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ABSTRACT 

Ground water in excess of one million years old may 

now be accurately age dated by using the radionuclide 

Chlorine 36 (3^C1), which has a half-life of 3.01x10^ 

years. To maintain a high degree of accuracy in the 

resultant age it is necessary to take into account the 

buildup of 36C1, which is due to thermal neutron activation 

of 35C1 to 36C1. 

The purpose of this research is to determine the 

thermal neutron flux in various geochemical subsurface 

enviroments by conducting field measurements of thermal 

neutron production rates at discrete locations. These data 

are th?n compared with the theoretical thermal neutron flux 

calculated for each location. The field measurements were 

conducted from the surface to a maximum depth of 44 meters 

in a copper, silver and zinc mine. The measured thermal 

neutron flux was found to be larger than the theoretical 

thermal neutron flux by a factor of from three to six when 

below 17 meters depth. 
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1. INTRODUCTION 

With the advent of age dating of ground water using 

the isotope, studies of the thermal neutron activation 

of the stable ̂ C1 in the water to radioactive ^C1 has 

become important to determine the error introduced by the 

thermal neutron flux in the subsurface. It is important to 

note that the stable isotope that is activated by thermal 

neutrons is the ̂ C1 in the water and not the ^^Cl in the 

surrounding rock. If the subsurface production of thermal 

neutrons is not taken into account, an error will be 

introduced into the resulting age. This error can be as 

large as 30), depending on the actual age of the ground 

water and the natural production of thermal neutrons. All 

ground waters arie a mixture of waters of different ages, 

therefore the age of water is an artificial concept. Water 

age is the period of time that the water has been removed 

from the hydrological cycle. 

The age of the water is determined by taking the 

natural log of the ratio of the original ^^Cl ratio to total 

chlorine (I) to the measured ^C1 ratio to total chlorine 

(M), then dividing this value by the ^^Cl decay constant 

(X35). This is represented mathematically in the following 

equation 

1 
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In 

t = . eqn. 1 

3̂6 

Thermal neutrons alter the measured ^^Cl ratio. Equation 1 

becomes: 

t = . eqn.2 

^ 36 

K is the secular equlibrium value, which is the ^^Cl to 

total chlorine ratio when the 1 production and decay 

rates are equal. The reported age will be less than the real 

age if thermal neutrons are not considered. 

Knowing the age of water is important in several 

geological and hydrological applications. Nuclear waste 

repository sites are analysed to determine the age of any 

water that is present. If the water is old the area has a 

much greater probability of being tectonically stable and 

therefore a better site for a repository. Another use is in 

monitoring recharge rates in the water table by testing the 

age of the ground water in the aquifer. Age dating is also 

used for some situations to determine the possibility of a 

waste plume originating from a particular source. 

The standard practice has been to calculate the 

thermal neutron flux, rather than measure it. Kuhn (1984) 

reported the measured production of subsurface thermal 

r 
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neutrons to be greater than the calculated values. 

This paper deals with the production rates of thermal 

neutrons to aid in establishing a reference between measured 

and theoretically calculated values of thermal neutron flux 

for a variety of subsurface geological settings. If the 

thermal neutron flux cannot be measured in a situation it 

becomes necessary to calculate the thermal neutron flux. It 

is desirable to know how accurate the theoretically 

calculated flux is relative to the measured flux. 

A basic knowledge of the interaction of thermal 

neutrons with matter is necessary to develop a system for 

detecting thermal neutrons in a very low thermal neutron 

flux environment. The important topics are: thermal neutron 

reactions, neutron absorption cross sections, flux 

depression, absorption efficiency, thermal neutron flux, 

detector sensitivity and statistical analysis of the data. 

Thermal neutron production in the subsurface below 10 

meters is primarily a result of two mechanisms. The lesser 

of the two is spontaneous fission of whereas the 

major portion of the neutrons come from alpha-neutron (a,n) 

reactions with lighter elements, such as oxygen,sodium, 

magnesium,aluminum, and silicon. (Fiege. et al., 1968) 

Of secondary importance are the thermal neutrons that 

are produced when muons interact with nuclei in the soil or 

rock. These muons are a source of a significant portion of 

the thermal neutrons present in the shallow subsurface. 
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These particles are absorbed in the first few meters and 

therefore do not affect the measurements made in the deep 

subsurface. 

The field measurements were taken at San Xavier mine, 

located approximately 25 kilometers southwest of Tucson 

Arizona. The mine is in a copper, zinc and silver deposit in 

a limestone. There is no water in the mine, the rocks taken 

from the sample locations were all estimated to contain less 

than two percent water. Measurements were taken along the 

edges of the mine drifts at various depths. The range in 

depths was from the surface to a maximum depth of 44 meters. 

A map of the measurement locations and lithology of each 

site is included in the appendix. 



2. THERMAL NEUTRON THEORY 

2.1 Theraal Meutron Reactions 

Thermal neutrons are neutrons that have a kinetic 

energy less than approximately 0.4 electron volt (ev) and 

which are in thermal equilibrium with their surroundings. A 

Maxwellian distribution for thermal neutrons has an average 

energy of 0.025ev, corresponding to a velocity of 2200 

meters per second, at a temperature of 20 degrees Celsius. 

Neutrons are uncharged particles, therefore, an 

interaction occurs only when the neutron collides with, or 

comes sufficiently close to, a nucleus so as to cause a 

reaction between the nuclear forces. Interactions of 

neutrons with matter are divided into two principal types; 

scattering and absorption reactions. Thermal neutron 

detection involves only products of the absorption reactions 

therefore, this paper deals only with the absorption 

reactions. 

There are several absorption interactions of 

importance in thermal neutron detection which occur between 

thermal neutrons and light elements. These reactions are 

neutron-alpha (n,a) and neutron-proton (ntp). When a neutron 

is absorbed by an atom, the energy level of the atom is 

increased. This excess energy is given off in the form of 

gamma radiation, or an alpha (a) or proton (p) particle. 

