy, 

detector response, and apparatus geometry. 

S is a function of p 	In order to be used as a gen-

eral measure for gamma backscatter apparatus, the value 

must be quoted at some standard density. If S is negative 

at this density, count rate is a falling function of den-

sity; if positive it is a rising function. The accuracy 

obtainable may be completely specified by quoting both S 

and R at the standard density. 

If I
o 
is the source intensity at the time of calibra-

tion of the instrument, and the instrument used at a time 

t thereafter, then 10  = IeXt and eXt is a correction factor 

to apply to R, in order to make the calibration curve valid. 

If the ratio of count on specimen to count on standard, 

r, were used as the ordinate of the calibration curve, then 

the sensitivity S just defined will be given by 

S  = 	where r' _= dp 
as is shown in the following. 

If N1 counts are taken in T seconds to give a count 

rate R1 on a calibration specimen of density P1, and N2  

counts taken in T seconds to give a count rate R2  on a 

specimen of unknown density p2  then 
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r = R2 
R. 
IR? +Rsa  2.6.(3) Rp Rsi 

where the suffices have the meanings defined before. 

By the law of combination of errors 

NI  N2 
	 2.6.(4) 

From the calibration curve of r against P, for small 

errors 
= 

P 	r' 

= V I  + 
ri N I  N2 	 2.6.(5) 

Differentiating 2.6.(3) r '!; 	because R1 is a RI 
constant, so that L. R? 	which corresponds to the de- 

1 
finition of S given above. 

Thus using the ratio gives no change in sensitivity, 

but the calibration count N1 must be made several times 

larger than N2  to give error comparable with that of the 

count rate against density curve. 

CHAPTER 2. DESIGN AND CALIBRATION OF THE BACKSCATTER 

DENSITY GAUGES  

 

    

Chapter 2.7.1 Design of the Mark 1 and Mark 2 Gauges. 

Using information from Chapter 2.5 a density gauge 

designated the Mark 1 apparatus was.designed. 
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The shield' 

In order that the detected beam should include a 

high proportion of once and twice scattered photons, 

ao that the calibration curve will be a rising function 

of density due to photons of energy greater than 0.1 MeV 

over all practical ranges, the detector must "see" the 

concrete where the photons enter it. On the other hand, 

the detector itself must be separated from ,the source by 

several inches of lead ao as to reduce the. component R 

of the count rate due to photons penetrating the lead 

from source to detector. The geometry of the lead shield, 

shown in Figure 14, satisfied these requirements. 

The source  

As has been shown in Chapters 2.5.4 and 2.5.5 the 

calibration curve and effectively infinite depth are but 

little affected by the value of source energy. However, 

because the lower energy photons from Cs 137 are more 

rapidly absorbed in lead then the higher energy photons 

from Co 60, R is lower if Cs 137 is used. Also, the 

half life of Cs 137 is longer than that of Co 60. For 

these reasons, Cs 137 was preferred. 

The detector  

When establishing the calibration curve, the detector 

discrimination bias was set at a level corresponding to 

0.1 MeV, which as shown in Chapter 2.2. eliminated the 



Lead 

Photo multiplier 
tube Collimating Collimating 

hole 	hole 	NaI(TO 

Source Source 
handle 

N 
' 

1034  

i 

Removable Section A- A  lead wedge 
THE MARK 1 SHIELD  

a‘ 
4" 

e 

Elevation B  

I 	 
b  

NOTES  
With the wedge inserted this was the 

Mark 2 shield. 
Dimensions b,c &e, which are the "effectively 

infinite size" notation, are to the, 
7l. 	 edge of the concrete block. 

cQ 

3 
Scale ic-Fullsize  

 



2. .2 	 91 

effects of photoelectric absorption and therefore mini-

mized the effect of changes in chemical composition of 

the concrete. 

Chapter 2.7.2 Experimental Calibration  

The effectively infinite size depended, among other 

factors, upon the shape of the lead shield. These sizes 

were determined for this apparatus at various densities 

by means of the curves of Figures 35a to.  15g. The 

results which are accurate only to within one or two inches 

are shown in Table 8. 

TABLE 8 

Effectively Infinite Dimensions for the Mark 1 Apparatus  

P 
1 y 

cu ft 

Disc. level 0.05 MeV Disc. level 0.1 MeV 
cm  
- 

bb  
- 

elm  da)  pdoo  di  cm  bc0  10  dm  p dm  di  

39 5" 31" 7" 12" 470 1.6" 4" 11" 7" 16" 620 1.7" 

90 5*" 54" 5" 6" 540 1.4" 4*" 44" 5" 6" 540 1.3" 

123 3" •c"-4" 2" - - - 3" -=14" 2" - - - 

140 3" 9-11  2" 4" 560 0.8" 3" <11" 2" 4" 560 0.8" 

156 3" '.*" 21" - - - 21" ‹: 1" 11" - - - 

The dimensions b cop
' 

d
co and %are shown in Figure 14. 

If 100  = 14" when p = 39 lb/cu ft, then pdw  =546. 
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It is observed fromtthis Table that if the mean value 

d o3 = 14" is adopted when pm 39 lb/cu ft, then d co a 1/p. 

Figure 16 shows the detected pulse height spectra at var-

ious densities. 

In order to establish the calibration curve over a 

practical range of densities, and to show the effects of 

changes in aggregate and mix proportions, readings were 

taken on 60 blocks from 30 different concrete mixes. 

Five types of aggregate were used and six mixes made 

with each type. Two blocks from each mix were cast 

giving a total of sixty specimens. The blocks were each 

12" x 10" x 8" which was greater than the effectively in-

finite size. Table 9 shows the materials and nominal 

proportions in the mixes. The larger lightweight blocks 

used in the work described in Chapter 2.5 were also used. 

TABLE 9  

Details of Concrete Mixes  

Types of Coarse Aggregate 

A 	Limestone 	D "Leca" leightweight 
B Granite 	E No coarse aggregate 
C 	River gravel 

River sand and ordinary portland cement were used throughout. 

The nominal mix porportions. 

Code No. Water Cement Sand Aggregate 
1 0.425 1 1.8 2.7 
2 0.5 1 1.8 2.7 
3 0.5 1 2.4 3.6 
4 0.6 1 e.4 3.6 
5 0.6 1 3.o 4.5 
6 0.675 1 3.o 4.5 
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Figure 17 shows a curve or R vs p for these concretes. 

The readings were taken with the apparatus placed centrally 

on the 12" x'10" face. 	Each block had two such faces, 

one of which was roughly finished by hand floating, the 

other of which wassmoothascast against the mould. The 

readings on the smooth moulded face are shown and used for 

the curve. The readings on the rough face, indicated 

with crosses, are scattered and above the curve. This 

is because, due to the interface roughness, the centre of 

the'shield, where the beams left and entered the lead, 

was effectively raised above the concrete surface, so that 

the photons had a smaller path within the concrete. This 

is considered further in Chapter 2.8. Figure 18 is a 

similar curve established some weeks later. The slight 

differences between this and Figure 17 were due to a 

changed adjustment of the electronic apparatus, which had 

meanwhile been used for other work. 

Two methods of improving the sensitivity of the cali-

bration curve were tried. 

According to the theory of Chapter 2.4, the count 

rate should be due as much as possible to few times scatter-

ed photons. A beam penetrating further into the concrete 

will have a larger proportion of more scattered photons. 

A lead wedge which eliminated a portion of the more scatter-_ 

ed photons was therefore inserted into the Mark 1 shield. 

The shield with the wedge was designated the Mark 2 shield. 
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The observed pulse height spectra are shown in Figure 19 

and the calibration curve in Figure 20. The sensitivity, 

shown in Table 11, was improved. The effectively infin-

ite dimensions were determined, showing that they were 

the same as for the Mark 1 shield. 

Examination of Figure 16 showed that the greatest 

change of count rate with density occurred under the peaks 

due to twice and much scattered radiation. Accordingly, 

two further calibration curves were determined; one with 

the pulse height selector passing only those pulses between 

0.05 and 0.1 MeV (the much scattered peak) and one for the 

channel 0.1 to 0.15 MeV (the twice scattered peak). These 

curves are shown in Figure 21. 

Chapter 2.7.3 The Design and Calibration of the Mark 3 

Gauge  

The Mark 3 apparatus was designed with following aims: 

a) To reduce the weight of lead by having less 

shielding and by increasing the angle of scatter so that 

the detector moved nearer to the source. 

b) To place the shield on legs in an attempt to 

reduce the effect of surface roughness. 

The shield is shown in Figure 22. The source, detec-

tor and concrete calibration blocks were those used with 

the Mark 1 shield. 



.25 .15 Energy 
10 

Channel no. 

M eV • 
20 

Fig. 
19 

•05 

1000 

4 000 

PULSE HEIGHT SPECTRUM  
for MARK 2 APPARATUS  

Count is due to Rs  only 

toy 

156 Lb./cu.ft. 

3000 
Count 
per 

channel 

t 1 standard error 

90 Lb /tuft 

2000 



50 	Lb./cu.ft. 150 100 

1500 

1000 

R 

Counts/sec. 

500 

0 

R vs  Q. 

Mark 2 shield 
Disc. level = 012 MeV 

• 

_ 
1 	1 	I 	1 	1 	1 	1 	1 	I 	1 	I 	1 	I 	1 

140 

I 

1450 

150 

•••••"' 
1..•••• 

••••• 



	 Channel 
0.05 to 01MeV 

± 2 standard 	-I- 
errors 

Channel 
0.10 to 0.15 MeV 

R vs.   Q 
Mark 1 shield 

1000 

R 

Counts/sec. 

500 

50 	 100 
L b/cu. ft 

150 



Lead 

Collimating 
hole 

Source 
position 

Al detector 
casing 

Photomultiplier 
tube Handle 

"i- 

NaICTI) 
crystal 

Detection 
—hole 

_I 20 4• 1  b 

dia  

dia 

1 leg 2 le gs 

108 

Section A -A  

Leg 

Plan  

The Mark 3 Shield 	Scale 1/2  fullsize 
Dimensions b,c& e defined as for the Markl shield. 
Legs are :14  high, 	 Fig.22 

Legs 

a) 



3.12-t.2 	 109 

The detected pulse height spectra on blocks of 

various density are shown in Figure 23. The effectively 

infinite sizes, shown in Table 10, were determined from 

the curves of Figure 24 in the usual way. The broken. 

lines in Figure 24 and 25 indicate 2 standard errors cal-

culated from nuclear statistics only. The calibration 

curve is shown in Figure 25. 

TABLE 10  

The Effectively Infinite Dimensions for the Mark 3 

Apparatus  

Density 
lb/cu ft c(0 b0 e co d

co 
- di 

140 3" 2" 3" 44" 4" 

90 3" 84" 5" - - 

By comparing the pulse height spectra with those 

shown in Figure 16, the peak due to once scattered photons 

is seen to have moved to a lower energy and that due to 

twice scattered photons to a higher energy, as expected. 

When compared with the results for the Mark 1 shield, 

infinite sizes 90, 10  and dm)  are seen to have been little 

changed but bm was increased because more concrete beyond 

the detector was "seen". The scatter of the readings 
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on the rough face in Figure 25 is seen to be improved, 

compared with Figure 17. The scatter of the readings 

on the smooth face of the mortar specimens at density 

138 lb/cu ft in Figures 17, 18, 20 and 25, was less than 

the scatter of the normal concretes at 150 lb/cu ft. This 

indicates that the scatter in the calibration curve was 

due in some part to the heterogeneity of the concrete 

itself. 

The sensitivites, as defined in Chapter 2.6 were 

calculated for the various calibration curves and are 

shown in Table 11. 

TABLE 11  

Sensitivities of Various Calibration Curves at 150 lb/cu ft .  

Curve 
. 

S . R/R,  at 
150 lb/cu ft 

R N 
300 sec. 

S 
Jr 

Fig.17 535 lb/cu ft 2730 c/s 8.2 x105  0.59 

Fig.18 510 2684 8.05x105 0.57 

Fig.20 310 1500 4.5 x105  o.46 

Fig.21 
Channel 0.05 to 0.10MeV 202 900 	• 2.7 x105  0.39 

Fig.21 
Channel 0.10 to 0.15MeV 225 850 2.55x105  0.45 

Fig.25 375 2866 8.6 x105  0.41 
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Chapter 2.7.4 Conclusions  

The scatter of points about the calibration curves 

of Figures 17, 18,20Aind 25, where concretes of differ-

ing 'compositions from a wide range of aggregates were 

used, wei not much greater than would be expected on the 

basis of nuclear statistics only. However, the points 

on Figure 17, taken on the hand finished faces of the 

blocks, show a significant scatter. It may therefore 

be concluded that the Mark 1 apparatus eliminated the 

effect of chemical composition of the concrete, but the 

count rate was significantly dependent on the condition3 

of seating the shield. The readings taken on the rough 

face with the Mark 3 shield were less scattered than with 

the Mark 1 shield, but the scatter was still sufficiently 

great to be a possible practical problem. 

Pulse height selection led to an improvement in sen-

sitivity. However, the curve for the 0.05 MeV to 0.10 

MeV channel depended on the chemical composition of the 

concrete as photoelectric absorption was then a signifi-

cant process. The curve for the channel 0.10 MeV to 

0.15 MeV would show no such dependence. Although the 

sensitivity for this curve was improved, the count rate 

was lowered, so that there was little reduction in the 

error for a count of given duration. 

The inclusion of the lead wedge in the Mark 2 apparatus 
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improved the sensitivity, providing some confirmation of 

the theory of Chapter 2.4. 

CHAPTER 2.8 REDUCTION OF THE INFLUENCE OF SURFACE 

ROUGHNESS ON THE COUNT RATE 

The change of count rate.with surface roughness may 

be due to two causes (Lauchaud 1961). If a significant 

proportion of the count is due to radiation Which, after 

the first scatter, travels parallel to and near the surface 

of the concrete, then roughness of the surface layer would 

reduce the effective distance between source and detector 

so that the count rate would increase. It was considered 

unlikely that this first mechanism operated here. 

Secondly, roughness of a surface may be considered to 

effectively raise the shield above the "true" surface, 

reducing the path length between source and detector and 

therefore increasing the count rate. As the base of the 

Mark 1 shield was plane, 4" wide by 101" long, any pro-

tuberance over this area would have raised the shield and 

changed the count rate. Positioning three legs around 

the source and detector holes in the base is a logical 

method of redUcing.this effect (Belcher_et al 1952, Carey 

and Reynolds 1958, Kuhn 1964). 

Belcher et al (1952), using the apparatus shown in 

Figure 1, found that the count rate increased as the appara-

tus was raised above the surface, but there was very little 
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difference between the count rates at heights of 7/16" and 

" 	They concluded that if the legs were f" long, sur-

face roughness should have little effect. When however 

using an instrument with I" legs on site the results were 

unsatisfactory, and although the cause of error was not 

found the approach was not pursued. Kuhn (1964) found 

that the ratio count on legs to count without legs was a 

function of density independent of the chemical composition 

of the soils used, and proposed this as a means of eli-

minating the effect of chemical composition. 

By assuming that the detected radiation was all once 

scattered along a single known path, which was certainly 

a bad mathematical model of his apparatus, Lauchaud (1961) 

calculated the theoretical increase of count rate as a 

function of height above the surface and found fair agree-

ment with experiment. The success of the calculation 

must however have depended upon the path assumed for the 

radiation. 

The roughness of a surface compared with a plane sur-

face may be defined by that height above the plane which 

gives the same count rate as the rough surface. There- 

fore to reduce the effect of roughness the apparatus should 

be used on legs of height h corresponding to a low value 

of the slope of the R vs h curve. This curve may easily 

be established experimentally. 

Readings of count rate'against height above a plane 
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surface were taken using the Mark 1 apparatus on two blocks 

of concrete each 16"x 16" x 8", and of densities 156 lb/ 

cu ft and 140 lb/cu ft. The curve of count rate against 

height above the surface is shown in Figure 26.. Sensi-

tivity at 140 lb/ cu ft was calculated assuming a linear 

calibration curve between 156 lb/cu ft and 140 lb/cu ft; 

the curve of sensitivity against height is also shown in 

Figure 26 

As the shield was raised, less once scattered photons 

were detected until at h = 2i" the detector and source 

cones did not intersect in the concrete, so that no once 

scattered photons were detected. This is demonstrated 

by the pulse height spectra of Figure 27 in which the 

different shapes of spectra show that the scattering geo-

metry was changed.by raising the shield. These changes 

account for the shapes of the R vs h and S vs h curves. 

For elimination of the effect of surface roughness on the 

reading, the legs should be at a height where the slope 

of the R vs h curve is a minimum. The peak at h = 0.3" 

was probably too sharp to entirely eliminate this effect 

so that a height h 2i" was the more advisable, for this 

shield. The statistical accuracy attainable at h = 2flo 

in a given time was however reduced by changes in both 

count rate and sensitivity, so that reduction in the in-

fluence of surface roughness would have been attained by 

a sacrifice in time of count or accuracy. 
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The dependence of the reading on surface roughness 

will depend both upon the design of the apparatus and the 

condition of the surface and may prove to be the most 

serious cause of error in practice. 

CHAPTER 2.9 THE EQUATION OF THE CALIBRATION CURVE 

In an entirely theoretical approach the count rate 

would have been predicted as a function of source energy, 

detector characteristics, geometry of the shield and the 

properties of the tested material. Due to the complex-

ities of this problem such an approach was precluded. 

A theoretical investigation was carried out to de-

termine the form of the function expected. Experimental 

information was then used to determine the constants of 

this function, which was the equation of the calibration 

curve. 

Chapter 2.9.1 The Theoretical Equation 

Consider a source and detector of gamma radiation in 

a medium which may both scatter and absorb. 
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Consider a photon travelling distance ro then 

colliding within a volume dVl, travelling distance r1 

to dV2 and so on until its (n 1)
th  collision is within . 

the detector. 

Let ro  r1   
 nbe the path lengths within the 

medium. 

81, 8 2   en be the angles of scatter 

Eso E sl   Esn be the total scattering cross 

sections along paths 0, 1, 	n. 

E 
ao' dal be the absorption cross sections an 

along paths 0, 1, 	n. 

E - E 	E 
i 	si 	ai 

si(ei) 	
be the cross section per unit 

volume per steradian for scatter-

ing through e at point.i. 
cl\/ 

di d 

dOi 	
be the solid angle at i subtended 

by dAi*i. 	clA i+1  
2. r• 

ui =
P  

Dn 	
be the nett current of n times 

scattered photons into the detector. 

Tin 	
be the probability of an n times 

scattered photon being detected 

if it enters the detector. 
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For an isotropic source of Itit photons/sec, the 

number of photons going in the direction from the 
dA, 

source to dV1 is  	photons/sec. 
ra 0 

The number surviving to dV1  is dA, 
	

photons/sec, 
ra 
0 -£° so that the flux at dV1 is 

e 
ra 	

photons/cm2sec. 

If the photons may be absorbed at this collision, only a 

fraction 	so 	will survive. 	Putting ds"2,= 
dA2 

E  ao 	5(:) 
themumber of photons scattering out of dVi, in the direction 

e-zoro 	 dA2  
of dV2 is then 	Zo 

ro Est (e,) dVI ri 

The differential flux at dV2  is then -Ear; rso  e  
zo 	roa  

The differential flux at dV
3 

is 
E SO ES( 	e-Eor°-E'rl-ItrZ 
E0 	xi 	ra ra rZi 

The differential flux at dVn+1 is 

Es4 (0,) Zs2(94dV, dV2 

Est  ( ,) dV, 

e  ° r ° 	e-E' 
	psi (e 	dVi 

- 

fo  
 z sc,x, 

z5, 	zi 	r? 

The flux at the detector due to all the volume is the 

integral of the above expression over dV1, dV2 
	dV • 

In physical terms, the first integral will give the 

flux from dVn at the detector. The second will give the 

flux at points dVil  from one point dVn_i, the third at 

points dVn_i  from a single point dVn..2  and so on. 

2.9.1.(1) 
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The above integral may be evaluated numerically 

for a given physical situation. Such a computation will . 

however require excessive computing time. It is, in fact, 

the limiting solution of a Monte Carlo calculation, as 

the number of Monte Carlo processed photons approaches 

the number of elemental fluxes determined. In applying 

the equation to the backscatter apparatus some simplify- 

ing assumptions were made. 