5 



6 

The two absorption reactions that are of use for 

thermal neutron detection are: 1. the boron to lithium, 

neutron-alpha (* ® B( n , a)^Li) reaction and 2. the helium to 

hydrogen neutron-proton (^Hetn.p^H) reaction. These two 

methods will be discussed in further detail in subsequent 

sections. 

Gamma rays also react with the gas in a detector and 

therefore are a source of noise. The energy emitted in these 

reactions is significantly less than the energy emitted by 

the thermal neutron reactions. The energy pulse produced in 

the detector by a gamma ray is much lower in magnitude than 

the energy pulse produced by a thermal neutron. The pulses 

due to gamma rays can be filtered out electronically by 

allowing only pulses that are greater than a specified 

magnitude to be counted. 



2.2 Neutron Absorption Croaa Section 

Neutron cross section is a quantitative parameter 

that describes the rate of reaction of a specific material 

to neutron bombardment. Neutrons react with matter at a rate 

which is dependent on the quantity and energy of the 

neutrons and the quantity and type of nuclei in the matter. 

Reactions between neutrons and matter tend to inhibit the 

movement of the neutrons. 

2.2.1 Hicroscopic Absorption Cross Section 

The microscopic thermal neutron absorption cross 

section ax is formulated as follows 

C 
Ov (barn) eqn.3 

N I 

where C is the number of reactions of type x which occur 

p 1 
per square centimeter per second (cm"£ sec"1), N is the 

number of nuclei of a single type per square centimeter (n 

cm"£) and I is the intensity or flux in neutrons per 

P 1 
square centimeter per second (n cm sec ). The microscopic 

P tt cross section is generally on the order of 10 square 

p 
centimeters (cm£). This unit is labeled a barn. The cross 

section has units of area, but it is not an area. (Allen, 

W.D.I960.) 

The total microscopic cross section O^ is the sum of 

the individual cross sections for absorption, fission and 

7 
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scattering reactions. The scattering and fission reactions 

are insignificant for both 10boron (^®B) and ^helium (3fle) 

in the thermal neutron energy range, therefore for these 

isotopes 

which is independent of neutron energy, and in which the 

probability of neutron absorption varies inversely as the 

velocity (1/v response), the quantity detected is neutron 

flux. Therefore the effective cross section is different 

than the cross section measured at a neutron energy of 

0.025ev and 2200m/s. For a Haxwellian distribution of 

thermal neutrons in which the neutron flux varies with the 

neutron velocity, the neutron flux is 

' ̂absorption eqn .4 

It is also important to note that for a detector 

/n(v)vdv = J^°°(v^e~^v/'^)dv eqn.5 

the total absorption is 

/v ff (v)n(v)dv = aQvQJv2e y 2 e — ( V / V„) d y eqn.6 

the effective cross section is eqn.6 divided by eqn.5 

aeff =aovo 

Ĵ "v2ê ~v/'Vô dv 

Jq v ̂  e v ̂ vô d v 
eqn.7 

which reduces to 
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O e f f  =  f f 0
v o =  0 .8865 C .  eqn.8  

2  v o 

This shows that for this case the effective cross section is 

about 13 percent smaller than the value measured at 0.025ev. 

(Allen, W.D.,1960) 

2.2.2 Hacroscopic Cross Section 

The macroscopic cross section 2 (cm-*) is defined as 

the product of the number of atoms per cubic centimeter and 

the microscopic neutron absorption cross section 

2 = N 0o (cm"1), eqn.9 

where N is the number of atoms per cubic centimeter of 

material and aa is the microscopic thermal neutron 

absorption cross section. To find the macroscopic cross 

section for a sample of geological material requires full 

knowledge of the density of all the elements in the sample. 

The microscopic thermal neutron absorption cross 

section of each element is well known. The total macroscopic 

cross section for a sample of material is the sum of the 

individual macroscopic cross sections. This is represented 

mathematically by 

1= j Nj (cm-1). eqn.10 

The macroscopic cross section is of importance due to the 

wide range of microscopic cross sections exhibited in 
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nature. This range is from a few tenths of a barn to greater 

than 49,000 barns. The intensity of the thermal neutron flux 

is influenced by the combination of the various elements in 

the vicinity of the detector. 

The macroscopic cross section is derived from a 

chemical analysis of a representative sample of material 

from the immediate vicinity of the detector probe. 

The inverse of the macroscopic cross section is the 

mean free path X of a neutron in that specific material. 

Mean free path is defined as the mean distance in which the 

intensity of uncollided neutrons in a beam decreases by a 

factor of e.(Curtis, L.F., 1959) The mean free path is also 

the mean distance that a thermal neutron travels between 

interactions, these interactions can be scattering or 

absorption.(Glasstone, 1952) The following formula is valid 

only for a purely absorbing medium. 

/"X e-Zx dx 1 

r""f"£dx 
X = = --- (cm), eqn. 11 

X is the distance in which all but a fraction (1/e) of the 

incident neutrons are absorbed or scattered (Glasstone, S., 

1952). 

Variations in neutron cross section with neutron 

energy can be explained by nuclear theory, but the only way 

to determine the cross section of a material accurately is 

through measurement. 
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There are two reactions that are of use in detecting 

thermal neutrons. Both of these reactions vary as 1/v in the 

thermal neutron energy of interest. The first is the 

^°B +^n - — >1,He + ̂ Li + 2.78 Mev reaction, with a thermal 

neutron cross section of 3830 barns at 0.025ev. '"floron is 

used in the boron trifluoride (^BFj) gas in proportional 

counters. The other reaction is the 3He + 1n —>1H + 

+ 765 Kev reaction, with a thermal neutron cross section 

of 5330 barns at 0.025 ev. The ^helium is also used as a gas 

in gas-filled proportional detectors.(A1 len, W. D., I960) 



2.3 Flux Depression 

Flux depression is the direct result of thermal 

neutrons being absorbed by a medium. Virtually all materials 

absorb thermal neutrons, thereby creating flux depression 

to some degree. Flux depression becomes important when an 

absorber exhibits a high neutron cross section and when this 

in turn affects the availability of thermal neutrons to be 

detected. In certain situations a thermal neutron that 

passes through a region of space without being absorbed has 

a high probability of passing through the same space again. 

When this occurs flux depression becomes most important. 

Absorption in a detector prevents the neutron from making 

further passes through the detector. Thus the detector 

reduces (depresses) the neutron flux which would have been 

present at that location if the detector had not been there. 

In deep underground situations the probability of a thermal 

neutron entering the same absorber more than once is quite 

low, therefore flux depression is inconsequential for the 

measurements described here. 

12 



2.4 Absorption Efficiency 

The efficiency of a detector is defined as the 

fraction of the neutrons which, upon entering the detector, 

result in a count.(Price, W. J., 1958) 

The following discussion on efficiency is limited to 

the condition where the probability of neutron scattering is 

significantly less than the probability of neutron 

absorption. This condition is satisfied for thermal neutron 

absorption in both and detectors. 

Since the individual probabilities are additive, the 

total microscopic cross section is the sum of the individual 

microscopic cross sections 

The fraction of neutrons absorbed in a thickness d of 

matter is related to the number N of target nuclei per cubic 

centimeter (n/cm^) and the microscopic neutron cross section 

of the matter by the formula 

efficiency = (1 - e"^0^) 100j6. eqn.13 

The distance in the above equation is dependent on 

the geometry of the detector. For a cylindrical detector the 

average chord length was shown to be equal to the diameter 

of the detector (Case, K. H.,1953). 

13 
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4 V 
ACL = = diameter, eqn.14 

Sa 

where V is the sensitive volume and Sg is the total surface 

area over the same dimensions as the sensitive volume. 

Therefore, for any long cylindrical detector, the average 

distance a neutron travels to pass through the detector is 

the diameter of the detector. 

The sensitivity S of the detector is another factor 

to consider. Sensitivity is a detector parameter given by 

the manufacturer as the number of counts per second per unit 

neutron flux (cps/nv). Sensitivity is calculated for design 

purposes by 

S (Counts/second) = N V 0QvQ /"P(E) n(E) dE. eqn.15 

The above equation is only valid when the detector 

absorbs a very small fraction of the thermal neutrons 

incident on the detector, ie. when the detector efficiency 

is very small. The most accurate method of determining the 

sensitivity of the detector is to measure it in a calibrated 

uniform neutron flux. 



2.5 Thefal Heutron Flux 

The thermal neutron flux 0 (n can be 

determined by two different methods, one method is to 

measure the flux with a detection system. The other method 

is to calculate the flux from the results of an elemental 

chemical analysis of the material in the area of interest. 

2.5.1 Measured Neutron Flux 

The thermal neutron flux is related to the reaction 

rate R by the equation, (Profio, E. A., 1976) 

R 
0 = , eqn. 16 

S 

Where the instrument sensitivity S ( cps/nv) is provided by 

the detector manufacturer. The reaction rate has units of 

counts per unit time (n/s). The thermal neutron flux can 

also be represented by the integral over the thermal neutron 

energy range of the product of neutron density and neutron 

velocity; 

0= n(Ei/^#v dE, eqn. 17 

where n(E) is the neutron density (n/cra^) over the thermal 

neutron energy range, v = (2E/Mn)^^, Mn is the neutron 

mass and E is the energy of the thermal neutrons. The flux 

in the above relationship is valid for random thermal 

neutron motion. Equation 17 reduces to 

15 
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0 = n v. eqn.18 

Relative measurements of flux can be made accurately, 

under many circumstances to a fraction of a percent. 

Absolute measurements are more difficult and significantly 

less accurate, usually to at best several percent. To make 

absolute measurements it is best to have a neutron source of 

known strength to calibrate the detection system. A 

discussion of this method is available in Price, 1958. 

The sensitivity given by the manufacturer makes it 

possible to obtain absolute measurements of the flux 

accurately. 

2.5.2 Theoretical Theraal Neutron Flux 

The major portion of the theoretical thermal neutron 

flux is calculated from alpha-neutron reactions with the 

lighter elements, where the alpha particles originate from 

the natural decay of uranium and thorium. The equation for 

theoretical thermal neutron flux due to alpha-neutron 

reactions is 

. X[U] + YCTh) * P  
^<a,n)  = £  •  e q n . 1 9  

The lighter elements have specific mass stopping powers 

(MeV g""*cm~2), which is a measure of the specified elements 

ability to stop a neutron. X is the neutron production 

factor for neutrons resulting from (alpha,n) reactions where 
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the source of the alpha particles Is the U alpha decay chain 

(n g^yr"* ppm""* U), Y is the same as X except for the 

thorium decay chain, and [U] and [Th] is in ppm of U and Th 

respectively. Now 

X =2 (Si* 10""6* Ft* Yu
i)/2 (Si* 10"6 « Fi> eqn.20 

and 

Y =S(Si* 10-6* Fi* Ythi)/Z(Si* 10-6 • Fi>, eqn.21 

where Si is the mass stopping power for the ith element 

1 P 
(MeV g cm"e), Fi is the elemental concentration of the ith 

element (ppm), 10"^ has units of (g ppm-*), YUi is the 

neutron yield when the ith element of U^8 is bombarded by 

alpha particles from the uranium alpha-decay chain and Y*"^ 

is the neutron yield when the ith element of Th^2 i3 

bombarded by alpha particles from the thorium alpha-decay 

chain. 

The spontaneous fission of fissionable isotopes also 

contributes to the theoretical thermal neutron flux. The 

neutron emission from spontaneous fission is dependent only 

upon the quantities of fissionable isotopes and the nuclear 

properties (Augustson, 1974). The flux due to spontaneous 

fission of U^8 iS 
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where N is the atomic concentration of (atoms/g), \sf 

is the spontaneous fission half-life in (yr~^.) for the 

element, v is the number of thermal neutrons emitted during 

spontaneous fission of the respective element, Pis the 

density of the rock sample (g/cm^) and 2JarocIt is the total 

macroscopic cross section for the rock. The source for 

and V is Augustson, 1974. 