The photons at the detector consisted of once, twice 

m times scattered photons. It was assumed that all once 

scattered photons travelled in a particular representa-

tive path, that all twice scattered photons travelled a 

representative path, and so on. 

As all n times scattered photons travelled the same 

path, the following quantities were identical for each 

n times scattered photon. 

Angles e1, e 2  	en 

Distances 2%0  r1, 

The photon energy along each path, En, El 	En  

Cross sections Eso' Esl, 	 Een 

E 	E   E 
ao' al' 	an 

The probability of detection 1n, which depended 

only on the energy En and the path within the 

detector. 

rn 
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Putting E = µp in equation 2. 9.1. (1 ) 

dRn+1 	
nnn =n n 

47) --P(go ro + ti t ri + ...Nrn ) 

n 
Pso 1A n 	TT  11,i 

Na liSn  	KI 

P-s  (9i) p 

 

rz 
2.9.1.(2) 

n 
n 

where 	1 Ili  ri 	and 	- 1-rsi  . P- si(ei)cfV:  are constant --- 
p 	1 	

A, 	r 2 
r 

from the above assumptions. 

	

Therefore 11114 = 	where an and bn are constants. 

The total count rate Rs is due to the sum of all 1, 2, 

	 m times scattered photons and is therefore 

	

Rs  = 	p n  e-b" P 
	

2.9.1.(3) 

Effect of change in Compton scattering factor 

A change in Es  will change the values of Ea, E l, 6. 

En and E si(e )• . As these cross sections are pro- 

portional to X a change from X to X1, due for instance 

to a change in water content, should change the value 

of an by (X)n  
X 

A change in Compton scattering cross section would 

also change the values of bn. In (equation 2.9.1(2) 

	 n will each change by a factor 
X, 

lko' 	 X 	if Ea 

is negligible. If ro, rl, 	 rn remain constant, 
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then equation 2.9.1*(3) may be written 
m 

R= 
h 	. 

exp [-bn  
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provided Ea is negligible, that is, provided photons of 

energy less than 0.1 MeV are not detected. 

The effect of changing X will depend upon the rela-

tive values of each an and b , i.e. upon the apparatus 

geometry and detector response, but may be evaluated for 

a particular case. 

Determination of the constants  

Knowing a number of points on the curve R vs p , mind 

deciding on a value of m, one may try to solve for the 

2m constants an  and bn in equation 2.9.1.(3). This equa-

tion is however very badly conditioned, but does become 

soluble using the experimental information shown in the 

next section. 

Chapter 2.9.2 Consideration of the Curves Log Rs  vs ex., 

If Rs = Ae
-Bpx represented the variation of Rs with 

distance then in equation 2.9.1.(2) all the exponents of 

e were equal. 

i.e. 	i Bpx, whatever the value of n. 

The exponent of e is the number of mean free paths 

travelled by the photons, so the conclusion is reached 

that at a given density and angle a, however many scatters 
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n a photon underwent before detection it travelled a con-

stant number of mean free paths, and this number varied 

linearly with the distance source to detector. This con-

clusion is valid only for this type of apparatus and range 

of distance and density. 

In equation 2.9.1.(2), if all the exponents e were 

equal for all n, then 

n -91)x Rs  = 	e e-8P 
rn 

2 n 
n Ft 

Because R = Ae-BPx, A = Xamen 

Log A is plotted against log p in Figure 28, and 

because these curves are straight lines A is given by 

A = fpg where f and g are constants. Similarly from the 

curves of log B vs log p in Figure 29 B = hp where h and 

j are constants. 

For a particular shield x is constant and so 

Bpx 	= cpj+1  , c a constant. 

= cp d 
	

d a constant. 
m 
Eao = A = apb, a and b new constants. 

Therefore the equation of the backscatter gauge may be 

written 

R s 	= a pb 	P 
a 	

2.9.2.(1) 

If the effect of scattering factor X is included, 

then by analogy with equation 2.9.1.(4) 
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a  (P ) exp[_c  (22_(11 

 

Rs  2.9.2.(2) 

  

Using equation 2.9.2.(2) is equivalent to taking as 

the independent variable the number of electrons per unit 

volume of tested material, which is a more rational var-

iable for a gamma backecattering method than the mass 

per unit volume. 

The right-hand sides of equations 2.9.2.(l) and 

2.9.2.(2) are ill conditioned. 	Many different combina- 

tions of constants will give a least squares fit. These 

constants must therefore be determined by experiment. 

The values of b and d may be found from the slopes 

of the curves in Figures 20 and 29, and are given in Table 

12. 	With these known any two points on the curve R vs p 

yielded values .of a and c. 

TABLE 12 

Values Obtained with the Variable Parameter Apparatus for 

b and d in equation 2.9.2.(1) for Re  in counts/sec and  

P in g/cc  

a 
Source Co 60 Source Cs 137 

b d b d 

90°  0.84 0.60 0.81 0.65 
75°  0.87 0.52 1.05 0.65 
6oo 0.81 0.53 1.01 	0.69 
45°  0.27 0.29 0.28 	0.41 
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Chapter 2.9.3 Application Of the Equation  

Equations 2.9.2.(1) and 2.9.2.(2) were derived using 

the experimental information of Figures 13, 28 and 21. 

Further evidence pointing to the validity of these equa-

tions was obtained as follows. For each of the blocks 

used in determining the curves of Figures 17 and 18 the 

chemical composition and therefore the value X was known. 

Using values of b and d from Table 12 as initial points, 

equations 2.9.2.(1) and 2.9.2.(2) were fitted to the 

curves of Figures 17 and 18 by a minimization routine 

developed by McConalogue (1962). The constants and stan-

dard errors obtained are shown in Table 13 and the fitted 

curves plotted in Figures 17 and 18. The least squares 

analysis was carried out using only the observed points 

above 90 lb/cu ft in order to see how the curve predicted 

the count rates at lower densities. . Agreement is seen 

to be fairly good. 

The error on the fit for equation 2.9.2.(2) was less 

than for equation 2.9.2.(1), implying that some correction 

was made for changing X and that equation 2.9.2.(2) re-

presented the physical system. The difference between 

the constants obtained for the two curves is due probably 

to the ill-conditioning of the functions. 

The change in count rate due to changing X will be 

small in practice. Should a correction be desired equa-

tion 2.9.2.(2) may be used to set up curves of R vs p at 
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different values of X. 

TABLE 13  

Values Obtained when fitting the Theoretical Functions  

to the Experimental Calibration Curves. 

R in counts/sec and p in g/cc. 
. 

Curve 
Starting 
Values 

Final 
Values 

Error 
of the Fit 

Eq.2.92. Eq.2.9.2. b d b d a c (1) (2) 
Fig.17 1.05 0.406 1.045 0.4069 5,946 1.198 '..22.8 	. 22.6 

Fig.18 1.05 0.406 1.227 0.2715 21,669 2.497 24.9 24.2 

Error of the fit is 

  

where v is the residual and n n-4 
the number of points. 

Chapter 2.9.4 Comparison with Other Proposed Equations  

Equations proposed for the calibration curve by various 

authors are shown below. 

TABLE 14  

Author Equation Remarks 

Pocock (1956) 

Carey and Reynolds 
(1958) 

Carey et al (1960) 

Lauchaud (1961) 

Huet (1961) 

Rs- 9(9).) Af'(?'5 4̀  ef2.(Pi 

RS = a_ enbp4ce*cle) 

R ---.4, e-4zP 
1Z5 '.  Be e" 
? r-t -1.7r 43.04 

a,b,c,d constants 

a,b constants 

8,k constants 
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The equations of Carey et al (1960) and Huet (1961) 

were arbitrarily chosen and fitted to data over a small 

range of density. Lauchaud (1961) proposed his equation 

because it gave a curve with zero values at densities of 

zero and infinity, with a peak between. Carey and Reynolds 

(1958) considered that the exponential term was due to 

absorption processes and the polynomial to scattering 

processes. From equation 2.9.1.(3) it is seen that the 

equation of Lauchaud corresponded to an assumption;  that 

only once scattered photons need be considered, and the 

equation of Carey and Reynolds corresponded to an assump-

tion that only once, twice and three times scattered photons 

need be considered, and that the number of mean free paths 

travelled by each is the same. It is thus seen that these 

equations are different approximations to the same general 

equation 2.9.1.(1). 

The equation of Pocock (1956) was based upon the 

experimental fact that the curves of log Rs against x 

plotted as straight lines. 

In his equation g(p o 	1 

f2("Ed = -B in equation 2.5.6.(1) 

A =R +R at x 0 s p 

and 	f1 (p ' Eo ) 	
In Rs  

In(Rs-p.RA 
at x 0 

so that his fl(P,E0) is identical with A as defined in 
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equation 2.5.6.(1). Pocock also found that the curves 

log fl(p,E0) and log f2(p,E0) against log of density p 

plotted as straight lines. Hig equation is thus identical 

with equation 2.9.2.(1). 

CHAPTER 2.10 USE OF THE APPARATUS TO LOCATE STEEL IN  

CONCRETE 

Steel is denser than concrete. If the apparatus be 

placed upon concrete near a steel bar, the reading will 

be greater than that due to plain concrete. 

An investigation was carried out to find the effects 

of cover and bar diameter on the count rate. A beam, 

section 6" x 8", as shown in' Figure 30, was cast. 	One 

face of the beam contained bars of different diameter at 

varying cover. The Mark 1 apparatus, discriminator at 

0.1 MeV was placed upon the beam as shown in Figure 30 

and a reading taken. It was then moved along the beam, 

a reading being taken at each position. 

Figure 31 shows that the positions of the bars were 

accurately given by the peaks in the curve. As either the 

bar diameter dectaased-,:or this%-cover 'increased,. count rate 

fell. In this application the apparatus determined either 

the cover or the bar diameter, but not both. Further 

development may produce a method of determining bothvariables. 
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CHAPTER 2.11 HAZARDS OF GAMMA RAY METHODS 

The possible effects of the gamma radiation on both 

the concrete and the human operator must be considered. 

The gamma radiation originating in the Cs 137 will 

collide with the electrons of the concrete with total 

energy insufficient to disrupt the chemical and other bonds 

due to the electrons, and will therefore have negligible 

effect on the structural stability of the concrete. 

The energy absorbed by the concrete will eventually appear 

as heat which will increase the temperature of the concrete. 

The energy deposited on the concrete by a 5 milli-

curie Cs 137 source was calculated. It was assumed that 

the source was at the centre of a large mass of concrete 

and that all the source energy appeared as heat within a 

sphere of radius 5 cm, which is approximately one colli-

sion mean free path in concrete of density 2.4 g/cc. 

These assumptions gave an overestimate of the heating 

effect. 

The heat absorbed by the concrete per second per cc 

Source intensity x energy per emission 
Volume of sphere MeV/cc sec 

3.8 x 10-8  watts/cc for a 5 millicurie Cs 137 

source in a sphere 5 cm radius. 

The , temperature rise due to this is of the order of 

10-3 c. 
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Measurements of the dose due to the 5 millicuries 

Cs 137 source were taken with a quartz fibre pocket dosi-

meter on the Mark 1 and Mark 3 shields. The former had 

approximately 2" of shielding about the source and the 

latter approximately 14". The measured values of dose 

are shown in Table 15. 

TABLE 15  

Doses in millirem per hour Measured on the 

Mark 1 and Mark 3 Shields  

Position Mark 1 Mark 3 

1 

2 

2.1 

0.8 

3.1 

4.9 

Positions 1 and 2 were above and beside the shields 

respectively, as shown in the accompanying sketch. 

The maximum permissible whole body dose (International 

Atomic Energy Agency, 1958) is 0.1 rem per week, but the 

extremities of the legs and arms may receive up to 1.5 

rem per week. The dose which will be permitted with any 

apparatus in practice will depend on how it is to be used 

and who will operate it. The maximum recorded dose rate, 

5 millirem per hour, corresponded to 0.2 rem.per 40 hour 

week. As only the hands or feet will experience the dose 
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at the shield surface, and it is unlikely that they will 

be thus exposed for as long as 4o hours every week, the 

li" shielding thickness may be reduced. 

In practice some interlock system will have to be 

provided to shield the source hole when the apparatus is 

not in use. 

CHAPTER 2 12 CONCLUSIONS 

Gamma.backscatter apparatus will give readings of 

density negligibly dependent on the chemical composition 

and therefore the types and proportions of constituents 

of the concrete if Compton scatter is the only operative 

process. Information useful for the design of apparatus 

operating on such a principle is given below. 

a) The detector must "see" concrete in the region 

at which radiation enters it, but the detector itself 

must be shielded from the source. 

b) The source energy should be below about 2 MeV. 

c) Cs 137 is the best available source, from con-

siderations of shielding, half life and effect on the 

calibration curve. 

d) If a Geiger-Muller tube were used with this 

apparatus the effect of photoelectric absorption would 

not be eliminated. Due to the higher proportion of great- 

er energy photons it would however be reduced relative 

to that shown by other apparatus reported in the literature. 
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A scintillation counter with discriminator at 0.1 MeV 

would entirely eliminate the effect of photoelectric 

absorption. 

e) For apparatus designed as above density will be 

a unique function of count rate. 

f) Three peaks will occur in the pulse height 

spectrum, the highest energy peak being due to once scattered, 

the intermediate energy peak to twice scattered and the low-

est energy peak to multi-scattered radiation. 

g) A change in the angle of scatter will change the 

energy at the peaks due to once and twice scattered radia-

tion, but will not change the energy at the multi-scattered 

peak. 

h) Improved sensitivity may be obtained by using a 

scintillation counter set to detect only those pulses under 

the twice scattered peak. This however leads to a reduc-

tion in count rate so that there is little gain in accuracy. 

i) Change in Compton scattering factor, due to a 

change in water content, will have only a small effect on 

the reading. • Nevertheless, some correction may be made 

for this, if very great accuracy is required, by using 

equation 2.9.2.(2). 

.1) Roughness of the surface upon which the apparatus 

is placed will influence the reading. This adverse effect 

may be reduced by placing the shield on three legs. The 

height of the legs giving the least surface roughness effect 
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may be found from the experimental curve of count rate 

against height, but the statistical error for a given 

time of count will then be increased. 

k) 	The radiation dose permitted about the appara-

tus will depend .upon how it is used. A shielding thick-

ness of li" of lead will give a dose of less than 5 milli-

rem per hour at the surface of the shield. 

1) 	The effectively infinite depth is inversely pro-

portional to density and is little affected by changes in 

shield geometry. 

For satisfactory service the error due to nuclear 

statistics should be small enough to give useful informa-

tion about the concrete, and the errors due to all other 

causes such as surface roughness, chemical composition 

and electronic drift should be much smaller than that. 

Firstly, it has been shown how the error due to chem-

ical composition may be reduced to a negligible magnitude. 

Secondly, it is important that the electronic system be 

reliable. Use may be made of a standard specimen with 

a correcting manual control or of the count on specimen 

to count on standard ratio, to correct for small amounts 

of drift. This ratio may also be used to correct for 

source decay, provided the background count is low. 

Thirdly, the error due to surface roughness may, in prac-

tice, be of magnitude comparable with the error due to 
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nuclear statistics, even when legs are fixed to the appara-

tus. The magnitude of this error depends both upon the 

design of the shield and condition of the surface. 

The results of practical experience are needed before 

any conclusion may be drawn about whether or not the effects 

of background radiation will be negligible. It may be 

noted that the higher the count rate, the higher the back-

ground rate which may be neglected. 

A calibration curve may be established with blocks of 

any size, but if the blocks are smaller than the effec-

tively infinite volume then the calibration curve will be 

valid for that size of block only. The effectively in-

finite depth will be approximately 4" at 140 lb/cu ft, 

whatever the source, detector or geometry of the shield, 

and will be inversely proportional to density. The effec-

tively infinite width will be about 4" at 140 lb/cu ft, 

and will increase as density decreases. The effectively 

infinite length will depend upon the position and angles 

of the collimating holes. 

The apparatus will measure the density of a weighted 

volume of concrete, about 50% of the count being due to 

the uppermost 1" of concrete. This relatively shallow 

depth may be a disadvantage in some applications. 

The count rate will' be higher if a steel bar is pre-

sent in the concrete "seen" by the detector. On the one 



2.12 144   

hand care must be taken to avoid such bars if the density 

is being measured; on the other, the apparatus may be 

used to locate the bars. Further development, in which 

readings are taken with some parameter of the source, 

detector or shield varied, may lead to a method of deter-

mining both the size and position of a bar. 

The calibration curves are in fact curves of local 

density against overall density of a block. Due to the 

heterogeneous nature of concrete the density of the surface 

layer may differ from the overall density of a specimen. 

When using this apparatus to measure density, the informa-

tion required and the information actually obtained must 

be clearly defined. 

For all apparatus used in this project the best stan-

dard deviation for a five minute count, due to nuclear 

statistics only, was about 0.5 lb/cu ft, which corresponded 

to a 95% chance that the reading obtained was within !1 lb/ 

cu ft of the true value. This error may be reduced by 

using a more intense source or longer time of count. 
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PART 3 THE USE OF GAMMA RADIATION TO MEASURE DENSITY 

BY TRANSMISSION  

CHAPTER 3.1 INTRODUCTION  

The simple physical law governing the attenuation 

of radiation, I = Ioe-113 x, can be applied by placing a 

source and detector on each side of a known thickness of 

concrete the density of which is required. This is called 

the "transmission method". 

Sources used by previous workers have usually been 

Cs 137 or Co 60 with strengths of up to 60 millicuries. 

Detectors were usually Geiger-Muller tubes although wan 

Havel (1957) and (1959), Bernhard and Chasek (1955) and 

(1956) and Zytowitsch and Ferronski (1960) used sodium 

iodide scintillation counters, and Skopek (1957) used a 

thimble chamber and electrometer. 

Apparatus was made either for use with concrete 

specimens (Huyghe and Mortier 1955, Brocard 1954 and 1955, 

Riessauw and Huyghe 1958, Yakhontov 1958, Zhukov et al 

1958, Jurenka 1960, Galambos 1960)or for use on soils 

when the source and detector were inserted in drilled holes 

between one and seven feet apart (Bernhard and Chasek 1955 

and 1956, Vomocil 1954, van Bavel 1957 and 1959, Durante 

et al 1957, Dobychin 1958, Skopek 1957, Zytowitsch and 

Ferronski 1960. Stein 1960) or the source was placed in 

a hole in a concrete road slab with the detector on the 
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side face (Smith and Whiffin, 1952). • 

The maximum thickness of concrete which may be tested 

depends on the type of detector and the maximum strength 

of source which may be handled. Smith and Whiffin (1952) 

estimated this thickness to be three feet, but Bernhard 

and Chasek (1955) used the method on soil of thickness 

up to seven feet in the laboratory and four feet on site. 

The difficulties experienced in making uniform con-

crete specimens of known density for calibration have 

been noted by Brocard (1954) and Jurenka (1960) who weigh-

ed cubes in air and paraffin and Smith and Whiffin (1952) 

who measured cores cut from a road slab. 

The vertical spatial resolution of this method has 

been experimentally determined for the two-probe technique 

in soil, as shown below. 

TABLE 16  

Author Effective vertical 
dimension "seen" 

Distance source 
to detector 

Bernhard and 
Chasek (1955) 

Vomocil (1954) 

van Bavel (1959) 

Zytowitsch and 
Ferronski (1960) 

›.1811 =s 

2" 

12 mm 

50 cm 

---?-4 ft 

12" 

12" 

40 to 45 cm 
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A change in count rate due to chemical composition 

of the material was found experimentally by Lamb (1955), 

but Bernhard and Chasek (1955) and van Bavel (1959) 

found no such effect. Smith and Whiffin (1952) and 

Vomocil (1954) assumed that it did not exist. 

In the analysis of Chapter 3.4 it is shown that spatial 

resolution and occurrence of the chemical composition 

effect depend on the relative intensities of scattered 

and unscattered radiation and whether photons of energy 

less than 0.1 MeV are detected. If no unscattered radia- 

tion were detected true narrow beam conditions would hold 

and the curve of ln(Ro/R) against the product of density 

and thickness would be a straight line of slope 0.077 cm2/g 

for a Cs 137 source and 0.058 cm2/g for a Co 60 source 

(Grodetein 1957). This perfect narrow beam condition 

cannot be achieved in practice and the graph of ln(Ro/R) 

against density times thickness must be expected in general 

to be curved, with a slope less than that given above. 

Most authors (Smith and Whiffin 1952, Brocard 1954 

and 1955, Bernhard and Chasek 1955, Durante et al 1957, 

van Bavel 1959, Jurenka 1960, Galambos 1960) reported that 

the curve of log count rate against density was linear 

over the ranges of thickness and density considered. 

However Vomocil (1954), van Bavel (1957) and Zytowitsch 

and Ferronski (1960) showed that if a significant amount 
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of scattered radiation were detected, the magnitude of 

the slope of this curve decreased with density. 

The relative intensity of scattered radiation may 

be estimated from comparison of the slopes of the lines 

ln(Ro/R) against density times thickness, with the narrow 

beam values given above, van Havel (1959) using Ca 137, 

found a value 0.0608 cm2/g for the slope. Yakhontov 

(1958) using Co 60 found that the slope was constant 

at 0.041 cm2/g for source detector distances in soil 

exceeding 20 cm, and Dobychin (1958) reported a constant 

value of 0.042 I .001 cm2/g at distances exceeding 30 cm. 

Bernhard and Chasek (1955) reported that for distances 

exceeding 3 ft the collimators used had no effect on 

the count rate. 

Yakhontov (1958), using a Geiger-Muller detector, 

showed that for Co 60, lead collimators 8.5 cm long of 

aperture 8 mm gave a slope of 0.0566 cm2/g, and for Cs 137 

a collimator 6.8 cm long of 8 mm aperture gave a slope 

of 0.0767 cm2/g. Very little scattered radiation was 

then detected, but the apparatus was heavy and the count 

rate low. 

• The accuracy claimed by various authors is shown 

below. 
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TABLE 17  

Author Stated error Specimen 

Smith and Whiffin a = 0.02 g/cc Concrete road slab 
(1952) 

Brocard (1954) 0.5% to 1% Concrete 

Huyghe and Mortier 1% 8" concrete cubes 
• (1955) 
Bernhard and Chasek 3 lb/ cu ft Soil in laboratory 

(1955) 

do. 5 lb/ cu ft Soil on site 

Bernhard et al (1956) a = 2.3% Soil in laboratory 

Dobychin (1958) ,2% Soil 

Zhukov (1958) 2% Soil 

van Bevel (1959) a = 0.03 g/cc Soil 

Jurenka (1960) 1% Concrete 

a = standard error 

In this investigation apparatus was constructed which 

detected little scattered radiation. The relation between 

count rate and density was investigated for concretes of 

thickness 4" and 6" and densities 1.6 to 2.5 g/cc. A 

simple mathematical relation was found between count rate 

and the density, thickness and Compton scattering factor 

of a specimen and showed that neglect of the chemical com-

position of the concrete, which defined the Compton scatter- 
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ing factor, could cause errors of up to about 3%. However, 

using this mathematical relation accurate correction of 

the count rate for changes in thickness and chemical com-

position of the concrete, and statistical treatment of 

the experimental errors, were possible. 

The spatial distribution of radiation in, the concrete 

was investigated showing that a narrow conical volume of 

concrete was "seen" by the apparatus. 

The radiographic examination of structures for voids 

or steel bars may be considered as a case where the pulse 

detector is replaced by film sensitive to gamma radiation. 

The detected intensity is measured with far less precision 

than the present method as only relative intensities are 

required. 	Radiography-is not discussed in this thesis. 

CHAPTER 3.2 DESIGN OF APPARATUS 

In order for the method to be dependent only on 

Compton. scattering in the concrete, photons below 0.1 MeV 

had to be eliminated either by using lead collimators or 

a scintillation counter with appropriate discriminator. 

Improved collimation led to a lower count rate, so a 

scinillation counter, which was about 50 times as effic-

ient as a Geiger-Muller tube, was used. With a scin-

tilLation counter appropriate selection of a pulse height 

channel both eliminated low energy photons and gave a 
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measure of geometrical collimation. 

At the source energy of Cs 137, 0.662 MeV, it was 

shown in Chapter 2.2 that Compton scattering was the only 

operative process. This relatively low energy is easy 

to shield and collimate and because the source is mono-

energetic may be conveniently used with a pulse height 

selector covering the source peak, shown in Figure 34. 

The half life of Cs 137, 33 years, is conveniently long. 

For all these reasons Cs 137 was chosen, 5 millicuries 

being used. 

Figure 32 shows the arrangement of source, shields 

and detector used, Figure 33 shows the variation of 

scattered energy with scattering angle for photons emitted 

from Cs 137 calculated from equation 2.2.(3), and Figure 

34 shows the pulse height spectrum observed on this appara-

tus with no concrete cube. 

The pulse height selector was set to cover the peak 

due to the 0.662 MeV Cs 137 source photons. In order 

to minimize the effect of possible drift in the photo-

multiplier high voltage supply, amplification or discri-

minator bias,. the lower threshold was set at 0.57 MeV, 

at the valley of the differential bias curve. Figure 

33 shows that scattering angle is only weakly dependent 

on scattered energy for small angles, so that limitation 

of the angle of scatter by this means would have necessi-

tated setting the lower discriminator at some higher value 
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and the readings would then have been more sensitive to 

electronic drift. Geometrical collimation was therefore 

achieved with lead shields, and was designed to give a 

maximum diameter of 2.2" for the core "seen". 

If the detector were capable of detecting low energy 

scattered photons the effective core "seen" by the appara-

tus may have extended outside the source and detector 

beams. However, as used with the pulse height selector, 

little scattered radiation was detected and the core did 

not extend beyond the source and detector beams, as was 

shown experimentally in Chapter3.3. 

The choice of source intensity depended on the re-

solving time of the detector. For this system 5 milli-

curies was the upper limit as above this "pile up" of low 

energy pulses became significant. 

CHAPTER 3.3 EXPERIMENTAL CALIBRATION OF THE APPARATUS 

Two 4" and two 6" cubes were made from each of the 

mixes shown in Table 9. From the time of striking the 

moulds, these were stored under water. 

Each cube was placed in the apparatus and the count 

rate determined in two mutually perpendicular directions, 

with the hand floated face uppermost, giving four values 

for each size cube, for each mix. The dimensions of 

each cube in each direction were measured with a micrometer, 

and each cube was weighed in.air and water to determine 
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the density. The Compton scattering factor, defined in 

Chaptet 2.2, was calculated for each cube from knowledge 

of the chemical compositions and proportions of the com-

ponents. 

A count was taken with no concrete in the apparatus. 

All counts were corrected for pulse resolving time losses 

and background count. 

This information could have been used simply to draw 

curves of count rate against density for a given thickness, 

but in order to gain a better understanding of the method 

the procedure outlined in the next chapters was followed. 

The diameter of the Core "seen" by the apparatus was 

determined by moving a 4" mortar cube past the apparatus 

in steps of 0.1", taking a count at each step. The result 

is shown in Figure 35 where the broken lines indicate ±2 

standard errors calculated from nuclear statistics only. 

The pulse height spectra obtained with 4" and 6" 

cubes of low and high density in the apparatus, plotted 

in Figure 36, show differences between the peaks for cubes 

of different densities which are significant compared with 

the statistical errors in the counts. This figure shows 

that with the denser cubes the mean energy of detected 

photons was lower than with the lighter cubes, on account 

of the increased proportion of scattered photons detected. 

The differences between the spectra were, however, small. 
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CHAPTER 3.4 ANALYSIS OF THE APPARATUS  

Chapter 3.4.1 The Curve ln(Ro/R) veP, 

The total detected intensity comprised both un-

scattered and scattered radiation 

I = Iu + Is 3.4.1.(1) 

Assuming that the detector efficiency remained constant 

over the detection channel. 

R = nI = n(Iu  4. Is) = Ru  4. Rs 	3.4.1.(2) 

The unscattered count rate was then given by 

Ru Roe-Ex 

Re N"P Xs x 
o 

 3.4.1.(3) 
g, the Compton cross section for a 0.662 MeV photon is 

0.256 barns/electron. Density p, Compton scattering 

factor X and thickness x were determined separately for 

each cube and Ro was the count rate with no concrete in 

the apparatus. 

A quantity p o  the apparent cross section per electron 

was defined such that 

	

R 	- 	R e-14.0  "x  
O 

	

i.e. p 
	1h(R /R) 	3.4.1.00 

NAP Xx 

As Rs was, in general, a function of the density and the 

thickness of a specimen, 0 may have been expected to be 
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dependent on theeeparameters 	Table 18 shows the values 

of 0. These are the averages of the four values obtained 

for each mix and size of cube. 



.4.1 160 
  

TABLE 18  

Values of the Apparent Cross Section per Electron  p 

Mix X _ 	6,1 cubes 4" Cubes 
P As/R 3 ^ 1 P kik, li ir 

1A .5035 2.410 .33 .2307 2.406 .19 .2323 
2A .5044 2.379 .33 .2305 2.380 .21 .2304 
3A .5032 2.406 .34 .2300 .2297 2.405 .19 .2322 .2319 
5A .5033 2.376 .32 .2307 2.369 .19 .2320 
6A .5038 2.379 .4o .2268 2.374 .19 .2325 

1B .5025 2.440 .36 .2289 2.445 .20 .2323 
2B .5029 2.404 .33 .2303 2.412 .20 .2311 
3B .5021 2.420 .33 .2306 .2301 2.432 .22 .2300 .2309 
4B .5024 2.384 .31 .2315 2.396 .19 .2319 
5B .5020 2.406 .34 .2300 2.415 .21 .2308 
6B .5027 2.394 .35 .2291 2.414 .22 .2291 

1C .5035 2.391 .38 .2274 2.351 .20 .2308 
2C .5041 2.345 .31 .2313 2.349 .20 .2311 
3c .5033 2.355 .31 .2311 .2297 2.367 .22 .2292 .2307 
4c .5040 2.340 .28 .2331 2.351 .21 .2299 
5C .5032 2.343 .4o .2252 2.353 .19 .2317 
6c .5036 2.339 .32 .2303 2.361 .19 .2316 

1D .5080 1.658 .24 .2288 1.640 .17 .2257 
2D .5082 1.666 .23 .2302 1.671 .16 .2281 
3D .5071 1.683 .21 .2316 .2323 1.721 .17 .2266 .2282 
4D .5078 1.663 .22 .2310 1.659 .19 .2226 
5D .5080 1.600 .18 .2339 1.587 .15 .2286 
6D .5079 1.586 .14 .2384 1.602 .08 .2413 

lE .5065 2.209 .26 .2334 2.211 .19 .2307 
2E .5076 2.208 .26 .2333 2.211 .19 .2311 
3E .5073 2.192 .27 .2323 .2324 2.192 .17 .2327 .2314 
4E .5075 2.202 .28 .2317 2.203 .19 .2312 
5E .5064 2.172 .28 .2320 2.180 .18 .2314 
6E .5072 2.175 .28 .2315 2.174 .18 .2314 

Mean for all 6" cubes = 0.2308 
Mean for all 4" cubes = 0.2307 
Grand mean = = 0.2308 
Tabblated p is the mean of 2 values for each mix. 
Values were used separately in the calculations. 
ill is the mean of 4 values obtained for each mix. 
W is the mean for each type of cube. 
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The values of 13 were divided into ten groups, each 

group comprising the values from one type of concrete 

and one size of cube. An analysis of variance, shown 

in Table 19a, was done to see whether the between-type 

or between-size variance was significantly greater than 

the within-group variance. The low values of F found 

may have been due to the questionable assumption of homo-

geneity of group variances, but this would not have up-

set the conclusion that 13 was constant. As a further 

check the differences between the group means and the 

grand mean were then investigated as shown in Table 19b, 

where the error of the difference was found assuming that 
ss 

the grand mean 0 was known with zero error, thus over-

estimating the value of t. Nevertheless, only one 

possibly significant difference was found between the 

grand mean and the group mean, for the 6" cubes E, but 

as the density of these cubes lies between those of groups 

A to C and group D it is reasonable to assume that this 

was due to chance and that 0 was constant over the ranges 

of density, thickness and chemical composition of concrete 

tested. 
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STATISTICAL TESTS ON VALUES OF a.  

TABLE 19a 

ANALYSIS OF VARIANCE 

Two classes are assumed, being the 5 types A to E and 
the two sizes of cubes. 

Mean sums of 
squared errors 

Degrees of 
freedom 

Ratio 
F 

5% Level 
of F 

Within groups 6.9 x 10 6 50 - 

Between types 5.1 x 10-6 4 0.73 2.56 

Between sizes 1.6 x 10-7  1 0.02 4.03 

TABLE 19b  

t TEST FOR SIGNIFICANCE OF GROUP MEANS 

Group 13 -••13 s t p 

6" A .00106 .00168 1.42 .23 

6" B .00072 .00096 1.85 .14 

6" C .00106 .00288 0.90 .40 

6" D -.00153 .00342 1.10 .33 

6" E -.00158 .00081 4.78 <.01 

4" A -.00109 .00084 3.20 .02 

4" B -.00008 .00120 0.16 .87 

4" c .00007 .00100 0.17 .82 

4" D .00197 .00650 0.74 .48 

4" E -.00063 .00068 2.27 .07 

t _ IV-1) ,In 

p = the probability of that value of t being exceeded by 

chance. 

t 
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Following from this result, if the densities of 

specimens of various thicknesses and chemical compositions 

are required a simple correction using equation 3.4.1.(4) 

is possible and statistical treatment of the errors which 

assumes a constant value of in that equation valid. 

The concrete specimens used to obtain these values 

of 13 covered the range of densities from 1.6 to 2.5 g/cc 

and the entire practical range of chemical compositions, 

but thicknesses of only 4" to 6". 

Table 4 in Chapter 2.2 showed that the Compton scatter-

ing factor, which defines the chemical composition of the 

concrete, may vary by up to 3%. Neglect of this factor 

would cause an error of that magnitude in the density. 

Rewriting equation 3.4.1.(4), the density is given by 

ln(Ro/R) 
P =  	3.4.1.(5) 

NA  xX 

Chapter 3.4.2 Determination of the Relative Intensity of 

Scattered Radiation  

The count rate due to unscattered radiation was cal-

culated from equation 3.4.1.(3) and then the ratio of 

scattered to unscattered count calculated from equation 

3.4.2.(1) 
Rs 
R 	R u 	u 

- 1 	3.4.2.(1) 
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The results are shown in Table 18 where it may be 

observed that the relative intensity was greater for greater 

thickness or density of specimen, agreeing with the obser-

vations of the pulse height spectra in Figure 36. 

The intensity of once scattered radiation was calcu-

lated theoretically as follows. 

For an isotropic source of Lin photons/sec, the count 

rate due to uncollided photons 

Tr g;C 
u =  	 3.4.2.(2) 

az 

where g, a and c are shown in Figure 37 and Eo  is the 

total collision cross section for source photons in the 

concrete. 

Adopting an approach similar to that of Chapter 2.9.1 

an equation for the count rate due to once scattered photons 

was derived (see Appendix C) 
as , rum. r0  max. 

R = 	 (e) sxNApX sinoce A—N pX (Sor;+Ci ri)Acjet43.4.2. ( 3) 
o r min.0  

where SWX is the-cross section per electron for scatter-

ing through angle e into solid angle 0, and g o  and Si  

are the total Compton cross sections per electron before 

and after collision. The limits of a
o and ro were deter-

mined by the size of the specimen tested and the holes in 

the source and detector shields. 



165 

f 

• Fig.37 
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Similar equations may have been written for twice 

and more scattered photons but the solution required 

extensive computation. 

Equation 3.4.2.(3) in differential form, gave the 

count due to photons scattering within a differential 

volume at (ao  r o). This was integrated for various 

densities and sizes of cube. The apparent cross section 

and the ratio Rs  /Ru  were calculated and are shown in 

Table 20. 

TABLE 20, 

Values of P and Rs  /Ru  obtained by considerinc 

only once scattered photons  

P 

Scattering 
factor 
X 

Concrete 
thickness 

in
Density 

' 
0 

Theoretical 

Rs/Ru  Re/Ru 
From 
expt. 

Difference 

d:eReoRu 
multiple 
scattering 

2.4 0.5 4" 0.2353 0.108 0.20 0.09 

2.2 0.5 4" 0.2352 0.099 0.18 0.08 

1.6 0.5 4" 0.2349 0.073 0.16 0.09 
2.4 0.5 6" 0.2358 0.160 0.34. 0.18 

2.2 0.5 6" 0.2357 0.147 0.27 0.12 
1.6 0.5 6" 0.2353 0.108 0.20 0.09 

These results show that about 10% of the count was due 

to once scattered photons, so about 10% must have been due 

to twice and many scattered photons. 



Chapter 3.4.3 Determination of the Spatial Distribution 

of Radiation within the Specimen  

It can be shown from the ratios Rs  /R1  in Table 18 

that between 75% and 90% of the detected beam was un-

scattered and therefore passed only through the cone 

defined by the holes in the source and detector shields. 

About half the scattered radiation was once scattered. 

By considering the cube divided into a three dimensional 

mesh the count rate due to the once scattered photons 

scattering within each small volume was calculated, 

giving some idea of the distribution of radiation in the 

cube. These values, shown in Table 21, are the number 

of photons scattering per second from a ring 1.016 cm 

square in section at the position shown, into the detec-

tor, for a source of 106/11  photons/steradian second. 

167 
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TABLE 21  

Theoretical Spatial Distribution of Once Scattered  

Photons in Typical Concrete Cubes for a Source  

of 106in Photons/star sec. 

10 x 1.016 cm = 4" 
C oo ‘o 
OH C 
toN 
H 

n 
< 
In 

0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 1.2 0.6 0 0 0 0 0 0 
3.7 3.5 3.4 

1.9 
3.3 3.1 2.8 2.2 0.4 0 0 

1.9 1.9 1.9 2.0 2.2 2.4 2.7 3.2 4.0 

Source end 	 cube and 
apparatus 

Parameters p = 2.4 g/cc, X = 0.5, c = 4" 

x 1.016 cm = 4" 10 
1--- 

0 cki 

n 

tr\  

0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 1.5 0.7 0 0 0 0 0 0 

4.7 4.5 4.3 4.1 3.9 3.6 2.8 0.5 0 0 
2.4 2.3 2.3 2.4 2.5 2.7 3.0 3.4 4.0 5.0 C 

Source end 	 cube and 
apparatus 

Parametersp = 1.6 g/cc, X = 0.5, c = 4" 



7  
x
  1

. 0
16

cm
=2

.8
"  

= 2.4 g/cc, X = 0.5, 	c = 6" 

.I. 	X 14,U10 CM = Ci-  
1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

O 0 0 0 0 0 • 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0.5 0.2 0 0 0 0 0 0 
0 0 1.8 1.7 1.5 1.4 1.4 1.3 

0.7 
1.3 
0.7 

1.2 
0.7 

1.1 
0.$ 

0.9 
0.9 

0.2 0 0 
1.3 1.10.9 0.9 0.8 0.8 0.7 1.1 1.3 1.6 

Source end 
Parameters 

4, Cube 
and apparatus 

15 x 1.016 cm = 6" 	 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
00000000.8 0.4000000 
0 0 3.2 2.9 2.7 2.5 2.4 2.3 2.2 2.1 1.9 1.5 0.3 0 0 
2.2 1.9 1.6 1.5 1.4 1.3 1.3 1.3 1.3 1.3 1.4 1.6 1.8 2.2 2.7 

Source end 
Parameters 	= 1.6 c/cc, X = 0.5, 	c = 6" 

7 x
1
.0

16
cm

= 2
.8

1  

Cube 
and apparatus 

TABLE 21  (Cont.) 
Theoretical Spatial Distribution of Once Scattered Photons in Typical Concrete 

Cubes for Source of 106/q pholionejeter:sec. 
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The spatial distribution of the twice scattered photons 

was considered. Every photon made its first scatter with-

in the cone defined by the source shield. If it was twice 

scattered and then detected, the second scatter must have 

been within the detection cone. If, after the first colli-

sion the photon scattered back so as to leave the volume 

defined by the source cone, its energy after the second 

scatter would have dropped to below the discriminator 

threshold. A twice scattered detected photon must there-

fore have remained within the source and detected cones. 

Similar reasoning showed that the probability that a 

three or more times scattered photon left the cones and 

then re-entered and was detected, was small. 