The total theoretical thermal neutron flux is the sum 

of the two parts0(a>n) +0sf. 



3» INSTRUMENTATION 

The thermal neutron count rate at various locations 

was determined by the use of two different gas-proportional 

counters, both manufactured by Reuter Stokes Company of 

Cleveland, Ohio. The model RS-P1-1636-203 counter is filled 

with boron trifluoride to a pressure of 90 cm. Hg. The 

filling gas is enriched to greater than 96) in the 10B 

isotope. The sensitivity is 75 cps/nv. Construction material 

is SS 304, which results in a background count rate of about 

0.2 cpm. See fig (3.1) for detector dimensions. The 

sensitive length is 91.^4 cm, with an inner radius of 2.4638 

cm. The sensitive volume is 1743.80 cubic centimeters. The 

detector voltage of 3500 volts was used during all 

measurements. 

The other detector which was used is a model RS-P4-

1646-201. Construction material is electrolytic copper with 

a filling pressure of 76 cm Hg of 99.9999% pure ̂ He, 129 cm 

Hg of argon is also used in the detector to reduce the wall 

effects to less than 10). This combination resulted in a 

background count rate of less than 0.1 cpm. The sensitivity 

for the helium detector is reported to be 142 cps/nv, 

however after making laboratory and field measurements it 

was determined that the sensitivity of the detector was less 

than the reported value. 

19 
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Five BFj detectors were tested for uniformity of 

counts. A statistical analysis on the counting rates of 

these detectors showed that the count rate was uniform 

between detectors. Only one ^He detector was available, 

therefore the sensitivity of the ^He detector was adjusted 

relative to the BFg detector. The procedure for determining 

the ratio of two numbers where each number has an associated 

standard deviation was used to rate the sensitivity of the 

helium detector relative to the boron detector. This 

procedure is discussed in more detail in the the section on 

statistics and also in the appendix. The sensitivity of the 

helium detector was determined to be 104 cps/nv. The 

sensitive length is 116.3 cm with an inner radius of 2.1638 

cm, which results in a sensitive volume of 2217.89 cubic 

centimeters. See fig (3.2) for dimensions. 

The detector voltage of 2200 volts was used during 

all of the measurements. 

The electronics, manufactured by Canberra, consists 

of a model 3105 high-voltage power supply, a model 811 PAD, 

(preamplifier, amplifier and discrimination circuit), and a 

model 2071 dual counter timer. These three components are 

housed in a Berkeley Nucleonic Corporation Portanim, model 

AP-2H voltage-current supply. See fig (3.3) for a schematic 

of the complete detection system. 



Overall length 107.84 

Units (cm) 

91.44 Sensitive length 

5.08 

Dlari. 

FIGURE 3.1 BORON DETECTOR DIMENSIONS 



Dverall length 137.16 .̂3 Sensitive length 

Units (en) 

5.08 |̂ 

Slam. 

FIGURE 3.2 HELIUM DETECTOR DIMENSIONS 



MDDEL 3105 
HIGH-VOLTAGE 
POWER SUPPLY 

MODEL 814 
PAD 

MDDEL 2071 
COUNTER 
TIMER 

DETECTOR 

FIGURE 3.3 SYSTEM SCHEMATIC 



4. ANALYTIC PROCEDURES 

The detection system was sensitive to voltage surges, 

therefore several power configurations where attempted to 

isolate the detection system from voltage-induced anomalies. 

It is important to note that these induced counts were not 

random in nature but artifacts of switching on and off 

electrical items such as motors and lighting fixtures. It 

was not possible to filter out this noise from the final 

data. Thus the source of the noise was isolated from the 

detection system power source prior to making any 

measurements. 

The first isolation method consisted of two 12-volt 

DC storage batteries connected in parallel. A power inverter 

was used to convert the battery voltage to the necessary 

115- volts required by the voltage-current power supply. 

This configuration proved excellent for a noise-free source 

of power. Unfortunately, the power drain was quite high and 

the batteries required recharging after only two to three 

hours use. Therefore this system proved unusable for 

counting intervals lasting as long as eight hours. A bank of 

from four to six storage batteries would be necessary for 

this configuration to be operational over such long 

operating periods. 

The second method of isolation consisted of a 12-volt 
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battery charger, of sufficient rating, connected between a 

115-volt outlet and the two batteries. A power inverter was 

used to convert the 12-volts dc to 115-volts ac for the 

electronics. This configuration proved to be sufficiently 

reliable for isolating the system and for providing a 

continuous supply of power. Counting intervals of up to five 

hours showed no problem with voltage surges creating 

unwanted counts. This second configuration was used 

exclusively for obtaining all of the data presented in this 

report. Unfortunately thi3 method can only be used in a 

location where a 115-volt ac source is available. 

Another source of noise was noted with the five 

meters of coaxial cable, type RG 58A/U, between the detector 

and the amplifier. There were spurious counts when the 

coaxial cable and or detector were moved. This was avoided 

by not moving the detector or cable during counting periods. 

Both detectors were operated at the maximum anode bias 

voltage that is recomended by Reuter Stokes. Operation at 

the higher anode voltages increases the gas amplification, 

which leads to a higher signal-to-noise ratio. This is 

advantageous in a low flux ennviroment. The maximum 

operating voltages for the ^He and BF3 detectors are 2250 

and 3500 volts respectively. This level of bias was 

recomended, after tests of the system were run, by Dr. 

George Nelson of the Nuclear and Energy Engineering 

Department. 
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The background count rate, due to gamma rays, fast 

neutrons, and detector noise, was determined by using the 

cadmium shielding method. Cadmium effectively attenuates the 

thermal neutrons, but does not reduce the background counts. 