The radius of circle of intersection of the cones 

was 1.1". The radius of the core of concrete "seen" by 

the apparatus was found from the curve of Figure 35 to 

be between 1.1" and 1.25", confirming the above discussion. 

Chapter 3.4.4 Analysis of Errors  

Equation 3.4.1.(5) gave the relation between count 

rate, density and the other variables. From this the 

relation between the errors in the variables was obtained 

by the laws of combination of errors 

3.4.4.(1) 
(—Cr; = E:)2±  (2-Y l 	( 	1  2[C4)1-  (T-Ll 

1..NA0(4) R 9. 
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and Ro are determined for apparatus at the time of cali-

bration, x is determined by measuring a specimen and X 

calculated from knowledge of the chemical composition of 

the concrete. 

If the apparatus is very accurately calibrated 

= 0 	and 	Ro  I:" 0 

Because X depends primarily upon the hydrogen, and 

therefore water content, of a concrete, normal chemical 

analyses of cements or aggregate which may have a closure 

error of 2% are sufficiently accurate for calculating this 

factor. With conventional engineering equipment, such 

as a micrometer, it is possible to measure x to 0.1% for 

a well made specimen. A micrometer may be permanently 

incorporated in apparatus for this purpose.. 

If a scaler-timer is used to determine count rate, 
a4
--w. 

The apparatus measured the density of a well defined 

core of concrete, as shown in Chapter 3.4.3, but was cali-

brated against overall density of a cube. A difference 

between the local and overall densities appeared as error 

in the calibrated value of P . This led to a method of 

measuring uniformity of concrete described in the next 

chapter. 
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CHAPTER 3.5  USE OF THE METHOD  

Chapter 3.5.1 To Measure Uniformity of a Concrete Specimen 

Because the aggregate and mortar will be evenly dis-

tributed throughout a perfectly uniform concrete specimen, 

the uniformity of one or more specimens may be defined 

thus:- 

If cores are cut from one or more specimens, each core 

being reasonably long compared with the maximum size of 

aggregate, the concrete is perfectly uniform if the over-

all defisities of the cores are equal. 

For each mix and type of cube four values of 0 were 

determined from equation 3.4.1.(4). 	If the concrete were 

perfectly uniform the standard error of p would have been 

given by 

r = lc

2 

Assuming 

would be 

1' 2+ (1CF't 	 N
2 

-4- (G-g°\
2  

(wp,c3xxot\R) 

p to be a normal variate, the ratio 

distributed as a 2 with n-1 degrees of freedom, 

where 44 is calculated from 3.5.1.(1) and 0 is the mean 

of the n determinations of pi. 

In this work n = 4 and the following values were used: 

a x = 0.002" 

ai = 0.15% for 6" cubes 

= 0.30% for 4" cubes 
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a = 0 

R 
	0.5% because N = 4 x 104 count 

The estimates of errors ax anda were based on experience 

in measuring the thickness and density of cubes in these 

experiments. 

For each mix and size of cube the ratio was calculated 

and from x2 tables the probability derived that the four 

readings were obtained from a perfectly uniform mix. 

This is shown in Table 22. 



Mix 

1A 
2A 
)A 
SA 
6A 

18 
2B 
:m 
4B 
5B 
6B 
Ie 
2C 
)C 
4c 
.5C 
6c 

lD 
2D 
)D 
4D 
5D 
6D 

IE 
2E 
)E 
4E 
5E 
6E 

2 
0'J3 = 

2 
X = 

P = 

TABLE 22 

MEASUREMENT Ol'~ UNIFOHMITY 

6" Cubes -

° X2 
~ P -

.0006 1.17 .77 

.0018 10.80 ; .01 

.0009 2.88 I .42 

.0012 5.16 .13 

.00)9 5).) i <.01 

.0009 2.76 .44 

.0014 7.06 .07 

.0007 

I 
1.60 .67 

.0011 4.24 , .24 

.001) 5.56 .1) 

I .0005 0.9) : .d2 

.002) I 17.60 <.01 

.0017 I 9.85 .02 

.0008 I 2.32 .0,2 
I 

.0014 i 7.00 , .07 

.0026 I 22.60 <'.01 
• 0019 12.20 I <.01 

I 

.0044 36.4 : <.01 

.006) I 7).) ; <.01 

.0051 I 47.0 I 1<.01 

.0027 
I 

1).8 :<:.01 
.0048 41. 5 <.01 
.0028 I 14.0 <.01 

I 

.0018 
I 

10.00 i .02 
.0007 1.42 I .70 I 

.0005 0.80 
I .dS I .0002 0.17 .97 I 

.0007 1.57 l .58 

.0011 ).80 .28 

3 
crZ 

--z. 
0- expected 

4 " __ Cubes 

°fi X2 

.0042 0.64 

.0001 _ 0.05 

.0011 f 4.20 

.0016 9.41 

.0017 I 10.50 
: 

.0007 1. 72 

.001) 6.65 

.0004 I 0.61 
• (JoOB I 2.64 I .0005 1.00 

I 

.0012 5.45 I 

.001) 6.)6 

.0019 13.44 i 

.0006 1. 30 i 

.0009 ).01 I 

.0010 ).24 

.0006 1. 20 .. 

.00)2 26.1:S 

.0016 6.)H 

.0042 45.0 

.0065 107.8 

.0018 8.)0 i 

.004) 48.2 

.0005 0.86 I 

.000) 0.40 , 
; .0004 0.52 I 

.0006 
! 

1.21 
.0002 I 0.20 
.0006 1 1.)4 1 

~ 
o~~ 

:;>.99 
.25 
.0) 
.02 

.64 

.08 

.89 
·50 
.81 
.14 

.09 
..-:-.01 

.74 
• )0 
• )6 
.77 

<..01 
.09 

< .• 01 
c~. v1 

.04 
<".01 

.84 

.9) 

.90 

.76 

.97 

.73 

probability that the readings wore obtained 

f'rom perf'ectly unii'oI'm specimens. 

174 
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This was not an absolute measure of that probability 

because few values of p were used and because it depended 

upon the values of errors used in the right hand side of 

equation 3.5.1.(1), but future experience in developing the 

method should show the.range of errors acceptable. 

The method may be generalized as follows. It IA is 

desired to measure the uniformity of one specimen the den-

sity is measured by conventional means and n readings of 

count rate R and thickness x taken. The n values of p are 

calculated using equation 3.4.1.0) and from these W and 

the x2 ratio obtained, giving a value of probability from 

X2 tables. As the Compton scattering factor X will not 

vary from one reading to another a nominal value may be 

assumed. This will produce an error in the value of ji 

but will not change the sum of squares in the numerator of 

the ratio. In calculating the expected error from equation 

3.5.1.(1) it may be assumed that there is no error in p, 

X or R. 

When comparing the uniformities of batches comprising 

many specimens, X and p must be determined for each specimen 

and values of the errors in determining x, X, p and R must 

be considered when calculating the expected error, in order 

that the values of x2 found will be due only to non-uniformity 

of the density distribution in the concrete. 

To facilitate calculation of the Compton scattering 

factor X for concretes, this factor is listed in Table 23 
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for various aggregates, cement and water. The value of 

X for a concrete will be given by 

X 12 

	G; X; 	
3.5.1.(2) 

where G1 and Xi are the mass fraction and Compton 

scattering factor for the n components of the concrete, 

which will be water, cement and one or more aggregates. 

TABLE 23  

The Compton Scattering Factor X for Typical  

Aggregates, Cement and Water  

Item 
X Reference for 

Chemical Analysis 

Granite 0.4949 (a) of Table 1 

Granite 0.4957 (c) of Table 1 

Basalt 0.4989 (b) of Table 1 

Limestone 0.4995 (d) of Table 1 

Hornsfels 0.4944 (e) of Table 1 

Thames River Sand 0.4989 Special Analysis 

Ordinary Portland 
Cemett 0.4992 As Table 1 

Water 0.5551  

Chapter 3.5.2 To Measure Density of Concrete  

Apparatus suitable for measuring the density of hardened 

laboratory specimens or fresh concrete in laboratory moulds 

was made. Experience in setting up this apparatus showed 
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that although good quality laboratory equipment was used 

drift of the electronic system was significant, and that 

scatter of readings due to non-uniformity of the concrete 

specimens affected significantly the accuracy of the cali-

bration. 

Dealing with the latter point first, it is recommended 

that in calibrating the apparatus concrete containing coarse 

aggregate should not be used. Suitable materials would be 

,aluminium, glass, perspex, carefully made specimens of 

mortar concrete, or similar materials. The calibration may 

then be done taking long counts and with sufficient care 

that °I and R 	in equation 3.4.4.(1) may be neglected. D 
When determining the density of an unknown specimen 

the accuracies attainable in x and X are 	= 0.001 by 37 
using a conventional engineering micrometer and 	= 0.002 

by calculating from ordinary chemical analysis of the con-

stituents as used for Table 23. If the count rate is 

determined from a scaler-timer, then with N • 4 x 104 counts, 

which here took 4  minute on 4" cubes and 1 minute on 6" 

cubes, the error in density from equation 3.4.4.(1) is 

ci 	
= 0.004 for 4" cubes of density 2.4 g/cc 

= 0.003 for 6" cubes of density 2.4 g/cc 

Improvements in this would be possible by taking a 

longer count and by improving the accuracy of the deter-

mination of x and X but would probably not be realistic 
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as the error due to non-uniformity of a specimen would 

give errors of this order. A better procedure would be 

to take a number of readings of density at various points, 

and use the mean of these. 

The drift of the apparatus may be checked using the 

value of Ro with no concrete in the apparatus. The value 

of Ro at any time after calibration should be Ro  = Roc e
-Xt 

where Roc  is the value of Ro at the time of 

calibration. When the apparatus has warmed up Ro  can be 

brought to this value by adjustment of the pulse height 

selector. 

The effect of source decay must be allowed for either 

by applying a correction e Xt  to the count rate or by using 

different calibration curves as time proceeds. 

If a ratemeter is used instead of a scaler-timer, 

both drift and source decay may be allowed for as follows. 

The reading of Ro  at the time of calibration is balanced 

against a stable potential obtained, for instance, from 

a standard cell. In subsequent use, when the apparatus 

has warmed up, the value of Ro  is balanced against the 

calibrated potential by means of a variable resistor in 

the ratemeter circuit. This applies a scale factor to 

the count rate R so that the ratemeter will read in units 

as calibrated. The scale factor will alter the error 

due to nuclear statistics, but as the half life of Cs 137 
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is 33 years, and because drift should cause only a small 

change in count rate, the change in error should, in 

practice, be very small. 

CHAPTER 3.6  CONCLUSIONS 

Apparatus for measuring density by the transmission 

method can, with the use of a scintillation counting system, 

a Cs 137 source and lead collimators, be made to give good 

spatial resolution and accuracy adequate for the needs of 

concrete technology. 

Statistical tests showed that the apparent cross sec-

tion per electron, 0, was constant over the range of con-

crete specimens tested, making possible accurate correction 

to the count rate for the effects of thickness and chemical 

composition and validating statistical tests for the uni- 

formity of concrete. The value of 	, 0.2308 barns/ 

electron, corresponded to a value of 0.0695 cm2/g for the 

slope of the curve ln(RoiR) against the product of density 

and thickness. This may be compared with the values ob-

tained by other authors and reported in Chapter 3.1. The 

range over which 0 was found to be constant included all 

practical chemical compositions, densities from 1.6 to 2.5 

g/cc and thickness of 4" to 6". 

The accuracy required in determining the thickness 

and Compton scattering factor may be achieved by simple 
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techniques and using these values an accuracy in the density 

measurement of 0.5%, which is two standard errors, is easily 

achievable. At this order of accuracy, however, the heter-

ogeneity of the concrete itself becomes significant, so 

more accurate density determinations may be meaningless 

unless correctly interpreted. 

The source and detector must be accurately held in the 

same position relative to each other. This may be achieved 

by attaching bothtoa U frame which may be placed around a 

member to be tested. In practice this would mean that 

only laboratory specimens, beams, columns and other mem-

bers small enough to fit within the U frame may be tested. 

The effect of the position of the concrete in the appara-

tus, defined by dimension 'b' of Figure 37, would be small 

on account of the small proportion of scattered radiation 

detected. There is however no reason why the specimens 

tested should not be placed in a standard position in the 

apparatus, and this should be done in practice. 

In general, the background count rate must be allowed 

for, but if the scintillation counter is used over the Cs 

137 peak and the detector shielded, as in this investiga-

tion, that count will be small and may well be negligible 

in practice. 

With an adequately shielded source the only hazard to 

health would be in the region directly in front of the 

source shield. With correct procedure it is never necessary 
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for the hands to be in this region, but a mechanism whereby 

a specimen is placed on a movable platform away from the 

source and then moved into position, is advisable. The 

dose scattered from a 6" concrete cube in the apparatus 

described here was measured and found to be less than 2.5 

millirad per hour and was therefore tolerable. 

This method may be used both on hardened specimens 

and fresh concrete in the forms. In the latter case 

calibration would have to be done with the forms in the 

apparatus. If no scattered radiation were detected the 

effect of formwork would be uniquely defined by the pro-

duct of the total thickness, the Compton scattering factor 

and the density of the formwork "seen" by the apparatus. 

In that case Ro, but not 0., would be affected by the 

presence of forms. As apparatus is in fact designed to 

detect little scattered tadiation and because the forms 

are thin relative to the concrete that product will pro-

bably be the only parameter required to define the effect 

of formwork on the count rate. 	If that is so, Ro  and 0, 

which define the calibration curve, need be found experi-

mentally only as a function of that parameter of the form-

work. Timber formwork containing fresh concrete may 

absorb moisture and change its density, thus upsetting the 

calibration for timber moulds. 

Neither the effect of forms nor the effect of concrete 

of thickness greater than 6" on the apparent cross section 
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per electron, 0 , has been investigated. This deserves 

further study. 

If the apparatus "sees" a steel bar the count rate 

would decrease because steel is denser than concrete. 

This may be used to locate steel bars by moving the appara-

tus across a member and observing the count rate, and should 

give accurate results because of the good spatial resolution 

of the apparatus. 

The specimens used for calibration must themselves 

be uniform and of accurately known density. When using 

the apparatus subsequently, care must be taken to correct 

the count rate for electronic drift and source decay. 

Accurate calibration is possible whatever the dependence 

of the apparent cross section per electron 0 on density and 

specimen size but in the range where 0 may be taken as 

constant, log of count rate varies linearly with density, 

thickness or Compton scattering factor so that fewer speci-

mens are needed to establish the curve. 

If a relation can be found between the uniformity 

of specimens as found with this method and the scatter in 

other properties of concrete, then this method will provide 

a measure of the error in those experimentally determined 

properties, due to the heterogeneous nature of the concrete. 



PART 4 THE USE OF NEUTRON RADIATION TO MEASURE THE 

WATER CONTENT OF CONCRETE 

CHAPTER 4.1 INTRODUCTION  

Neutron radiation methods, which determine the total 

mass of water per unit volume of a material, have been 

more extensively used on soils than on concretes. As 

will be shown in Chapter 4.2 the chemical structure of 

the concrete must be expected to influence the reading 

with a particular piece of apparatus, so that results 

obtained on soils may not be entirely valid on concrete. 

However, some useful information about the method may 

be obtained from reports dealing with soils so these are 

first discussed, then their application on concrete des-

cribed. This review deals mainly with surface instruments 

but the results obtained on probes are quoted where useful. 

Use of soils  

Sources used have been radium-beryllium, polonium-

beryllium, radium D-beryllium and americium-beryllium. 

Detectors used included foils with Geiger-Muller tubes, 

boron lined counters, zinc sulphide and boron scintilla-

tors, lithium iodide scintillators and in most more recent 

work boron trifluoride tubes. The response of the detec-

tor to gamma radiation was a problem with some detectors 

(Roy and Winterkorn 1957). 

There has been no systematic analysis, for surface 
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instruments, of the optimum distance from source to detec-

tor. The source was usually placed as near as possible 

to the detector, taking into account the need for lead 

shielding with gamma sensitive detectors. 

The calibration curve of count rate against density 

of water in mass per unit volume, d', was usually a straight 

line, or very close to straight (Kuranz 1959, Neville and 

van Zelst 1960, Carlton 1960, Gnaedinger 1960, Carey et 

al 1960, Huet 1961 and'1962). 

Holmes (1956), neglecting all elements other than 

hydrogen, applied the Fermi age equation for plane geo-

metry to a probe with a boron trifluoride detector and 

found good agreement with experiment. This equation was 

applied by Huet (1962) to both probes and surface instru-

ments, and by Dobychin (1958) to an unspecified instrument 

which was apparently a probe. 

The chemical composition of the soil may have affected 

the count rate either by change of scattering cross section 

due to chemical or crystalline bonding or by a change in 

absorption cross section due to boron, lithium, chlorine 

or other strong neutron absorbers. Burn (1963) using a 

probe with an actinium-beryllium source and lithium iodide 

scintillator observed discrepancies of 11% between the 

calibrated count and the count observed on a site clay. 

After investigation this was attributed to 7% iron in the 

clay. Dobychin (1958) using a silver foil detector found 
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that both the mineralogical composition of the soil and 

the presence of absorbers affected the count rate. 

Gnaedinger (1960) and Mintzer (1960) also found an effect 

of the type of soil but van Bavel et al (1956), Carey et 

al (1960) and Huet (1961 and 1962) found no such effect 

for the soils used. In general it must be assumed that 

the chemistry of the soil may affect the results and it 

will be shown in Chapter 4.3 how this may occur. 

The effective depth of penetration of a surface gauge 

was found by various authors as shown below. 

TABLE 24  

Author Depth 

Belcher et al (1952) 

van Bavel et al (1956) 

Kuranz (1959) 

Neville and van Zelst 

Huet (1962) 

(1960) 

1' 6" 

6(W)-1  inches (see below) 

5" to 16" 

6" 

4.5(d')- 	inches (see below)  

van Bavel et al (1956) neglecting all elements except 

hydrogen and assuming spherical symmetry proposed the cubic 

function shown above. The relation between depth and 

water density is discussed in Chapter 4.5.3. 	The hori-

zontal area .required depended upon the geometry and charact- 
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eristics of each instrument and the water content of the 

material. van Havel et al (1956), using radium-beryllium 

and a boron lined counter 12" long by 1-1" dia.. separated 

by distances up to 10 cm,found that on a "dry" soil a 

plan area of 1500 cm2 (approximately 15" square) was 

sufficient. 

The accuracies reported by various authors are shown 

below. 

TABLE 25  

Author Stated Accuracy 

Belcher et al (1952) 

van Bavel et al (1956) 

Kuranz (1959) 

Carltcol(1960) 

Gnaedinger (1960) 

1 lb/cu ft 

a = 1% 

0.5 lb/au ft 

a  = 0.9 lb/cu ft 

2% 

Whether on site or in the laboratory, the instrument 

readings were calibrated against water density found by 

drying and by conventional replacement or volumeter methods. 

Kuhn (1960) after statistical analysis of the instrument 

readings compared with sand replacement and oven drying 

tests, concluded that the nuclear method was at least 

as accurate as the conventional method. 
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When calibrating an instrument, a number of uniform 

specimens of soil of known water content were required. 

In sands at low water contents, water concentrated in local 

pockets and at high water contents drained under gravity. 

Burn (1960 and 1963) conducted a thorough investigation 

into the use of substitute hydrogeneous materials and in-

organic materials other than sand. He used calgon water 

solutions for high water content*, bentonite, sand and 

water mixtures for medium water contents and dextrose, 

sand and water mixtures for- low water contents, but diffi-

culty was experienced in placing the last uniformly. Huet 

(1962) used mixtures of ammonium aluminium sulphate and 

sand. 

Instruments were. usually checked by taking a count 

on a standard specimen which was most often paraffin wax. 

In order to overcome the effects of electronic drift or 

source decay Kuranz (1959), Neville and van Zelst (1960) 

and Huet (1961 and 1963) used the ratio of count on speci-

men to count on standard instead of count rate. 

Lauchaud (1962) tried a transmission method for de-

termining the water content of soil specimens 20 mm thick. 

,From the thermal source, which was radium-beryllAum in 

wax, the neutrons passed through the specimen and into a 

boron trifluoride counter. The count rate thus detected 

was a function both of overall density and water density, so 
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calibration against dry specimens was first necessary, and 

the difference in count between wet and dry specimens used. 

The method gave large errors. 

Use on concrete 

Brocard (1954) constructed a cylindrical cadmium-

indium-cadmium sandwich 28 cm long by 2.8 cm diameter. 

The cylinder with a radium-beryllium source: within was 

placed in a hole in the concrete. He established a cali-

bration curve on alum powder mixtures. As the process of 

moving the indium to a Geiger-Muller counter was tedious, 

he replaced the foil by a boron trifluoride counter 

(Brocard 1955). 

Huyghe and Mortier (1955), Mortier and Huyghe (1955) 

and Riessauw and Huyghe (1958) used a radium-beryllium 

source with indium or silver foils and with a boron tri-

fluoride counter on the surface of various concretes. 

Initial investigations showed the half life of indium to 

be too long, and because the half life of the silver p 

activity was 2.44 minutes they attempted to measure the 

saturation activity with a Geiger-Muller detector, with 

the source, 25. millicuries radium-beryllium, 12.5 cm from 

the detector. The lit activity was masked by the intense 

radium activity detected. They then used a boron tri-

fluoride detector. The calibration curve was a straight 

line. 
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Yaltakwaand Senturk (1962) used the neutron water 

content method as an indirect method for determining the 

cement content of concrete by assuming that the bound 

water content was proportional to the cement content. 

They constructed a steel container 216 mm high by 143 mm 

diameter and in a central tube 27 mm diameter placed a 

1 curie polonium-beryllium source and a boron trifluoride 

counter. Concrete was dried, powdered and placed in the 

cylinder so that the count rate gave a measure of cement 

content. The accuracy of the apparatus was fairly good. 

Pawliw and Spinks (1957) used 50 millicuries of 

radium-beryllium and a boron trifluoride counter 0.75" 

diameter by 4" effective length on concrete. The source 

was next to the detector and both were covered with a 1" 

steel reflector which increased the count rate by a factor 

of 2.35. The effectively infinite depth, determined with 

mixtures of sugar and sand, varied from 4" for water to 

8" for an equivalent water density of 0.135 g/cc. When 

the source was on the centre line of a cylindrical container 

the minimum radius required varied from 4" for water to 

10" at an equivalent water density of 0.135 g/cc. 

They established a calibration curve en a concrete 

cylinder 8.75" high by 18" diameter. Readings on water 

and on concrete were taken, the concrete weighed and dried 

at 130°F, another pair of readings taken, and so on until 
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all the evaporable water was removed, when it was heated 

to 1000oC to determine the total water content. The 

curve of the ratio count on concrete to count on water 

against water density in g/cc was found to be a straight 

line, to which was fitted the equation of Holmes (1956). 

This was 

r dIF 
	 4.1.(1) 

where r is the ratio count on concrete to count on water, 

d' is the density of water in g/cc of concrete and 

cvods 
F - e 

5_ erf (LI - its-4-d)] 4_ emoci. erf ll. 	Zs1 
L - erf(T.I.  -its}] 	e + 	(r/L1 - e.1-1(1-17'-+ QCs)] 

4.1.(2) 

When Ls , the slowing down length in water was 6.80 cm and 

L, the diffusion length 2.88 cm 1, the effective distance 

source to detector, was found by fitting the function to 

the experimental line to be 3 cm. 

Comparatively little work has been done with the neu-

tron scattering method on concretes. No investliireion has 

been reported of how nuclear processes other than scatter-

ing by hydrogen may affect the apparatus reading although 

experience on soils showed that the presence of an absorber 

such as iron or chlorine could upset the reading. 

In the chapters following the various processes which 

may have an effect on the count rate are discussed. It is 
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shown how the effect of absorbers or chemical bonding of 

the hydrogen may be eliminated by using a cadmium covered 

detector and various experimental assemblies employing 

this principle were tested. For a system where source and 

detector are on one face of a specimen the source, detec-

tor and geometry giving a count rate least dependent on 

perturbing processes and giving the most accurate reading 

of water content in a given time, was determined. 

CHAPTER 4.2 DESCRIPTION OF THE RELEVANT NUCLEAR PROCESSES 

a) 	Elastic Scattering 

When a neutron collides with an atomic nucleus by 

elastic scatter, kinetic energy and momentum are conserved. 

In collisions between light or medium atomic weight mater-

ials'and neutrons of energy up to approximately 10 A-71  MeV 

(Price et al, 1957), the angular momentum of the incident 

neutron may be neglected so the scattering will be iso-

tropic in the centre of mass system. 

From conservation of kinetic energy and momentum the 

ratio of the energy after collision El  to the energy be-

fore collision Eo is given by 

E, _ A2  -1- 2A cos so 1- 1  
E0 	(\+ 1)i  

where A is the atomic number and cp the angle of 

scatter in the centre of mass system. The scattering angle 
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in the laboratory system t e , is related to w by 

(At+ ZAcos cp -F 

	 4.2.(2) 

For hydrogen the maximum value of e is 90°, and El  

may range from E0  to zero, when the neutron reaches thermal 

equilibrium with the scatterer. In a purely scattering 

medium at 21°C the energy corresponding to the maximum 

thermal flux per unit energy is 0.0253 eV. 

In an approximate sense neutron energies are described 

as "thermal" for energies up to about 0.2 eV, "slow" up 

to about 10 eV, "intermediate" up to about 0.5 MeV and 

"fast" up to about 20 MeV. 

As a consequence of the isotropy of the scattering 

it can be shown that the average logarithmic energy de- 

crement per collision, c = ln(El/E0) is dependent only 

on the atomic weight of the scatterer. The quantity 

may be used to calculate the average number of collisions 

required for a neutron of initial energy El  to be scatter- 

ed to a final energy E 

n = In (Ei/E) 4.2.(3) 

 

Table 26 shows the average number of scatters required 

off various elements in concrete for a 3 MeV neutron to 

reach 0.0253 eV and 0.4 eV respectively. 

Cas - 
A cos cp + I 
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TABLE 26  

Element 
c 

n for 
0.4 eV 

n for 
0.0253 eV 

H 1 • 15.8 18.6 

C 0.1589 100 117 

0 0.1209 131 154 

Al 0.0730 217 255 

Si 0.0702 226 265 

Ca 0.0495 320 376 

Fe 0.0357 443 521 

The values of S are from Etherington (1958). 

The elastic scattering cross section, will be con-

stant for an unbound nucleus at low neutron energies, but 

for a lightnucleust if the binding energy is not negligible 

compared with the neutron energye the scattering cross 

section will be increased. For collisions with bound 

hydrogen the nuclei may be regarded as free if the inci- 

dent energy is greater than 0.8 eV (Evans 1955). 	Figure 

38, from Weinberg and Wigner(1958),shows the total cross 

section of hydrogen both free and bound in water. 
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b) Resonance reactions  

If a nucleus absorbs a neutron with energy such that 

the compound nucleus has energy equal to an excited level 

of that nucleus, a resonance peak in the cross section is 

observed. The energy spacing of the peaks depends upon 

the atomic weight of the nucleus. The lowest resonance 

energy falls as atomic weight increases but for the light 

and medium weight elements in concrete the resonances will 

usually occur above thermal energies. 



The decay of an excited nucleus may, in general, be 

by the emission of any particle or energy. In nuclei up 

to atomic weight of about 60 re-emission of the incident 

particle, that is scattering, is more likely than absorp-

tion but for heavier nuclei and energies up to about I keV 

absorption is more probable. 

c) Thermal absorption 

If the neutron energy is well away from a resonance, 
-4- 

the absorption cross section will vary with E 2. This 

may be a significant process at thermal energies. 

CHAPTER 40  THE INFLUENCE OF THE NUCLEAR PROCESSES ON  

THE APPARATUS  

When a fast neutron source and slow neutron detector 

are placed in,a fixed geometry near concrete,the count 

rate at the detector will be influenced by 

a) elastic scattering off the hydrogen nuclei in 

the concrete, which is the primary process 

b) changes in the scattering cross section due to 

changes in the chemical bond on the hydrogen 

c) scattering by elements other than hydrogen 

d) absorption of neutrons by even small quantities 

of absorber. 

e) gamma radiation, if the detector is sensitive to 

that. 

195 
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Because neutrons are slowed in fewer collisions by 

hydrogen than by other elements and because the scattering 

cross section is greater for hydrogen than other elements 

the slowing down length of fast neutrons in concrete is 

almost entirely due to the hydrogen content. For source 

neutrons at 2 MeV the slowing down length to 0.025 eV is 

5.6 cm in water but is 19 cm in graphite of density 1.6 

g/cc (Price at a1,1957) and will be greater in heavier 

elements. If therefore the source and detector are not 

more than about 15 cm apart moderation by elements other 

than hydrogen should be negligible. 

The bonding forces on the hydrogen in a hydrated con-

crete will, in general, be different from one concrete to 

another or, for one mix, from one age to another. In 

order that the calibration curve established for a water 

content gauge be universally applicable to concretes the 

effects of differing hydrogen bonding forces, which change 

the scattering cross section, should be eliminated. It 

was shown in Chapter 4.2 that hydrogen bonding effects and 

diffraction scattering may be neglected for neutrons of 

energy above 0.8 eV so neutrons below 0.8 eV should not be 

detected. 

If the concrete being tested contains even a small 

quantity of absorber more than in the material used for 

calibratingthe instrument the count rate will be depressed 
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and a wrong value of water content obtained. Typical 

absorbers which may occur in aggregates' are boron, lithium, 

iron, phosphorus and the halogens. Because the thermal 

absorption cross section decreases as energy increases 

the effects of absorption may be eliminated by not detect-

ing low energy neutrons. 

If the detector is capable of detecting fast neutrons 

then neutrons scattered off elements other than hydrogen 

will give an unwanted component of count rate dependent 

on the bulk density of the concrete. Similarly, if the 

detector is sensitive to gamma radiation then the count 

rate due to photons emitted from the source and scattered 

from the concrete will depend upon the bulk density. 

It is not possible.  in practice to shield the detector 

from all the source neutrons emitted directly towards it. 

This count, designated Rp  as in Chapter 2.4, must be kept 

as low as possible. 

An ideal detector for this purpose may be specified 

as follows: 

a) It must not detect neutrons below 0.8 eV. 

b) It must not detect fast neutrons which may be 

direct from the source or scattered off elements other 

than hydrogen. 

c) It must not detect gamma radiation. 

d) It must have a high detection probability for 

neutrons which are slow but above 0.8 eV. 
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It is not possible, with conventional neutron detec-

tors, to discriminate at a neutron energy of 0.8 eV. 

However, a cadmium cover placed over the detector would 

absorb neutrons below about 0.4 eV, as shown by the cross 

section in Figure 39a. In the work reported here cadmium 

covers 0.015" thick were used. These had a penetration 

probability of 8.6 x 10-6 at 0.2 eV, 0.17 at 0.3 eV and 

0.58 at 0.4 eV. 

At 0.4 eV the change of hydrogen cross section due 

to bonding is shown by Figure 38 to be small; the neutron 
0 

wavelength is 0.5 A so that the effect of diffraction 

scattering will be negligible; and the absorption cross 

section will be 4  that at 0.025 eV. 

The influence of resonance reactions was not elimina-

ted by the use of a cadmium cover. This effect was how-

ever expected to be small because the total width of re-

sonances is small compared with the range of energies of 

the scattered neutrons. 

If the effects of absorption and changes in chemical 

bond are eliminated and if fast scattered neutrons and. 

gamma radiation are not detected then the count rate will 

depend only on the number of hydrogen atoms per unit 

volume. As concretes will contain at most a negligible 

amount of organic material the hydrogen may be considered 

to be due only to the water. The count rate will be a 

measure of the mass of water per unit volume d', and not 
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the water content which is the mass of water per unit mass 

of concrete. 

CHAPTER 4.4.  THE SERIES I EXPERIMENTS  

Chapter 4.4.1 The Source 

A source with low gamma activity was desirable both 

to reduce the count rate due to gamma radiation and to 

reduce the health hazard and weight of shield with a site 

instrument. Four sources of polonium-beryllium, with 

a half life of 138.4 days, were used during the course of 

the work. Each had a nominal initial activity of one 

curie which gave emission of 2.5 x 106 neutrons per second.' 

The neutron energy spectrum, as measured by Notarrigo et 

al (1962) for a similar source, is shown in Figure 40. 

The dose from a 1 curie polonium-beryllium source is 

2.5 millirem per hour at 105 cm, due to fast neutrons. 

The source had therefore to be handled at a distance, 

although short carefully controlled periods of work were 

permitted at lesser distances. 

Chapter 4.4.2 The Detectors  

Because neutrons are not charged particles they cannot 

themselves give rise to ionisation and electric charge in 

a detector. The most common method of detection is to let 
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the neutrons collide with a target, making it radioactive, 

and then to detect the decay of the activated target. 

The target may be a foil, the decay of which is detected 

by a Geiger-Muller tube or scintillation counter, or it 

may be included in the detector itself as was the case 

for the lithium glass scintillator and boron trifluoride 

tube which were used in this project. The activation 

cross sections for the detectors used were shown in Figures 

39a and 39b. 

As epi-cadmium neutrons wer to be detected, the possi- 

bility of using foils showing suitable resonance activation 

reactions was examined. Such a foil was required to have 

a resonance above the cadmium cut-off, yield decay products 

which were detectable and separable from background acti- 

vity, and to have a reasonably short half life. 

Indium, silver and rhodium foils, the cross sections 

of which were shown in Figure 39a, were tried.-  Indium 

had an inconveniently long half life of 54 minutes, and 

silver yielded a gamma activity difficult to distinguish 

from background. Rhodium, with a half life of 42 seconds, 

was used. 

Natural rhodium is 100% Rh 103. The thermal acti- 

vation cross sections are 12 barns for the formation of 

the 4.4 minute and 140 barns for the 42 second half life 

activities. (Hughes and Schwartz 1958). The decay of 

Rh 104 is shown in Figure 41 (Strominger et al 1958). 
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Calculation using this data in Appendix D showed that the 

activity due to the 4.4 minute state was small for acti-

vation up to three minutes. This was verified experi-

mentally for activation by both thermal and epi-cadmium 

neutrons. 

The foil used, 0.010" thick and lilt diameter, was 

placed against a 1 cm thick by 11" diameter plastic scin-

tillator. This was used with a conventional arrangement 

of photomultiplier, cathode follower, amplifier, discri-

minator, scaler and timer as shown in Figure 4. The 

differential bias curve for the system is shown in Figure 

42. The discriminator setting chosen for neutron detec-

tion was 7 volts. 

Two neutron sensitive scintillators were also used. 

The first was a cerous glass scintillator, 2 mm thick by 

11" diameter, containing'7% Li 6. 	(NE 905. Nuclear 

Enterprises (G.B.) Ltd.). 	The pulse height spectra due 

to neutrons and gamma radiation in the geometry used in 

Chapter 4.5 are shown in Figure 43. The discriminator 

was set a channel 32. The second was a boron-zinc sul-

phide scintillator 1" diameter (NE 401, Nuclear Enterprises 

(G.B.) Ltd.). 

Chapter 4.4.3 The Apparatus  

The apparatus, designed for use with a 6" cube of 
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concrete, is shown in Figure 44. The source, enclosed 

in a stainless steel capsule at the end of a handling 

rod, was held in position by a mild steel stand which 

served also as a reflector to increase the intensity of 

fast neutrons entering the cube. The detector was placed 

on the centre line of a face perpendicular to the source 

face. When the neutron scinallators were used the 

detector was held in a cylindrical shield which included 

0.030" cadmium and 1" of boron carbide powder, but when 

the rhodium foil and plastic scintillator were used it 

was held in a lead cube of 4f" side. 

The use of the micro-switch is explained in the next 

chapter. 

Chapter 4.4.4  Establishment of the Calibration Curve 

Because the count rate at the detector was a function 

of the total water per unit volume there was no need to 

make concrete cubes to establish the calibration curves. 

Instead, mixtures of other materials and water in a 6" 

cubic aluminium tank were used. Brocard (1954), Pawliw 

and Spinks (1957), Burn (1960) and (1963) and Huet (1962) 

used various materials as discussed in Chapter 4.1. 

In this work organic hydrogeneous materials were avoided 

because it was felt that high concentrations of carbon 

may have had some moderating effect. Mixtures of silica 
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gel, water and Thames river sand were used. A calibration 

specimen was required to have water uniformly distributed 

in the solid material, and the material uniformly placed 

in the tank. The silica gel saturated at a water content 

of about 30%, and the sand at about 1%. Saturated silica 

gel and sand were prepared and mixed in different propor-

tions, giving a range of specimens of water content from 

1% to 30%. 

With each detector the calibration curves were esta-

blished as follows. The 6" cubic container was filled 

with dry sand and four counts taken. It was then filled 

in turn with dry silica gel, wet sand, wet sand-gel mixtures, 

wet silica gel and water, and counts taken. The container 

of known volume was weighed with each material and samples 

of the material weighed, dried at 300°C for about twelve 

hours and weighed again, thus determining the water density. 

Previous experience had shown that there was no loss of 

weight of solid matter caused by drying at 300°C. 

With the lithium glass and boron zinc sulphide scin-

tillators counts were taken with the source in position, 

but when the rhodium foil was used the gamma activity.from 

the source obscured the decay of the foil. 	For that reason.  

the following cycle of events was used. 



4.4.4 211 
  

TABLE 27, 

Time Event 

0 min 

3 

3 

5 

6 

0 sec 

0 

5 

35 

0 

Start irradiation 

Move source to coffin 

Start scintillation counter 

Stop scintillation counter 

Repeat cycle 

Four such cycles were repeated with each specimen, and 

an interval of six minutes left between specimens. The 

residual activity due to the 4.4 minute and 42 second 

states, when used as above, has been calCulated in Appendix 

D. 

The five second period from source removal to start 

of counting was measured by an electro-mechanical timer. 

This was started by the micro-switch which closed when the 

source was removed and after five seconds passed a pulse 

which closed a relay to start the scintillation counter. 

When a foil decays in a constant background there is 

an optimum time of countoto give the least coefficient of 

variation of-the count due to the foil. This was calcu-

lated in Appendix D for various ratios of foil to back- 

ground activity and for the ratios observed the counting 

time of 2.5 mean lives was close to the optimum. 
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The calibration curves are shown in Figures 45a to c. 

The curves for the boron-zinc sulphide scintillator were 

not as good a measure of water density as those obtained 

with the other two detectors. 

At low water densities the counts both with and with-

out cadmium covers were equal but as water density was in-

creased the count with cadmium cover became progressively 

less than the count rate without because the detected neu-

tron energy spectrum became "softer" and more neutrons were 

absorbed in the cadmium. 

Applying the definition of sensitivity derived in 

Chapter 2.6, the following values of standard error attain-

able in five minutes with the lithium glass scintillator 

were calculated. 

TABLE 28  

Curve 
S g/cc I 	R c/sec N for 

o-d  , 	§,, = 
at dt = 0.3 g/cc T = 300 

AT 

With Cd cover 0.94 35.5 10,650 0.0091 g/cc 

No Cd cover 0.40 47.3 16,190 0.0031 ecc 

The standard errors in the last column, which would 

represent between one and three percent of the water density 

of concretes, could have been improved by taking more counts. 

The definitionofsensitivity used above was not appli- 
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cable to the rhodium foil detector because the counting 

interval was long compared with the half life of rhodium. 

If the total count consisted of Nd due to the foil and Nb 

due to background, then 

cs- 144 	NI 
	

4.4.4.(1) 
Na Nd 

The slopes of the calibration curves and the coeffic!.. 

ients of variation to give a standard error of 0.005 g/cc 

in the water density at d' = 0.3 g/cc are shown below. 

TABLE 29, 

Curve N' counts Nd  Ro  Fi:for cid°=0.005 per g/cc c/sec Nd 	g/cc 

With Cd cover 1410 440 8.0 0.016 

No Cd cover 2400 840 15.3 0.014 

The best available coefficient of variation is shown 

as a function of Ro  and Rb  in Figure 62 of Appendix D 

from which it is seen that the least attainable coefficient 

of variation is beet reduced by reducing the background 

count, which was difficult. The accuracy attainable with 

the foil detector was thus limited. 