A layer of one mm thickness cadmium was used to surround the 

detector. To obtain a measure of the thermal neutron flux, 

two separate counting intervals are required at the same 

location, one with the cadmium shield installed and one 

without the shield. The difference between the two count 

rates is the count rate due to thermal neutrons. 

Care was taken when removing and installing the 

cadmium shield so that the detector moved as little as 

possible. Any significant change in the location of the 

detector could move it into a position where the background 

is different. 

Paraffin is an excellent neutron moderator because it 

has a large hydrogen density. A layer of six to ten cm of 

this material will slow epithermal or fast neutrons to a 

thermal neutron level. An increase in the count rate, with a 

paraffin shield installed, would indicate the presence of 

higher energy neutrons. A decrease in the count rate could 

indicate the absence of any higher energy neutrons due to 

the reduction of the energies of the thermal neutrons by the 

paraffin. This is dependent on the ratio of high energy 

neutrons to thermal neutrons. The count rate could decrease 

or stay the same depending on the ratio of the epithermal 
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and fast neutrons to thermal neutrons. 

Emplacement of the detector at each site was along 

the edge of the mine drift. Zito, 1982 showed by analytical 

methods that air, over the distances encountered here, had 

an insignificant affect on the energies of the thermal 

neutrons. Therefore the thermal neutron flux is uniform over 

the distances encountered in the mine and placement of the 

detector did not have an affect on the count rate. 

The large open spaces did lead to problems in 

obtaining a uniform geological sample for the chemical 

anayses. Every attempt was made to collect a representative 

amount of material from the area that would have an 

influence on the thermal neutron flux measured by the 

detector. The volume of sample collected for analysis at 

each site was a small portion of the volume of material that 

influenced the thermal neutron flux. A discusion of the 

measurement locations and lithology is in the appendix. 



5. COUNTING STATISTICS AND ERIOR ANALYSIS 

Due to the random nature of thermal neutron 

production by radioactive decay, it is observed that for a 

series of equal time periods, the number of thermal neutrons 

detected varies, even though all other factors remain 

constant. There are several laws that are applicable to 

radioactive detection, 1. the normal distribution, 2. the 

binomial distribution and 3. the Poisson distribution. In 

the limit of infinite counting time 2 and 3 reduce to 1. 

Under the condition of practical application of thermal 

neutron occurrence and detection, the exact statistical law, 

binomial distribution, can be closely approximated by the 

Poisson distribution. The Poisson distribution is a 

mathematically simple law relative to the binomial 

distribution, therefore application and interpretation are 

greatly simplified. 

The probability P(n) of observing exactly n counts in 

a specific time period is stated by Poisson's law 

mne~m 

PCn) = , eqn.23 
n! 

where m i3 the true mean counts for the given time period. 

Due to problems of determining the true mean, m is replaced 

by the average n, taken over N measurements. The deviation 
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of the individual measurements n^ from the average is 

§i  = n i  -  n,  eqn.24 

where n is the average of N observations. The variance , 

a measure of the scatter in the discrete measurements is 

given by 

O2 = ( n - n )2 = --- £ ( n 1 - n )2, eqn.25 
N 1 

the square root of the variance is the standard deviation. 

If N >>1 eqn.26 becomes, for a Poisson distribution, 

= n ,  eqn.26 

Therefore the standard deviation a becomes the square root 

of the average n of N observations.(Glower, 1965) 

The standard deviation for the difference between two 

numbers A and B , where each number has a unique standard 

deviation 0-j and (J2, 

/ x 
A - B = I -

V 

where ti and t2 are the counting time intervals for each 

measurement. For example', assume that the counting rate of 

thermal neutrons for an unshielded detector is 186 counts 

per 240 minutes and the counts for the same detector with a 

cadmium shield is 114 counts per 580 minutes. The net 

y \ + /x y \ ̂ /2) 

---) - (---
t2/ \fc1 

+ 1 , eqn.27 

*2 / 
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thermal neutron count is then 

(186 114\ + /186 114 \ 1/2 

- I - I + ) , eqn.28 
240 580/ \(240) (580)2/ 

or 0.5784 + 0.0597 cnts/min. 

For randomly occuring phenomena the relative standard 

deviation is defined by Poisson's law as the square root 

of the mean. This is portrayed in percent by 

(.0597\ .0597 
1 10 051 = 100% = 10.32J . eqn.29 

.5784/ .5784 

Thus, for a measurement of 0.5784 + 0.0597 cnts/min, the 

error is approximately 10%. 

Let us define the total probability that any 

individual value will lie within a multiple of the standard 

deviation from the mean by 

Pu = 2 X.+odPx. eqn.30 

If u = O then Pu = 68%, thus there is 68% certainty that a 

measurement will lie within one standard deviation of the 

mean. Another way of putting this is, if ttie actual count is 

100 + or - 10 cnts/time interval, then there is a 68% chance 

that the measured count will lie between 90 and 110 counts/ 

time interval. For two standard deviations Pu = 95% and for 

three standard deviations Pu = 99.7%. (Allen, W.D. 1960) 

The propagation of errors for the ratio of two 
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numbers, each with an associated standard deviation, is as 

follows, the example used is for a depth of 5 meters; 

X 
"ratio = * |... + ---J . eqn.31 

The standard deviation and the thermal neutron count rate 

for the helium and boron detectors are 0.0671 and 0.0556 and 

1.0876 and 0.8373 respectively. The ratio *s' 

1 . 0 8 7 6  

"ratio = ------- * 
0.8373 (0.0671 0.0556 V 

+ 1 = ± 0.117. eqn.32 
1.0876 0.8373 / 

The final result for the ratio of these two numbers is 

3He 

= 1.299 ± .117. eqn.33 
BF3 

The average of a sum of ratios, where each entry in 

the sum has a unique standard deviation is 

[R R R 1 
a? + a| + ojJ 

eqn.34 

and the average of the standard deviations or the error in 

the average of the sum of ratios is; 
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1 
+ — . eqn.35 

This error analysis was used to determine the error in the 

average of the sum of three separate neutron count rates 

(R11 I?2» and R^). The sensitivity of the heluim detector 

relative to the boron detector was then calculated using 

this average. 

The sensitivity of the helium detector is the average 

of the sum of the helium to boron ratios times the 

sensitivity of the boron detector and is given by; 

3He 
SH e  = * SBF3* eqn.36 

BF3 



6. FIELD MEASUREMENTS OF THERMAL NEUTRONS 

The detection system was initially assembled and 

tested in the reactor laboratory of the Nuclear and Energy 

Engineering Department at the University of Arizona. 

With the aid of an oscilloscope, measurements were 

made to determine the amplitude of the output voltage of the 

individual detectors due to a high intensity, high energy 

gamma radiation. These measurements were used to set the 

discriminator level in the electronics so that any influence 

from gamma radiation could be minimized. The two types of 

detectors required different discriminator level settings, 

due to their different operating characteristics. The 

discriminator levels were 1.10 and 0.10 for the ^He and BFg 

detectors respectively. 

The gain of the amplification circuit was set to a 

coarse gain of 64 and a fine gain of 10. This was the 

maximum setting for the PAD amplifer. 

A suitable location underground is in an area that is 

removed from any other activity so that the instrumentation 

would not be disturbed physically. A counting interval of 

ten minutes was used initially to determine, using 

statistical analysis, if the detection system was operating 

properly. After it was determined that the detection system 

was not introducing noise, the counting periods were 
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increased. Field readings are very simple, turn the system 

on, reset the display, set the counter to the desired time 

and start the counting sequence. After the time period has 

elapsed, the neutron count on the display is recorded along 

with the time interval, then the process is repeated. A 

sufficient number of counts is recorded to ensure an error 

for the process of less than ten percent error for the 

process, (as covered in the section on statistics). This 

process is conducted twice, once without a cadmium shield 

around the detector and once with the cadmium shield in 

place. 

The measured thermal neutron flux is dependent on the 

sensitivity given by the manufacturer. The sensitivity of 

the borontriflouride detector was given to be 75 (cps/nv), 

the sensitivity of the helium detector was determined by 

comparing readings obtained with each detector. This 

procedure was discussed in the section on instrumentation. 



7. FIELD MEASUREMENTS vs THEORETICAL PRODUCTION 

OF 

THERMAL NEUTRON FLUX 

The theoretical flux and the measured flux both show 

a decrease with depth, see fig (7.1). The theoretical flux 

is a result of the chemical composition of the sample. The 

theoretical flux was less than the corresponding measured 

flux by a factor of three. The difference between the 

magnitude of the flux for the two methods decreases as the 

depth increases, this is to be expected and is mainly a 

result of the decreasing influence of the cosmic ray shower 

on the measured flux. It is very doubtful that the measured 

and theoretical values would converge at some depth, 

although the two values undoubtedly do become relatively 

parallel below the influence from the cosmic ray shower. 

The secular equilibrium value (K) in equation 2 is 

dependent on the thermal neutron production rate. If the 

measured flux is a factor of three larger than the 

theoretical flux the secular equilibrium value will be a 

factor of three larger. The calculated age will be different 

depending on whether the measured or theoretical flux is 

used in determining the secular equilibrium value. The age 

for water in a limestone with an initial ^^Cl to total 

chlorine ratio 170 x 10~1^, a measured 36^]. to total 
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chlorine ratio of 61 x 10"^ and a secular equilibrium value 

of 6.26 x 10"15 based on theroretical flux is 475764 years. 

The age for the water in the same limestone with the secular 

equilibrium value equal to 18.787 x 10~1^, based on the 

measured flux, is 553»991 years. The age due to the measured 

flux is 16} greater than the age due to the theoretical 

flux. The difference becomes greater as the age of the water 

increases, with all other factors being constant. 

The theoretical flux at each location is totally 

dependent on the results from the chemical analysis. See the 

appendix for a discussion of the analysis and sample 

collection methods. If the reported uranium and thorium 

content is different from the actual value, the theoretical 

thermal neutron production rate will be in error by a 

corresponding amount, this in turn affects the flux. 

Furtheremore, if the macroscopic cross section also varies 

significantly from the actual value, the theoretical flux 

will be adversely affected. 

The macroscopic cross section was calculated using a 

density of 2.67 (g/cra^) for all of the samples. 

The measured flux decreased by one order of magnitude 

between the surface and 2 meters depth, see fig (7.2). 

Between 17 meters depth and 44 meters depth the flux 

decreased only slightly from 3140 (n/sq.cm./yr) to 2660 

(n/sq.cm./yr). The decrease in flux very closely resembles 

an exponential decay curve, with the flux becoming 
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assymptotic to approximately 2600 (n/sq.cm./yr) at a depth 

of 4 4 meters. 

The thermal neutron count rate is converted to 

neutron flux by dividing the count rate by the sensitivity, 

the flux is expressed in terms of neutrons per square 

centimeter per year, an example is shown for readings taken 

at a depth of 30 meters. 

(60*60*24*365.25*0.5784)+ 0.0597 
0 = f eqn.37 

104 * 60 

0 = 2953.55 * 176.33 (n/sq.cm./yr). eqn.38 

A comparison of the graphs for flux vs. depth 

demonstrates the relationship between these parameters. 
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TABLE 7.1 MEASURED THERMAL NEUTRON FLUX 

Depth (•) Detector Sensitivity (cps/nv) 

44 104 

Detector type Counts (n/ain) 

Heliua 0.521 •/-.0374 

Microscopic Macroscopic 
Atoiic Absorption Eleaent Absorption 

Eleaent Density veight Cross section content Cross Section 
(g/cc) (g/aole) (Bams) (ppa) (1/ca) 