Chapter 4.4.5 Determination of the Effectively Infinite 

Vilume  

The volume of the 6" cube which influenced the count 



4.4.6 	 217 

was determined for water, using the cadmium covered lithium 

glass detector. To find the effectively infinite depth 

the tank was filled in f" intervals, a reading being taken 

at each step. To find the effectively infinite dimen-

sions in the horizontal directions the tank was filled 

with plates of duralumin, which was effectively vacuum to 

the fast neutrons. The plates were removed in order, each 

replaced by an equal volume of water and a count taken. 

The curves of nett count rate against water thickness• 

are shown in Figure 46 and show that a volume 5" from the 

source by 2f" from the detector by 6" high contributed 

to the count. As the curve of count against depth had 

not reached a maximum at the full depth of 6", the cali-

bration curves were dependent on the geometry of the appara-

tus. The effectively infinite sizes were presumably 

greater in lower water density media, but this was not 
• 

investigated. 

Chapter 4.4.4  The Effect of Neutron Absorbers  

Experiments were performed to find to what extent the 

cadmium cover reduced the effects of thermal neutron absorbers 

in the concrete. Sodium chloride was chosen as an experi-

mental absorber because chlorine has a high thermal absorp-

tion cross section, exceeded in the light and medium atomic 

weight elements only by lithium, boron, techilietimmi.:_thodium, 

cadmium an0 indium, and sodium has aA.argeresiinsinCe or 350 
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barns peak at 2.85 keV. The sodium chloride was used in 

water rather than in material of lower water density. As 

the neutron energy spectrum was "softer" in water, this  

increased the effect of the absorber. 

The tank was filled with water and readings taken both 

with and without a 0.015" cadmium cover. Five percent by 

weight of salt was added and readings again taken. The 

results are shown below. 

TABLE 10  

Salt content 
	

A0,05 gram salt/gram water 

Density of solution 
	1.03 g/cc 

Water density of solution 
	0.98 g/cc 

Detector Water Solution 
Reading a Reading a 

Rhodium 	.015" Cd cover 

foil 	No Cd cover 

483 counts 

2152 

6 

8 

474 counts 

1721 

3 

5 

Lithium 	.015" Cd cover 

glass 	No Cd cover 

49.7 c/s 

200.8 

0.5 

1.0 

50.4 c/s 

171.9 

0.5 

1.0 

Standard errors quoted were calculated on the basis of 

nuclear statistics only. 

The results showed that the high concentration of 

absorber used had no significant effect on the count rate. 
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Chapter 4.4.7 Conclusions  

The use of a fast'neutron source and cadmium covered 

detector in this geometry was found to give a reasonably 

accurate measure of water density independent of the pre-

sence of absorbers and presumably independent of bonding 

forces on the hydrogen, but the calibration curve was 

valid only for the size of cube and geometry used. 

Although the curve established with a cadmium cover 

was less accurate a measure of water density than the 

curve without a cover, the use of the cadmium cover made 

the readings negligibly dependent upon the effects of 

neutron absorption and chemical bonding on the hydrogen, 

and were therefore negligibly dependent on the chemical 

composition of the concrete. 

Improvements in accuracy were attainable with a 

continuously counting detector by simply taking a larger 

count but the accuracy attainable with the rhodium foil 

detector was limited by the background activity. For 

this reason and because the procedure of source removal 

and insertion was considered impractical for site use, 

the rhodium foil detector was not further investigated. 

CHAPTER 4.5 THE BACKSCATTER METHOD WITH A LITHIUM GLASS 

SCINTILLATOR 

The work described in Chapter 4.4 showed that the 
lithium glass scintillator was the best of the detectors 

used. The aim of the work in this chapter was to use that 
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Lata 
detector in apparatus which required access to only one 

face of a specimen. 

The calibration curves, effects of absorbers and effects 

of gamma radiation and scattered fast neutrons were observed 

at various distances source to detector. 

Chapter 4.5.1 The Apparatus  

The sources, each originally one curie of polonium-

beryllium, and the detector, in a cadmium-boron shield, 

were mounted on a It" aluminium plate as shown in Figure 47. 

The distance between source and detector could be varied 

by sliding the handling rod in a guide. 

The detected pulse height spectrum for the apparatus 

on water with the source adjacent to the shield was shown 

in Figure 43. The peak obtained was broader than for a 

symmetrical neutron flux and was apparently due to the 

variation of flux over the diameter of the detector. 

Only the pulses in the ten channels 32 to 41 were passed 

by the pulse height selector. 

Chapter 4.5.2 Establishment of the Calibration Curves  

The materials used for establishing the calibration 

curves are listed below. 
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TABLE 31  

d' g/cc Description 

0 A frame table covered with 0.030" 

cadmium, 3'6" above the floor. 

0.06 approx. Damp sand in a tank 20" x 20" x 15". 

0.076 
0.089 

and Aerated concrete slabs forming a 

block 30" x 24" x 18". 

0.248 Mortar concrete, nominally 1 : 2 

with water-cement ratio 0.45. 

One block 16" x 16" x 8" plus 

eight slabs 16" x 16" x 1". 

0.75 Solution of calgon in water, in 

a tank 1'10" diameter by 1'3" 

deep. 

1 Water in a tank 11 10" diameter by 

1'3" deep. 

The count was considered to consist of components 

Rb, R and Rs as defined in Chapter 2.6 for density methods. 

Rb  was measured by taking a count with source removed 

and R was determined by taking a reading on the cadmium 

covered frame. Readings previously taken at various 

heights above a tank of water had established that at 
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heights exceeding 2'0" no epi-cadmium neutrons were scatter-

ed back to the detector and above 2'6" no scattered neutrons 

at all were detected, so the reading taken on the frame 

was indeed R . 

The sand yas carefully placed in the tank, uniformity 

in density being achieved by placing weighed quantities in 

1" layers. Samples from each layer and from several posi-

tions on the surface were weighed and oven dried at 300°C 

to determine the water content. 

The densities of the concretes were determined by 

measuring and weighing the blocks and the total water con-

tent determined from chemical analysis carried out by the 

Associated Portland Cement Manufacturers Research Laboratory. 

Calgon dissolved in water up to concentrations of 

approximately 0.5 grams per gram of solution, which corres-

ponded to about 0.75 grams of water per cubic centimetre 

of solution. A curve of density of calgon solution against 

water density had been set up and using this the water den-

sity could be derived from the overall density which was 

measured with a specific gravity bottle. 

Counts were taken on the materials with various values 

of distance source to detector, with and without a 0.015" 

thick cadmium cover and the curves thus obtained are shown 

in Figures 48a and b. 

As the distance source to detector 'a' or the water 
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density were increased, the slopes of the calibration curves 

decreased. The mechanism here appears similar to that 

described in Chapter 2.4 for gamma radiation density back-

scatter apparatus where it was shown that as the radiation 

was more scattered, due to increasing source-detector 

distance or density, the slope of the curve decreased. As 

water density was increased the curves established with the 

cadmium covered detector dropped more and more below the 

curves for the bare detector, due to the "softening" of 

the detected neutron energy spectrum. 

The accuracy of the calibration curves is discussed 

in Chapter 	 s_e_ 4 6 5 _. 

Chapter 4.5.3 Determination of the Effectively Infinite  

Dimensions  

The effectively infinite depth 10  on a material was 

determined by taking readings with the apparatus on various 

thicknesses of that material. The thickness at which the 

count rate reached a steady value was the effectively 

infinite depth. 

The effectively infinite dimensions bre  cm  and 43 03 , 

shewn in Figure 47, were determined by moving the appara-

tus across the surface of a material, taking a reading at 

each point. The distance from the edge of the material 

to the position at which the count rate became constant 
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was the effectively infinite dimension. When one effec-

tively infinite dimension was being determined, care was 

taken that the other dimensions were themselves greater 

than effectively infinite. 

For these experiments the water, calgon solution and 

sand were placed in a tank 20" x 20" x.15" deep, made of 

1/16" mild steel, standing on the cadmium covered frame. 

The curves obtained are shown in Figures 49, where 

the broken lines represent ± 2 standard errors calculated 

from nuclear statistics only, and the resulting dimensions 

in Table 32. 

TABLE 32  

The Effectively Infinite Dimensions for the Backscatter 

Apparatus with Lithium Glass Scintillator  

d' 
g/cc 

a 
With Cd Cover No Cd Cover 
Az  c o3  em  d m  b co  cco  em  dim  

1 . 	3.6" 
6.6" 

3" 
2" 

1" 
0" 

4" 
4" 

4" 
3" 

3" 
1" 

1" 
— " 

4" 
4i" 

4" 
41" 

0.74 3.6" 
6.6" 

3" 
3" 

2 " 
2 " 

5" 
" 

4" 
4" 

4" 
31" 

3"  
4"  

3n 
1" 

$n 
5" 

5n 
5" 

0.248 3.6" 
6.6" 

31" 
3f" 

2 " 
2" 

6" 
5" 

4" 
4" 

34" 
1" 

4"  
5"  

81." 
84-" 

0.053 
6.6" 

--- 3.6- 3t" 
31" 

4"  
5"  

— 
— 

— 
— 

4" 
3" 

31" 
2" 

— 
- 

— 
- 

0.058 3.6" 
6.6" 

- 
— 

- 
— 

5"  
6"  

12"  
10" 

- 
— 

- 
— 

5" 
5" 

10"  
11"  

The values of q and boo were plotted against dm  , 

where dm  was assumed to be the last path length in the 

material, in Figure 50, which shows that boo  and cm  for 
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water densities 0.248 g/cc and 0.058 g/cc were not deter-

mined by the collimation of the detector but by the neutron 

distribution in the material. 

The slowing down length for fast neutrons in a 

hydrogeneous moderator is greater than the diffusion length. 

Provided the source and detector are not far apart the 

effectively infinite depth will be determined by the pro-

bability that the neutrons penetrate from the edge of the 

effectively infinite volume to the detector. 

This probability for a diffusing medium in plane 

geometry is given by 

p = e 	L 

where L is the diffusion length. 

From Table 33, which shows the calculated thermal 

transport cross sections for a number of materials, it is 

seen that the cross sections of materials other than water 

are small but not negligible. However, neglecting the 

cross sections of components other than water, for con-

stant weak absorption in the medium 

L of (Etr)-1 

oC (d')-1 
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TABLE 13, 

• Material Calculated 	Etr 
at 0.025 eV cm 1  

Water 3.08 

Granite 	(a) 0.13 

Basalt 	(b) 0.12 

Granite 	(c) 0.20 

Limestone 	(d) 0.12 

Hornfels 	(a) 0.16 

Portland Cement 	(f) 0.14 

Thames River Sand (g) 0.09 

Calgon 	(h) 0.12 

Analyses:- (a) to (f) as Table 4 

(g) special analysis 

(h) manufacturer. 

Cross sections are from Hughes and Schwartz (1958) except 

for a proton in water which was 44 barns/atom (Soodak 1962). 

If the effectively infinite depth corresponded to a 

particular value of p above, then 

dm oC  (d' ) 2 
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Figure 51 shows the curves of dm  against(d1 ) 

For the cadmium covered detector they plot as straight 

lines but for the bare detector the depth for mortar con-

crete at (d1 )-1  = 2.02 was anomalously great. Paterson 

et al (1963) showed that the thermal transpOrt cross 

section per proton in concrete decreased as the bound 

water content rose, and for the largest bound water con-

tent they considered, 4.6% by weight, was i the cross 

section of a proton in water, If the cross section for 

the concrete used here, which contained 8% bound water 

and 3% evaporable water, were about half that of a proton 

in water, this would explain the anomalously large values 

of dem. 

Chapter 4.5.4 The Effect of Neutron Absorbers  

Sodium chloride was used as absorber, 5% by weight 

being added to water. Readings with and without cad-

mium covers were taken as before, and the results are 

shown in Table 34. 
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TABLE 34, 

Distance 
'a' 

Bare Counter .015" Ca Cover .030" Cd Cover 

On Water On Salt 
Solution 

On Water On Salt 
Solution 

On Water On Salt 
Solution 

R a R a ROROROR•0 .  

3.6" 241 2.4 212 2.1 82.9 0.8 83.4 0.8 80.5 0.8 79.5 0.8 

4.1" 198 2.0 174 1.7 66.0 0.7 69.3 0.7 64.1 0.6 64.3 0.6 

4.6" 161 1.6 137 1.4 53.0 0.5 54.2 0.5 51.3 0.5 51.4 0.5 

5.1" 128 1.3 110 1.1 43.5 0.4 43.8 0.4 42.4 0.4 41.4 0.4 

5.6" 106 1.1 88 0.9 35.0 0.4 36.1 0.4 34.3 0.3 33.7 0.3 
6.1" 85 0.9 73 0.7 28.9 0.3 29.5 0.3 28.2 0.3 28.3 0.3 
6.6" 70 0.7 59 0.6 24.4 0.2 24.8 0.2 23.7 0.2 24.1 0.2 

R is in counts per second, is the standard error in counts 

per second estimated on the basis of nuclear statistics 

only. 

It is seen that with a cadmium cover 0.015" thick the 

effect of absorption by the high concentration of sodium 

chloride was not significant. 

Chapter 4.5.5 Investigation of the Count due to Gamma 

Radiation and Fast Scattered Neutrons  

If the detector were sensitive to gamma radiation or 

fast scattered neutrons the reading would have depended on•-

the bulk density of the material as well as moisture den- 
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sity and this was clearly undesirable. 

A Co 60 source was obtained with a gamma intensity 

equal to that of a Po-Be source. The count rates Rp  due 

to the Po-Be and due to the Co 60 were determined, as 

was the count rate R 	R due only to the Co 60, on con-

crete of density 140 lb/cu ft. The count rates obtained 

are shown in Table 35. 

TABLE 35  

a = 3.6" a = 6.6" 
Source R a R a Material 

Po-Be 39.45 0.42 10.71 0.13 Cd frame 

Co 60 0.30 0.07 0.23 0.07 Cd frame 

Co 60 0.41 0.07 0.20 0.06  Concrete 

Values in counts per second. 

The count due to gamma radiation was between 1% and 

2% of Rp, with no apparent increase due to scattering from 

the concrete. 

The count due to fast scattered neutrons was measured 

by placing the apparatus on a container 1'9" high by 124" 

diameter, filled with I" Thames river gravel previously 

dried at 300°C until no loss of weight occurred. Readings 

were taken on the cadmium covered frame and on the dry 

gravel and are shown in Table 36. The gravel had a bulk• 

density of 1.409 g/cc and after the experiment a check of 
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the water content showed it to be 0.003 g/g, which gave 

rise to an error of less than 11% in Rfast. 

TABLE 36, 

d' = 0 d' = 0.248 g/cc 

a Rfast a Rfast a 
R R 

3.6" 0.10 0.02 0.06 0.01 

4.1" 0.09 0.02 0.06 0.01 

4.6" 0.07 0.02 0.05 0.01 

5.1" 0.11 	- 0.02 0.06 0.01 

5.6" 0.10 0.02 0.06 0.01 

6.1" 0.11 0.02 0.06 0.01 

6.6" 0.08 0.02 0.05 0.01 

The contribution of fast scattered neutrons was be- 

tween 10% and 5% of the count for water density up to 

d' = 0.25 g/cc. 

Chapter 4.56  Conclusions  

When a cadmium cover was used the apparatus gave a 

reading independent of the presence of absorbers normally 

found in concrete. Fast scattered neutrons contributed 

between 5% and 10% of the count in a manner which depended 
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upon the bulk density of the concrete. The contvibution 

of gamma radiation was negligible. 

• The effectively infinite depth varied inversely as 

the square root of water density for the cadmium covered 

detector but for the bare detector the depth was greater 

in the concrete than in the materials containing uncombined 

water on account of the change in hydrogen transport cross 

section with bound water content. 

The performance of this apparatus was satisfactory 

but further tests, reported in Chapter 4.6, were carried 

out using a boron trifluoride counter. Although the 

count rate with a BF
3 
counter is less than that with a 

lithium glass scintillator, the electronic stability de- 

manded by a BF3  tube is lower and therefore more suitable 

for both civil engineering .^.8.1.t.47, and research work. 

The detection cross section.for boron 10 was shown 

in Figure 39b. 

CHAPTER 4.6  THE BACKSCATTER METHOD USING A BORON  

TRIFLUORIDE COUNTER 

Chapter 4.6.1 The Source. Detector and Apparatus  

Figure 52 shows the detector, a 12EB40 of 20th Century 

Electronics Ltd., effective volume 12 cm by 2.54 cm dia-. 

meter, and the source, originally 1 curie of polonium-

beryllium, on a e aluminium plate. The detector was held 



0.015" Cd 

t, 

6. 
1I/ 	Yz 1/2  (1.- 

source 

detector 
eff. vol. 

Plan Boron loaded 
poly thene 

 

242. 

guide block dle source 
0.015" Cd 
/ cover 

/ 1; dia. BF3  tube 
Al bearer 

7$ AI 
13'44"  

Elevation  

  

Reflector Steel 
to cover 
source 

 

THE BACKSCATTER APPARATUS WITH  
B F3 COUNTER 	Scctle 36 fullsize 

Fig. 52 

   



4.6.2 	 243 

in position by two aluminium bearing pieces and the source, 

in a stainless steel capsule, could be moved by sliding 

the handling rod in the guide block. 

The use of the source reflector is described in 

Chapter 4.6.6. 

Chapter 4.6.2 Determination of the Effect of Neutron 

Absorbers  

To find the effect of absorbers on the count rate, 

readings were taken, with and without a cadmium cover, on 

water and on a 5% sodium chloride solution, and are shown 

in Table 37 from which it is seen that when a cadmium 

cover 0.015" thick was used there was no significant de-

pression of the count rate due to the salt. It is not 

however reasonable to expect the cadmium cover to entirely 

eliminate the effect of neutron. absorption because some 

El  and resonance absorption will occur above the cadmium 

cut-off. In order to find a relation between count rate 

and concentration of absorber counts were taken, with the 

cadmium cover on the counter and distance a = 1", on 

water to which sodium chloride was progressively added. 

The result is shown in Figure 53. The slope of the 

straight regression line showed that the fractional change 

of count rate was 0.12 ± 0.04 per g/cc of NaCl. 
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TABLE 37 

a 

Bare Counter 0.015" Cd Cover 

On Water 
On Salt 
Solution On Water 

On Salt 
Solution 

R 0 R a R a R 	, a 

0f,  596.3 6.o 507.0 5.1 69.6 067 69.o 0.7 

in 547.4 5.5 465.0 4.7 52.o 0.5 51.8 0.5 

lu 484.5 4.8 413.9 4.1 41.0 0.4 41.3 0.4 

34“ 414.4 4.1 368.1 3.7 33.5 0.3 33.8 0.3 
2"  362.0 3.6 309.4 3.1 26.9 0.3 27.9 0.3 

2i" 308.6 3.1 267.3 2.7 22.1 0.2 22.1 0.2 

3"  258.2 2.6 223.2 2.2 17.9 0.2 18.3 0.2 

R is in counts per second 

a is the standard error calculated from nuclear statistics. 
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Count rate vs NaCI concentration 
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Concentrations of other absorbers having the same 

thermal absorption cross section are shown in Table 38, 

compiled from Hughes and Schwartz (1958). 

TABLE 38  

Element Ilacm2/6 Concentration in g/cc equi-
valent to 1 g/cc NaC1 

Li 6.09 0.054 

B 41.87 0.0079 

• Cl 0.53 0.62 

sc 0.32 1.03 

Co 0.38 0.87 

Tc 0.61 0.54 

Rh 0.87 0.38 

Cd 13.66 0.024 

In 0.99 0.33 

The relation between error in water density and 

absorber conommtration is derived in Chapter 4.6.5. 
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Chapter 4,6.3 Determination of the Effect of Gamma 

Radiation and Fast Scattered Neutrons  

No counts due to gamma radiation were observed. 

The count rate due to fast scattered neutrons was 

determined by taking readings on dry 1" Thames river gravel 

and on the cadmium covered frame as in Chapter 4.5.5. 

The results are shown in Table 39. 

TABLE 39  

a inches 

d' = 0 d' = 0.248 g/cc 

Rfast a Rfast a 
R R 

0" 0.09 0.03 0.06 0.02 

1"  0.07 0.03 0.04 0.02 

2"  0.10 0.03 0.04 0.01 

3"  0.18 0.04 0.06 0.01 

It is shown later that the optimum distance 'a' was 

about 2", and at that distance the ratio of scattered to 

total count varied between 4% and 10% depending upon the 

water density. 