Li 0.53 6.90 70.7000 43 0.000703 
B 2.53 10.80 760.0000 28 0.003145 
0 1.14 16.00 0.0001 493000 0.000005 
Na 0.97 23.00 0.5300 965 0.000035 
Kg 1.74 24.30 0.0600 9645 0.000038 
A1 2.70 27.00 0.2300 25700 0.000349 
Si 2.42 28.10 0.1600 186000 0.001690 
CI 1.51 35.50 32.7000 < 100 0.000147 
K 0.86 39.10 2.1500 10200 0.000895 
Ca 1.55 40.10 0.4300 145500 0.002490 
Ti 4.50 47.90 6.1000 2850 0.000579 
Cr 6.92 52.00 3.1000 < 70 0.000007 
Mn 7.42 54.90 13.2000 2000 0.000768 
Fe 7.86 55.80 2.6000 38100 0.002833 
Co 8.71 58.90 37.0000 0 0.000000 
Hi 8.75 58.70 4.4000 0 0.000000 
Cu 8.92 63.50 3.7000 116 0.000011 
Cd 8.37 112.40 2450.0000 12.5 0.000435 
In 7.28 114.80 194.0000 28.8 0.000978 
Sa 7.52 158.40 5900.0000 3.09 0.000193 
Eu 5.24 152.00 4500.0000 0.78 0.000037 
Gd 7.90 157.30 49000.0000 2.1 0.001044 
Dy 8.55 162.50 940.0000 2.4 0.000022 

Total Bacroscopic cross section = upper 0.015506 
lover 0.015352 

Heutron Flux (n/sq ca/yr) = 2635 •/-99 



TABLE 

Depth (•) 

7.2 MEASURED THERMAL NEUTRON 

Detector Sensitivity (cps/nv) 

FLUX 

30 104 

Detector type Counts (n/iin) 

Heliui 0.57B4 •/-.0597 

Microscopic Macroscopic 
Atoiic Absorption Eleient Absorption 

Eleient Density •eight Cross Section content Cross Section 
(g/cc) (g/iole) (Barns) (ppi) (1 /cl) 

Li 0.53 6.90 70.7000 36 0.000589 
B 2.53 10.80 760.0000 20 0.002246 
0 1.14 16.00 0.0001 496000 0.000005 
Na 0.97 23.00 0.5300 1500 0.000055 
Hg 1.74 24.30 0.0600 24800 0.000098 
A1 2.70 27.00 0.2300 35900 0.000488 
Si 2.42 28.10 0.1600 327000 0.002972 
CI 1.51 35.50 32.7000 < 120 0.000176 
K 0.86 39.10 2.1500 11250 0.000987 
Ca 1.55 40.10 0.4300 34450 0.000590 
Ti 4.50 47.90 6.1000 1925 0.000391 
Cr 6.92 52.00 3.1000 140 0.000013 
On 7.42 54.90 13.2000 2770 0.001063 
Fe 7.86 55.80 2.6000 88600 0.006589 
Co 8.71 58.90 37.0000 0 0.000000 
Hi 8.75 58.70 4.4000 0 0.000000 
Cu 8.92 63.50 3.7000 1530 0.000142 
Cd 8.37 112.40 2450.0000 10 0.000348 
In 7.28 114.80 194.0000 21.35 0.000058 
Si 7.52 150.40 5900.0000 2.99 0.000187 
Eu 5.24 152.00 4500.0000 0.29 0.000014 
Gd 7.90 157.30 49000.0000 1.7 0.000845 
Dy 8.55 162.50 940.0000 2 0.000018 

Total aacroscopic cross section = upper 0.017875 
lover 0.014904 

Neutron Flux (n/sq ci/yr) = 2925 •/-174 
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TABLE 7.3 MEASURED THERMAL NEUTRON FLUX 

Depth (•) Detector Sensitivity (cps/nv) 

17 104 

Detector type Counts (n/ain) 

Heliua 0.6147 •/-.0624 

Microscopic Macroscopic 
Atoaic Absorption Eleaent Absorption 

Eleaent Density •eight Cross Section content Cross Section 
(g/cc) (g/aole) (Bams) (ppa) (1/ca) 

Li 0.53 6.90 70.7000 8 0.000131 
B 2.53 10.80 760.0000 1.4 0.000157 
0 1.14 16.00 0.0001 398666 0.000664 
Ha 0.97 23.00 0.5300 74 0.000003 
Kg 1.74 24.30 0.0600 2618 0.000010 
hi 2.7 27.60 0.2300 4446 0.000060 
Si 2.42 28.10 0.1600 196666 0.001727 
CI 1.507 35.50 32.7000 < 126 0.000176 
K 0.86 39.10 2.1500 6042 0.066530 
Ca 1.55 40.10 0.4300 143500 0.002456 
Ti 4.5 47.90 6.1006 88 0.000018 
Cr 6.92 52.00 3.1606 < 70 0.000007 
Hn 7.42 54.90 13.2000 2265 0.000869 
Fe 7.86 55.80 2.6000 271000 0.020154 
Co 8.71 58.90 37.0006 0 0.006666 
Hi 8.75 58.70 4.4660 0 0.000666 
Cu 8.92 63.50 3.7066 194 6.000018 
Cd 8.37 112.40 2450.0000 3.55 0.000124 
In 7.28 114.80 194.0000 27.85 0.000075 
Sb 7.52 150.40 5966.6600 0.41 0.000026 
Eu 5.243 152.00 4500.0000 0.17 0.000068 
Gd 7.9 157.30 49006.8660 0.7 0.000348 
Dy 8.55 162.50 946.0000 < 0.3 0.006663 

Total aacroscopic cross section = upper 0.026904 
lover 0.026718 

Heutron Flux (n/sq cii/yr) = 3109 +/-194 



TABLE 7.4 

Depth (•) 

MEASURED THERMAL NEUTRON FLUX 

5 

Detector type Counts (n/ain) Detector Sensitivity (cps/nv) 

BF3 0.8373 •/-.0S56 75 
He3 1.0876 +/-.0671 104 

Microscopic Macroscopic 
Atoaic Absorption Eleaent Absorption 

Eleaent Density weight Cross Section content Cross Section 
(g/cc) (g/aole) (Barns) (ppa) (1/ca) 