The scattering mean free path due to all the elements 

in concrete other than hydrogen is approximately equal to 

that of 0.662 MeV gamma quanta. The dependence of the 

fast neutron scattered count on bulk density at a given 
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distance 'a' and density p may be expected to be similar 

to the dependence of scattered gamma radiation on density. 

Figures 10a to 10h showed that in the range of densities 

from 1.4 to 2.4 g/cc (87 to 150 lb/cu ft), at a = 4" or 

5" and a = 90°  or 75°, which corresponded closest to the 

geometry of the neutron apparatus, scattered count rate 

showed very little change with density. 

An upper limit for the expected effect of scattered 

fast radiation may be calculated by assuming a linear 

relation between scattered count and bulk density. In 

that case, at density 2.4 e 	
Rfastcc the ratio R = 21— 4 x 4 . 

7%, at d' = 0.248 g/cc. A change of bulk density of as 

much as 10% would therefore change the count rate by 0.7%. 

Although the assumption of a linear relation was very 

pessimistic the change in count rate due to a change in 

concrete density was small, so that in practice it should 

be negligible. Dependence of the reading on bulk density 

has not been reported in the previous work reftewed in 

Chapter 4.1. 

Chapter 4.6.4  Establishment of the Calibration Curves  

The specimens used to establish the calibration curves 

were similar to those described in Chapter 4.5.2. The 

apparatus was placed on each specimen in turn, readings 

being taken at various source to detector distances, with 
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and without a 0.015" thick cadmium cover. The curves, 

shown in Figures 54, are of the same general shape found 

with the lithium glass ecintillator. 

Chapter 4.6.5 Assessment of the Results and Comparison 

with the Lithium Glass Scintillator 

The curves of Rs/R at d' = 0.248 g/cc against 'a' in 

Figure 55 show that this ratio was higher for the BF, 

than the lithium glass ecintillator, and that it increased 

as the source was moved farther from the detector. The 

sensitivity of the apparatus with the BF3  counter was 

better than with the lithium glass scintillator but because 

the detection efficiency of the BF
3 
counter was lower the 

time to reach a given standard error, shown in Figure 56, 

was less for the lithium glass scintillator. 

The time required for a given standard error was a 

function of sensitivity S and count rate R, and therefore 

depended on the relative magnitudes of R = Rs  t Rp  and Rs. 

When the source was near the detector R was high and as 

it was moved from the detector both R and Rs decreased. 

The initial reduction in R gave an improvement in S and 

a lower time for a given accuracy, but at greater distances 

the increase to sensitivity was insufficient to counteract 

the reduction in count rate with the result that at a 

particular optimum distance the time to achieve a given 
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accuracy passed through a minimum. 

The relation between concentration of absorber and 

water density was found knowing a value of sensitivity. 

Crit _ we 
R 	S 

4.6.5.(1) 
At the optimum, for the cadmium covered BF

3 
counter, 

S = 0.4 g/cc. The relative change of count rate corres-

ponding to ocil  = 0.005 g/cc was found from equation 

4.6.5.(1) to be 0.0125. This change would be produced by 

a sodium chloride concentration of 0.0125  = 0.1 g/cc, or 0.12 
an equivalent of any other absorber, listed in Table 38. 

The concentrations required to produce a change of 0.005 

g/cc in the assumed water density are greater than would 

be found in structural concretes. 

Comparing the results for the BF3  counter and lithium 

glass scintillator: 

a) The BF
3 
counter gave a greater sensitivity than 

the lithium glass scintillator. 

b) The time to achieve a given accuracy with a 

cadmium covered BF
3 
counter was about twice that for a 

lithium glass acintillator. 

c) The lithium glass acintillator did detect a small 

count due to gamma radiation but the BF3 
counter did not. 

d) The scattered fast neutron count was of the same 

order of magnitude for each and would be expected to give 

a negligible change in count rate with bulk density over 



4.6.6 	 254 

the range of normal concretes. 

e) 	Instrumentation for a portable BF
3 
counter 

would be cheaper and more reliable than for a scintilla-

tion counter. 

Considering all the points of comparison, the BF
3 

counter was considered the better detector for this appli-

cation. 

Chapter 4.6.6  Some Considerations in the Design of a 

Practical Instrument  

An instrument requiring access to only one face of a 

specimen was considered to be the most useful, and is dis- 

cussed here. 

The BF
3 
counter was found to be the most satisfactory 

detector. Although it is not necessary, with this detector, 

to use a source with low gamma intensity, the use of such 

a source rather than radium-beryllium is worthwhile in order 

to reduce the cost and weight of shielding required. 

Assuming that a low gamma activity source is used, 

the shield design will be determined by the allowed fast 

neutron dose. The shield must .be arranged so as to 

scatter a minimum of neutrons into the detector because 

these would increase the count rate R and reduce the 
P 

sen- 

sitivity of the instrument. 

The choice of source strength is a compromise between 
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the accuracy required in a given time and the shielding 

requirement. The relation between time of count and 

accuracy was obtained from the derivation of sensitivity S. 

from 2.6.(2) 

T- 

 

4.6.6.(1) 

R' will be proportional to source intensity Io, so 

Td 

 

4.6.6.(2) R' I, cr,1 

Figure 56 shows that at the optimum source detector 

distance a standard error of 0.01 g/cc was attained after 

70 seconds with a source of 2.4 x 106 neutrons per second. 

Using this information in equation 4.6.6.(2) it was cal-

culated that a source of 107 neutrons per second would 

give a standard error of 0.0025 g/cc in 250 seconds. 

A steel reflector placed around the source would in-

crease Rs and decrease R . Experiments were carried out 

with such a reflector, shown in Figure 52. Distance 'a' 

was set at 1" and readings taken with the BF
3 
counter 

both bare and cadmium covered, on concrete of water density 

0.248 g/cc and on the cadmium covered frame. The results 

are shown in Table 40. 
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TABLE 40 

Arrangement 

Ratio of Sreflected 
to Sbare 

Ratio of Timereflected 
to Timebare 

With Cd 
Cover 

No Cd 
Cover 

With Cd 
Cover 

No Cd 
Cover 

Reflector 

Reflector + f" 
steel plate 

Reflector + f" 
steel plate + 
200 mg B in 0.2" 
polythene 
Reflector + 1" 
steel plate 4 
400 mg B in 0.4" 
polythene 

1.32 

1.37 

1.25 

1.27 

1.05 

1.05 

1.03 

1.03 

0.45 

0.43 

0.53 

0.48 

0.63 

13.64 

0.71 

0.73 

The boron loaded polythene was not helpful because 

the moderating effect of the polythene was greater than 

absorption by the boron. A 1" thickness of steel between 

source and detector increased the sensitivity, and halved 

the time required for a given accuracy. 

For an instrument comprising a source of 107  neutrons 

per second, a 1" steel reflector and a BF
3 
counter effect-

ively 12 cm by 2.54 cm diameter, the time required to 

reach a standard error of 0.0025 g/cc at sit in 0.25 g/cc 

should be about two minutes. 

The recommended permissible dose on the hands, fore-

arms, legs, feet and ankles is 1.5 rams per week (I.A.E.A. 
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1958). Making the safe assumption that this dose will 

be tolerated for lto hours per week, a dose of 37.5 millirem 

per hour would be permitted. The flux of neutrons between 

1 and 5 MeV corresponding to this dose..is 270 neutrons/ 

cm2 sec. (Imperial College 1962) and the distance in air 

from a source of 107 neutrons/sec giving this flux is 54 cm. 

If a wax shield 3" thick were placed 12" from the 

source, then assuming a slowing down length.in wax of 7 cm, 

the fast flux at the wax surface would be approximately 185 

neutrons/cm2 sec. 

Some mechanism would be required to shield the source 

from below when not in use. 

The neutron radiation may affect the concrete either 

by activating nuclei constituting it, by disruption of 

chemical bonds or by heating the concrete. The activation 

and disruption due to a source of 107 neutrons per second 

for the time that apparatus may be on concrete would be 

negligible (Price et al 1957). 

The heating effect was calculated assuming that the 

average energy per neutron is 3 MeV, and that all the 

energy is lost by proton collisions within one slowing 

down length. The slowing down length Ls  in concrete of 

water density 0.25 g/cc would be four times that of water, 

which is given by Price et al (1957) to be 5.6 cm. The 

energy deposited per cubic centimetre for a source of 107  

neutrons per second is given by 
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Energy/cc = Energy per neutron x source intensity 
Volume of concrete 

= 1.2 x 10-10  watts per cc for the values 

above. The temperature rise will therefore be negligible. 

Chapter 4.6.7 Conclusions  

Neutron backscatter apparatus using a BF
3 

counter 

covered with 0.015" cadmium will give readings of water 

content negligibly dependent upon the presence of neutron 

absorbers, hydrogen bonding, or the bulk density of the 

concrete. 

There exists an optimum source detector distance, 

found to be 7 cm between centre lines of source and detec-

tor. For. a 12E840 (20th Century Electronics Ltd.) detec-

tor and a source of 107 neutrons per second in a 1" steel 

reflector placed 7 cm apart, the time required to reach 

a standard error of 0.0025 g/cc at d' = 0.25 g/cc should 

be about 2 minutes. Greater accuracy could be achieved 

by taking a longer count, using a more intense source, 

or by using several shunt connected detectors which may 

be on one or both sides of the source depending upon the 

extent of the volume of concrete over which the reading 

is required to be averaged. 
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CHAPTER 4.7 THE EQUATION OF THE GAUGE 

Logarithm of the scattered count rate Rs was plotted 

against the horizontal distance between centre lines of 

source and detector, x, in Figures 57a to d for both 

lithium glass and BF3 
detectors, for the various materials 

used. These were straight lines to which were fitted 

the equation 

Rs = Ae
-Bx 	 4.7.(1) 

A' and B were found by least squares fitting and the 

logarithms of these values were plotted against logarithm 

of d' in Figures 58 and 59. These are seen to be straight 

lines up to about d' = 0.8 g/cc giving the empirical equa-

tions 

A = jdlic 	 4.7.(2) 

B = mdln 	 4.7.(3) 

where j, k, m and n are constants for a given source and 

detector arrangement. 

Substituting in 4.7.(1) 

Rs = jd'kexp (-md'
n) 
	4.7.(4) 

where m is now equal to mx before. 

The values of the slopes of the straight portions 

of the curves are shown in Table 41. 
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TABLE 41  

Detector K 0K nan 

Li, Cd cover 

Li, bare 

, Cd cover BF3-  
8  bare BF3-  

1.13 

1.72 

1.00 

1.48 

0.12 

0.04 

0.07 

0.07 

0.35 

0.61 

0.45 

0.66 

0.06 

0.02 

0.10 

0.11 

Although the experimental evidence is rather slender it is 

interesting to note that this result is similar to that 

for the gamma backscatter density gauge, discussed in 

Chapter 2.9. 

CHAPTER 4.8  CONCLUSIONS 

A neutron scattering water content gauge should give 

a reading of water density independent of fast scattered 

neutrons, gamma radiation, presence of neutron absorbers, 

or of bonding on the hydrogen atoms. The instrumentation 

should also be as simple and reliable as possible. With 

a boron trifluoride counter covered with 0.015" cadmium, 

the changes in count rate due to changes in fast scattered 

neutron flux with bulk density, due to the presence of 

any absorbers which may reasonably be found in concrete 

and due to hydrogen binding force were negligible. The 

portable instrumentation required for a BF
3 

counter is 
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easily acquired and usually more reliable than that for 

a scintillation counter so that detector was considered 

the most satisfactory for a water content gauge. 

Elimination of the effects of chemical composition, 

achieved by using a cadmium cover, was gained at the ex- 

pense of the time required to reach a given standard error. 

Even with the cover, however, the time required to reach 

a standard error of 0.0025 g/cc was only about 2 minutes. 

The use :Of foil detectors was limited either by the 

long half life of a foil or by the limitation in statis- 

tical accuracy due to the presence of background radiation. 

A long half life low gamma intensity neutron source 

should be used in order to avoid the weight of gamma ray 

shielding. Plutonium-beryllium and americium-beryllium 

are such sources. The source spectrum of plutonium- 

beryllium is similar to that of polonium-beryllium (Notarrigo 

et al 1962) and that of americium-beryllium, although not 

yet experimentally determined, should also be similar, 

so that the results quoted for a polonium-beryllium:source 

should be applicable to these sources. 

If polonium-beryllium is used the correction to the 

count rate due to the decay of the source is about f% 
per day, which is considerable, and frequent replacement 

of the source would be expensive. The correction for 

americium-beryllium is 0.15% per year and for plutonium- 

beryllium is 0.285% per century, which is negligible. 
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Both these sources would outlive an instrument and could 

be used again. 

The source and detector.may be placed in any geometri- 

cal relation such as that discussed in Chapter 4.4 for 6" 

cubes, but then the calibration curve would depend upon 

the lize of specimen used. 

For backscatter apparatus requirlhg access to only 

one face of a specimen the optimum distance between centres 

of source and detector is 7 cm. A coefficient of varia- 

tion of 1% due to nuclear statistics should be attainable 

in a reasonable time with a source of 107 neutrons per 

second inside a 1" steel reflector. 

The effectively infinite depth d oo varies from about 

4" in water to 12" in damp sand (d' = 0.06 g/cc) and appears 

to vary inversely as (W)'. The effectively infinite sur- 

face dimensions will depend upon the detailed geometry of 

an instrument, but the distance from the detector to the 

edge of the volume should not exceed de  

The possible causes of errors may be classed as: 

a) electronic instability 

b) nuclear statistics 

c) geometrical errors, which include such items as sur-

face roughness and the change of position of the source or 

detector due to bad instrument design. 

The presence of steel bars and the non-uniformity of 

moisture distribution in concrete are not classed as errors, 
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because if these occur the apparatus will nevertheless 

measure the moisture content of the effectively infinite 

volume, giving a weighted average over this volume. This 

is discussed later. 

In apparatus of the geometry described in Chapter 4.4, 

geometrical errors may arise due to inaccuracy in position-

ing the specimen, which may be a standard cube or a con-

tainer holding fresh or hardened concrete. The specimen 

must be placed in an accurately reproducible position, and 

if a container of fresh concrete is used it must be care-

fully levelled off. Whether or not these elementary 

precautions will reduce the geometrical errors to insigni-

ficance must be determined by future experience. 

If backscatter apparatus is correctly designed and 

manufactured then neither source nor detector will move 

and geometrical errors will be due to roughness of the 

surface of the concrete. Workers who have used both 

gamma ray and neutron backscatter apparatus in the same 

location and who have observed an effect of surface rough-

ness with density apparatus have hot reported any such 

effect for neutron apparatus (Belcher et al 1952, Carlton 

1960). 

As the surface roughness affects the count rate by 

changing the effective path of radiation in the concrete, 

the magnitude of the effect will increase with water density. 

Neutron backscatter apparatus may for this purpose be con- 
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sidered as analogous to gamma ray backscatter apparatus 

where the water densities found in concretes correspond 

to low densities and so the effect of surface roughness 

is expected to be less than with density apparatus. The 

use of three legs on gamma ray backscatter apparatus was 

seen to reduce this effect, so although the error due to 

surface roughness is expected to be small with neutron 

back-scatter apparatus the use of legs may be beneficial. 

As the neutron apparatus is uncollimated the change of 

sensitivity, count rate and optimum distance, due to 

short legs, should be small but would require investigation. 

Neutron water density apparatus measures the total 

water content weighted over an effectively infinite volume 

which in concretes will extend from 5" to 10" from the 

detector, depending upon the water density. When cali-

brating an instrument the count rate is plotted against 

water density derived from weighing and drying samples of 

concrete. In order to determine the total water content 

the samples have to be heated at an elevated temperature 

and the evaporated water analysed for carbon dioxide. 

The accuracy of the calibration will depend upon whether 

the samples are representative of the effectively infinite 

volume and whether the analysis of the samples is accurate. 

Accurate calibration by this procedure is possible but 

requires that the concrete specimens be carefully made and 

cured and that a considerable number of samples be taken 
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from each in order to establish the uniformity of moisture 

distribution in the specimen and to reduce the errors in 

analysing the samples. 

In order to test experimentally the effect of surface 

roughness and to test the reliability of a particular in-

strument, the procedure described above should be followed. 

As this investigation has shown that the neutron backscatter 

method is capable of fairly good accuracy, further develop-

ment which included such a procedure would be worthwhile. 

The presence of steel bars in the effectively infinite 

volume would affect the count rate and should therefore be 

avoided. This was not investigated. 

The background count due to cosmic neutron radiation 

would be negligible. 

A portable instrument for determining the water density 

may be used for quality control on either fresh or set con-

crete or may be used to determine the water content of an 

existing structure or specimen, which would be useful in 

research and routine testing of concrete. In order to 

find the water content from water density the density of 

the concrete must be known. This may be found using the 

gamma radiation techniques described in Parts 2 and 3. 
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PART 5  GENERAL CONCLUSIONS 

It has been shown in this thesis that in the deter-

mination of both density and water density of concrete by 

the use of radioactive isotopes, the effect of the chemical 

composition of the concrete, which may be a significant 

cause of error, can be made negligible by the correct 

design and use of apparatus. The apparatus need then 

only be calibrated once and this curve, when corrected 

for source decay and possible electronic instability, will . 

be valid on all concretes. 

The method of determining density by gamma ray back-

scatter has the advantage that only one surface of a mem-

ber need be accessible in order to take a reading. The 

depth of concrete "seen" is about 4" with about half the 

count due to radiation which does not penetrate beyond the 

first inch. There is therefore no way of directly cali-

brating the apparatus, as the usual method of determining 

the density is to weigh and measure a block overall. The 

most significant possible cause of error, apart from elec-

tronic instability in badly designed apparatus, will be 

roughness of the concrete surface. Provided the surface 

.is reasonably smooth three legs in the base of the instru-

ment should reduce this effect, but in some cases grinding 

of the concrete may be necessary. The accuracy attained 

by such an instrument should be about 1 lb/cu ft, which is 
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two standard errors. 

The transmission method, although requiring access 

to opposite faces of a member, is capable of greater accur-

acy than the backscatter method. This is achieved by 

using the simple relation governing count rate, density 

and other variables, to make accurate allowances for the 

effect of chemical composition, shown in the Compton 

scattering factor, and surface condition, defined by the 

thickness of a specimen. This apparatus "sees" a narrow 

pencil of concrete and determines the density of that 

small volume which will usually be different from the over-

all density of a specimen, so that accurate direct cali-

bration is not possible. The accuracy of the density as 

determined by the transmission method is limited by non-

uniformity of the concrete itself, so this apparatus is 

as accurate as may be required for concrete testing. 

Both the above methods may be used for locating steel 

bars in concrete. 

The neutron water density method determines the total 

water density of concrete which must be divided by the over-

all density to give the total water content. It is for-

tunate that the most practical neutron detector, the boron 

trifluoride tube, is suitable from other points of view. 

When covered with 0.015" cadmium and used in apparatus 

requiring access to only one face of a specimen, with a 
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reflected source the optimum distance away, the accuracy 

attainable should be 1%, which is two standard errors. 

The apparatus "sees" a depth of approximately 8" in con-

crete, so accurate direct calibration with conventional 

techniques is difficult. 

The accuracy of radioisotope methods is limited by 

the statistics of nuclear counting and by geometrical fac-

tors as defined in Chapter 4.8. As was shown in Part 2, 

the accuracy to be expected from backscatter density appara-

tus is about 1%, provided the concrete surface is smooth. 

Transmission density apparatus can determine the density 

to an accuracy of 1%, as discussed in Part 3, and water 

density apparatus should give an accuracy of 1%, as shown 

in Part 4. 

The magnitude of the accuracy which would be sufficient 

depends on the property being investigated, the effects of 

density and water density on it and the precision required 

in evaluating that property. For example, the relation . 

between density, water content and cube crushing strength 

has been experimentally determined and it is known that a 

5% decrease in cement/water ratio (Fulton 1957) or a 1% 

decrease in density (Jones 1962) would cause a 5% decrease 

in cube crushing strength. In order therefore to deter-

mine the cube crushing strength to an accuracy of 5%, an 

accuracy of 5% would be sufficient for the water density 
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and 1% for the density determination. If used for this 

purpose the density backacatter apparatus may be insuffi-

ciently accurate on a rough surface but the density trans-

mission apparatus and the water density apparatus would 

be accurate enough. 

The use of these methods makes available an entirely 

new approach to the control of concrete quality because 

the water content and density of a concrete can be deter-

mined immediately after placing End unsatisfactory concrete 

removed before setting. 

The development of radioisotope methods as standard 

tests for concrete will depend whether they give useful 

information sufficiently accurately and whether or not this 

information is made available by other methods. 

The density and moisture content of a concrete made 

from given materials are basic to the properties of that 

concrete. Most properties of concrete are found experi-

mentally in terms of the aggregate/cement and water/cement 

ratios and for a given air voids ratio these quantities 

determine both the density and the water density. As 

density and water density may be determined by non-des.. 

tructive tests, this knowledge, if sufficiently accurate, 

could be used to determine other useful properties of 

concrete. 

Ever since the classical work of Abrams earlier this 

century it has been realised that the water content is an 
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important variable in concrete, and water content is usually 

carefully controlled at the mixing point but is not mea-

sured on the finished structure. Although correctly 

placed concrete has a uniform density which can be speci-

fied for given concrete components, density is not measured 

on a structure because, until the advent of radioisotope 

techniques, this has not been possible. Even the usual 

laboratory technique of weighing in air and water is appli-

cable only to saturated specimens. 

If quantitative relations were established between 

density, water density and fundamental properties of 

interest in concrete, these properties could be determined 

on a structure using the. methods described in this thesis. 

All the results obtained are applicable to soils, making 

it possible to eliminate the "soil type effect" observed 

with previous instruments. 
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APPENDIX A 

NOTATION 

A 	Atomic weight of an element. 

AF B 	Functions of P or d' (Chapters 2.5.6, 2.9 and 4.7). 

E Energy MeV. 

Eo 	Source energy. 

G Mass fraction of 1th element in the concrete 

Gi  = 1. 

I 	Intensity of radiation photons/sec or neutrons/sec. 

Io 	Source intensity. 

Is 	Scattered intensity. 

Iu 	Unscattered intensity. 

N Number of pulses registered in time interval,T. 

NA 	Avogadro's number = 0.6025 x 1024 mole -l. 

R 	Nett count rate. 

Ro 	Count rate with no concrete in the apparatus (Part 3). 

Ru 	Count rate due to unscattered radiation (Part 3). 

Ts 	Count rate due to scattered radiation (Part 3). 

Rb  

R
P 	

Defined in Chapter 2.4 for Parts 2 and 4. 

S Sensitivity of apparatus defined in Chapter 2.6. 

Time interval for detecting N counts. 



X 	Compton scattering factor = 

Z 	Atomic number of an element. 

a 	Distance source to detector. 

17Z 

n 
A
i • 
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b 

b 	Dimensions from apparatus to edge of specimen. 

e 

Constants in equation of the gamma ray backscatter- 

c 	ing system. 

d 

h 	Height of gamma backscatter apparatus above the 

concrete surface. 

k 
	

Constants in equation of the neutron backscatter- 

m 	ing system. 

n 

p 	Probability. 

r 	Ratio of count on specimen to count on standard. 

t 	Time. 

x 	Path length 

x 	Distance (Chapters 2.5.6, 2.9 and 4.7). 

x 	Thickness of a concrete specimen (Part 3). 

Angle of detector (Part 2). 

Apparent cross section per electron (Part 3). 
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E,/0.511 
	

E is photon energy in MeV. 

Average logarithmic, energy loss per collision 

for neutron scattering off an element. 

Ratio of pulses registered to photons or neutrons 

passing through the detector. 

Angle of scatter. 

Decay constant of isotope. 

Mass attenuation coefficient = E/p. 

1.1.a 	Mass absorption coefficient = Ea/p• 

Mass scattering coefficient = Es/p. 

Compton scatter cross section per electron. 

p 	Density. 

a 	Standard error. 

E 	Macroscopic cross section. 

Ea 	Absorption cross section. 

Es 	Scattering cross section. 

Et 	E 	Ea in Parts 2 and 3. 

Etr 	Transport cross section. 

Other symbols are explained, where relevant, in the 

text. 



APPENDIX B 

CALCULATION OF THE FINAL ENERGY OF A PHOTON WHICH HAS  

SCATTERED TWICE, THROUGH A GIVEN TOTAL ANGLE, IN A PLANE 

SYSTEM 

Let e
1 

be the angle between the initial direction 

and the direction after the first scatter, and 02  the 

angle between the directions before and after the second 

scatter. The changes in direction are not necessarily 

equal to the angles of scatter but their cosines are 

always equal. As the system is plane, the total angle 

e is given by 

e = e
1 	

e
2 
	 B.(1) 

If E0  is the initial energy in MeV, E1  the energy 

after the first scatter and E2 the final energy, then 

(Evans 1955) 

S  

El 	 1 -4-  It (t-.  COSIIM 
0.5%1 

B.(2) 

and 
	

E2 	± ho  CO5 
	 B.(3) 

where 0.511 is the rest energy of the electron in MeV. 

Writing Eo 	= o' and substituting B.(1) and .511 

B.(2) in B.(3) 

E
2 = 

a., 
+e, [2- cos 0,- cos(s -G2)1 
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ate C.E.[ a rath 	 Robe,+ cos(e-e9} deo- 	u_3 B.(6) 
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E2 was calculated as a function of e1 for source energies 

0.662 MeV and 1.25 MeV, for various angles 0. The results 

for e= 75°  and e= 120°  are shown in Figure 60. 

The maximum and minimum values of E2 and the angles 

at which they occur may be found by differentiating B.(4). 

Letting u = l -I. 	- cos el- cos (e-el 

 _ 	Lsirie.-sinCe-e.1] B.(5) de, 

  

The solutions to B.(5) for 0 < 0 <At are 

	

e
l 	CV2 

	

Or el 	180°  + 0/2 

te When el 	a 6/2. cl 92> 0, E2 a maximum 

e1  = 180
o+/2, 

da^Ez 
Gt 

Substituting in B.(4), 

0, E2  a minimum 

Maximum E2 = E. 

 

B.(7)  
t+2E.(1-cos°72.1 

Minimum E2 = Eo 

 

B.(8)  * 2£,. (1 -t cos e/z) 

The following results may be noted. 

a) The highest value of E2  is due to two equal scatters, 

each through V2. 

b) The lower values of E2 are due to initial changes of 



E2  VS e1  

1 1 

. 0.6 

E2  

0.3 
M eV 

7  
L 

0 90°  270°  360° 91 



direction in the range 180°  to (180°  + e). The magni-

tudes of the angles of scatter then range from e l  = 180°  

and e2 = e , to e l  = 180°  —e and e 2  = 1800. 

c) 	The greater e, the higher the lowest value of E2. 

This is because the relevant range of magnitude of the 

first angle of scatter is from 180°  to 180°  - e. 

Figure 61 illustrates these results. 

Source 

Detector 
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Lowest energies 
due to initial 
scatters into 
this region 

Figure 61 

d) The lowest energy is but little dependent on the 

value of initial energy, and is due to a first scatter into 

direction 180°  • 0/2. 

TABLE 42  

e Source Minimum 
E2 MeV 

01 at minimum E2 

75° 
 Cs 137 0.117 217.5 

75° 
 Co 6o 0.128 217.5 

120°  Cs 137 0.135 240°  

120°  Co 60 0.150 2400 
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APPENDIX C  

C4CULATION OF THE RELATIVE COUNT DUE TO ONCE SCATTERED 

RADIATION IN THE GAMMA RAY TRANSMISSION APPARATUS  

Assuming that 

a) lead is perfectly opaque to gamma radiation, 

b) attenuation of the beam by air is negligible, 

c) the detector efficiencyn is constant over the 

detection channel, 

d) the apparatus is symmetrical about the centre line, 

then, from Figure 37, for a source of lin photons/second, 

the flux of radiation at (ro, a ) is o o 	r2 
The intensity leaving the differential volume in the 

direction of the detector will be i- x. E69)s-l-dV ca  

where dV is the differential volume and Q the solid angle 

at the detector subtended by dV. 

dV = ro deco  d% 4 

where d, is the angle at the differential volume subtended 

by the source, in the plane normal to the axis of symmetry. 

The intensity at the detector due to the differential 

volume dI = 	sin.L.E(fAs‘• 	4&, elk 

As shown in Chapter 2.2. Z=N^Xcp 	and, due to symmetry, 

211 
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The count rate due to all the volume 

R = /11 di  
at". %Attu fnnr 

= 	ir  9 I 	f 1(9) ',Lc) x Sin et.S1 .b-1.4)X(16/(**114 et.L. 
. 	f. run 

C.(1) 

For calculation of the count rate contributed by a 

ring of square section z x z cm at a given position, where 

the direCtions of z are parallel and normal to the axis of 

symmetry 
dr 0 	• 	cos .c. 

Z cost. dm. 	'= 0 • re 

Assuming that the variation in count rate is small over the 

dimensions of z, the count rate due to radiation scattered 

once from the ring will be 

R=  ZIT/ S(9) NiA q X 5,1,4..n. 4.t4xQX(Lx.4' f,)( it. 	 C.(2) 

A Mercury autocode programme for the numerical inte-

gration of equation C.(1) for apparatus as in Figure 37, 

is shown on the following pages. 

The data are in two groups, with the following numbers 

in group 1 ; b inches, d inches, source energy MeV, 

g inches, Compton scattering factor X and e inches. The 

following are numbers in group 2; density g/cc, thickness 

inches, Amo  radians and 'Aro  cm. 

The programme will evaluate the uncollided and once 

scattered intensities normalized to an arbitrary source 



intensity and will calculate P assuming no higher modes 
of scattering. After printing the solution to a case 

it will read another density, If this is less than 

100 g/cc it will continue to read group 2, if greater 

than 100 g/cc it will read group 1 and continue as the 

first case. This is illustrated by the typical data and 

output shown after the programme. 

With that data the time required wass 

programme feed in 	1 minute 

cases 1 and 3 ... 1 minute each 
case 2 ... 2 minutes. 
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TITLE 
TRANSMISSION TEST-ONCE SCATTERED INTENSITY-U64o 

CHAPTER' 
F'ioo 
A'l 
B-►zo 
E.45 

H-►6 
X"'I 

ONEWLINE 
CAPTION 
ONCE SCATTERED INTENSITY= 
PRINT(I0000Bn)I.4 
NEWLINE 

Bo=x1.0G(Bn+Cn) 
B2=AA+24D+DD 
BimixL0Q(EGG/Bi) 
BoaBx-Bo 
BoaBo/C 
BoaBohon 

CAPTION 
BETA' 
PRINT(z.6xx6Bo/Z)I.5 

NEWLINE 
ACROSSx/o 

xEXP 
XSQRT 
xSIN 
x COS 
XLOG, 
CLOSE 

Calculate 0 
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293 CHAPTER° 
VARIABLESI 

9o)READ(B) 
B=20$4B 
READ(D) 
D=2.$40 • 
READ(E) 
READ(G) 
G02..$4 
READ(Z) 
READ(Gs) 

OREAD(Dil) 
4900n>  zoo 
READ(C) 
C=a. 4C 
READ(G0) 
READ(H0) 

NEWLINE 
NEWLINE. 
NEWLINE 
CAPTION 
PARAMETERS 
PRINTrn)x.3 
PRINT C)I.a 
PRINT 11.3 
PRINT(H0 x.a 
PRINT(E)1.3 
NEWLI NE 

A=B+C+D 
An=xTAN(G/D) 
E0 1.95703E 
JUMPDOWN1 
Eass.loo8B0ZDn 
Bn=o 

BwEA+D 
B0=BoBo 
Bx=XEXP(-CEa) 
Cnim£QQBI/Bo 
NEWLINE 
CAPTION 
UNCOLLIDED INTENSITY= 
pRINT(x0000Cn)1.4 
NEWLI NE 

Qi=.5qo 
a)A0=XCOS(GO 
Avax/Ao 
H3=BAz 
Ha=113+CAI 
HI=H3+.5H0? 
Aa=XSIN(Gx) 
AIPAxA2 

b inches 

d inches 

Initial energy MeV 
g inches 

Compton scattering factor X 
e inches 

Density g/cc 

Concrete thickness inches 

Amo radians Aro cm 

Density g/cc 
Concrete thickness cm 
Aao  radians 
Ar cm 
Initial 	energy MeV 

Tans 1 limit 

Calculate uncollided 

intensity 

Initial ao 

ro min. ro max. 
r  



4)H4=xSOT(HIHI+AA-2HsAA0)? 
XossxRADIUS(Ima—BAI,HiA0—B) 
A3'HIA3/H4 
VnIBA3A3 
linggi/Vn—x 
VrigexSQRT('/Vn)? 
.07,Vn)An 

Xi=x4D1uSi8+C—EliAotHIAa—DVO? 
VniocARCTAN is yn) 
Es=Vn+Q/ 

B5=xcOS(E5) 
8°1143585+1 

Ba=1.957oaEBI+1 
BOBaBa 
Bei/84 
B3=3.8299a7EEBxBx 
BasuBoBa 
832'133/B2+i 
Gflim.sBoB4133? 

E40.047845ZQnDn? 

Balm...510976/E 
BotaBx+Ba 
EI=z/Bo? 
EcosEI 
JUmnowN3 
E3m.3008BozDn? 
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rl  

:fn 61  

tan a1  

Calculate C (e) 

BaoHIAs 
Bi=B+C-HIA0 
-05,G>Bo 

Ba=XDIVIDEpo+%2P+Bx) 
B3=XDIVIDE Bo-Q,Bx) 
Ba=.5Ba+.5133 
B6=XDIVIDE(BaBa+i,BaBa) 
Ba=1)Ba 
13.5GG-BaBa 
091,o>B5 
B31=xSOT(GG-BaBa) 

,B4=XARCTAN(83,132) 
85=.5EGG-82133-GQB4 
B7=Bo-Ba 
B7=B6B7B7? 
B8=Bo+Ba 
B8=B6B8B8 
H=B5/B7+65/B8? 

Coordinates of present volume, 

Land U axle; of symmetry, origin 

at detector 

Calculate Q. 



6)130=XEXP(-E2X0-E3X1) 
Bo=6.28319E4BoGoHoHA2? 
Bn=13,1+130 

295 

AR 

9a)HI=HI+Ho 
'4,Ha›H/ 

7)GI=GI+Go 
'62,G2>G/ 
ACROSSz/x 

3)130=2E0+/ 
BI=XLOG(Bo) 
132=E04*/ 
B316E0E0 
BeXDIVIDE(2132132000) 
PS=XDIVIDE(B1-aB2,0E0133) 
Bz=13113.5 
B2=XOIVIDE(Eo+So,BioBo) 
Bo=f3x+B4-Ba? 
RETURN 

5)H=ap+BI 
H=HH 
H=EGG/H 
46 

92)H=o 
4.92  

xEXP 
XSQRT 
xCOS 
XARCTAN 
X TAN 
PSA 
CLOSE 

Calculate Co  and CI  

Calculate Q if coordinate _IL 
axis of symmetry <g 

Eliminates imaginary value of 
due to rounding and 

truncation errors 
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Typical data sheet 

4.35 x .652 .3125 .5.  .185 Apparatus parameters 

2.4 4 .02 .5 Concrete parameters 
2.4 4 .01 .25 2 cases 

Cue to jump to 90) 

2.35 x. .662 ,.3125 .5 .185 Apparatus parameters 

2.4 6.  .02 .5 Concrete parameters 

Output for the above data 

TRANSMISSION TEST-ONCE SCATTERED INTENSITY-U640 
Q 
Q 
Q 
Q 

o xx8 794 .  912 
Q 
Q 

PARAMETERS 	2.40o 	10.16 	0.030 0.50 0.662 

UNCOLLIDED INTENSITY= 4.3584 

ONCE SCATTERED INTENSITY= 0.4717 
BETA= 0.23528 

PARAMETERS 	2.400 	to.16 	o.oxo 0.25 0.662 

UNCOLLIDED INTENSITY= 4.3584 

ONCE SCATTERED INTENSITY= 0.4859 
BETA= 0.23489 

PARAMETERS 	2.400 	15.24 	0.020 0.50 0.662 

UNCOLLIDED INTENSITY= 1.7003 

ONCE SCATTERED INTENSITY= 0.2720 
BETA= 0.23579 
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APPENDIX D 

ANALYSIS OF THE STATISTICAL ERRORS DUE TO A RHODIUM FOIL  

DETECTOR IN A CONSTANT BACKGROUND  

a) Foil Irradiation and Residual Activity 

The rhodium may be activated to either the 42 second 

or 4.4 minute half life states as shown in Figure 41. 

The longer lived state decays to the shorter lived state, 

which then decays to Pd 104 with the emission of a detectable 

particle. 

If suffix a denotes the long lived state and b the 

short lived state and aa and ab the activation cross sec- 

tions for each state 

No the number of nuclei of Rh 103 originally present 

Na and Nb the number of nuclei in state a or b at 

time t 

the activating neutron flux 

Xa and X b the decay constants for a and b respectively. 

Then, neglecting the decrease in No  the rate of for— 

mation of state a is given by 

dt
clkla  

?f-t.ca-Xa1J 2. 	D.(1) 

and that of b by 

4N`' -114,0-t, 4- ›tahla — ), 	 D.(2) 
at 
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If Na = 0 at t = 0, solving D.(1) gives 

	

Wo 	 D.(3) Xa  
Substituting D.(3) in D.(2), solving, and applying the 

condition Nb =0 at t = 0 gives 

	

Nb - cpI  (c.; +0;) 	e- 	1-4 01 	 D.(4) 

If the contribution due to Na were neglected in equa-

tion D.(2), that is as = 0, the solution would be 

OM / 
Nb = 	• 6. 	- e 

ab 

Substituting the values Xa = 0.1575 min
-1 

b = 1 mind  

as = 12 barns 

ab = 140 barns 
t = 3 minutes 

D.(5) 

From D.(3) Na  = 29 00  

- From D.(4) Nb  = 135,N0  

From D.(5) Nb  = 133,No  

Denoting the number of nuclei activated to states a and 

b after 3 minutes by Nao  and Nbo, and choosing this time 

to be the new datum, the total count N recorded by a 

detector of efficiency TI in a time interval t1  to t2  is given 

by 

	 [ X 	-uta  - e-)4i.tt) "b 	 D.(6) >4, Xa  a  
— - - 4.V.61) 
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The first term is due to the decay of state a through 

state b, the second is due to the decay of the nuclei Nbo  

existing at the end of irradiation. For the first cycle 

the count was taken in the interval from the 5th to 155th 

second after irradiation. When the second cycle of irra-

diation and counting was performed a residual activity 

occurred in the counting-interval from 365 to 513 seconds, 

in the next cycle from 725 to 875 seconds, and so on. 

These counts were calculated from equation D.(6) and shown 

in Table 43. 

TABLE 43  

Cycle Due to 
Nao 

Due to 
Nbo 

Total 

-1 6.5 116.6 123.1 

2 4.5 o.3 4.8 

3 1.7 1.7 7x10 

4. 0.7 - 0.7 

5 0.3 - 0.3 

6 0.1 - 0.1 

Relative counts are shown. For absolute counts 

multiply the tabulated numbers by 719No. 

b) Statistical Error due to Decay in a Constant  

Background  

For this calculation it was assumed that the foil 



decayed with a single half life of 42 seconds. 

Consider a foil of decay constant X decaying for t 

seconds with an initial rate Ro counts per second in a 

constant background of Rb  counts per second. The total 

counts registered will be 

N = N FOIL + NBACKGROUND 

_ R. ( 1- e )+ Rb t  

SN = the variance of N 

_ 	R. (1- e 	e 	+ - 57 

D.(7)  

D.(8)  

The optimum counting time will be that for which 

SN 
	

is a minimum and may be shown (Tandberg 1938) to 

N2FOIL 

be given by 

e >.t 	2_ Xt  
R6 	 1- e 

D.(9)  

Table 44 shows the optimum counting time, in number 

of mean lives, for various ratios Ro/Rb. 

TABLE 44  

Ro/Rb 2 5 lo 20 50 

at 1.85 2.30 2.75 3.28 4.10 
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The best achievable coefficient of variation for 

given values of Ro  and Rb  is given by 

301 

1C-.1e  0 — ext.) e-•>,  + Rat 
D.(10) 

 

R. (I  _ e-xt) 
X ` 

 

where t is the optimum counting time. This is plotted 

as a function of Ro for various values of Rb  in Figure 62. 
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