Li 0.53 
B 2.53 
0 1.14 
Ha 0.97 
Mg 1.74 
A1 2.70 
Si 2.42 
CI 1.51 
K 0.86 
Ca 1.55 
Ti 4.50 
Cr 6.92 
Mn 7.42 
Fe 7.86 
Co 8.71 
Hi 8.75 
Cu 8.92 
Cd 8.37 
In 7.28 
Sa 7.52 
Eu 5.24 
Gd 7.90 
Dy 8.55 

6.90 70.7000 
10.80 760.0000 
16.00 0.0001 
23.00 0.5300 
24.30 0.0600 
27.00 0.2300 
28.10 0.1600 
35.50 32.7000 < 
39.10 2.1500 
40.10 0.4300 
47.90 6.1660 
52.00 3.1000 < 
54.90 13.2000 
55.80 2.6000 
56.90 37.0000 
58.70 4.4000 
63.50 3.7000 
112.40 2450.0000 
114.80 194:0000 
150.40 5900.0000 
152.00 4500.0000 < 
157.30 49000.0000 < 
162.50 940.0000 < 

38 0.000621 
9.6 0.001078 

363000 0.000004 
7050 0.000259 
16050 0.000063 
9310 0.000127 

165000 0.001500 
820 0.001206 
51 0.000004 

100500 0.001720 
101 0.000021 
70 0.000007 

59300 0.022757 
216000 0.016064 

0 0.000000 
0 0.000000 

23100 0.002148 
58 0.002018 

24.8 0.000067 
0.27 0.000017 
0.08 0.000004 
0.5 0.080249 
1.6 0.000015 

Total aacroscopic cross section = upper 0.049947 
lover 0.048468 

Detector type 

leutron Flux (n/sq ca/yr) = 

BF3 

5872 */-326 

He3 

5500 •/-369 



TABLE 7.5 MEASURED THERMAL NEUTRON FLUX 

Depth (•) Detector Sensitivity (cps/nv) 

2 75 

Detector type Counts (n/iin) 

BF3 1.1313 •/-.1181 

Microscopic Macroscopic 
Atonic Absorption Eleaent Absorption 

Eleaent Density weight Cross Section content Cross Section 
(g/cc) (g/aole) (Barns) (ppa) (1/ca) 

Li 0.53 6.90 70.7000 43 0.000703 
B 2.53 10.80 760.0000 1.3 0.000146 
0 1.14 16.00 0.0001 472000 0.000005 
Ha 0.97 23.00 0.5300 1480 0.000054 
Hg 1.74 24.30 0.0600 9243 0.000036 
A1 2.7 27.00 0.2300 6030 0.000082 
Si 2.42 28.10 0.1600 329000 0.002990 
CI 1.507 35.50 32.7000 < 500 0.000735 
K 0.86 39.10 2.1500 113 0.000010 
Ca 1.55 40.10 0.4300 52700 0.000902 
Ti 4.5 47.90 6.1000 185 0.000038 
Cr 6.92 52.00 3.1000 140 0.000013 
Nn 7.42 54.90 13.2000 8330 0.003197 
Fe 7.86 55.80 2.6000 95600 0.007110 
Co 8.71 58.98 37.0000 0 0.000000 
Hi 8.75 58.70 4.4060 0 0.000000 
Cu 8.92 63.50 3.7060 4970 0.000462 
Cd 8.37 112.40 2450.0000 27.5 0.000957 
In 7.28 114.80 194.0000 18.3 0.000049 
Sa 7.52 150.40 5900.0000 0.34 0.000021 
Eu 5.243 152.00 4500.0000 8 0.000378 
Gd 7.9 157.30 49000.0000 < 0.5 0.000249 
Dy 8.55 162.50 940.0000 < 1 0.000009 

Total aacroscopic cross section - upper 0.018147 
lover 0.017154 

Neutron Flux (n/sq ca/yr) = 7934 •/-
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TABLE 7.6 THEORETICAL NEUTRON FLUX FROM (a,n) REACTIONS 
AND SPONTANEOUS FISSION OF U AND TH. 

Depth(•): 44 

Target I Bass SP I Heutron Yield I Eleaent I Height I Rate of n prod. I 
eleaent I HeV/ ln/grai i/yr per I content I factor In/g rock/yr per I 

i I /g/cc I ppa U I ppi Th I (ppi) I I pp« 0 I ppa Th I 

0 609 ' 0.236 0.079 493000 300.24 71 24 
F 531 31.6 12.5 0 0.00 0 0 
Ha 503 12.5 5.75 965 0.49 6 3 
Hg 520 5.52 2.33 9645 5.02 28 12 
A1 493 4.68 2.39 25700 12.67 62 30 
Si 501 0.681 0.32 186000 93.19 63 30 
K 455 0.366 0.087 10200 4.64 2 0 

TOTAL 725510 416 232 99 

Heutron yield = 0.556 n/g rock/yr/ppi U 
0.237 n/g rock/yr/ppa Th 

ppa U = 2.3 M238 = 1.83E+16 atoas 0 & Th (per graa rock) 
ppa Th = 4.8 Pn = 2.42 n/g/yr 

Macroscopic cross section = 0.91551 1/ca (upper liait) 
0.01535 1/ca (loier liait) 

Average nuaber of neutrons eaitted during spontaneous fission of 
U = 2.2 (SF) 
Spontaneous fission of 
U = 0.0056 (n/g/s) 

Heutron flux due to Haxiaua 1 Hiniaua 1 
spontaneuos fission = 156 1 154 1 

Heutron flux 1 Haxiaua 1 Hiniaua 1 
due to (a,n) 1 421 1 416 1 

Total flux 1 Haxiaua 1 Hiniaua 1 
(n/ca/yr) 1 576 1 570 1 



TABLE 7.7 THEORETICAL NEUTRON FLUX FROM (a,n) REACTIONS 
AND SPONTANEOUS FISSION OF U AND TH. 

Depth(•): 30 

Target I Hass SP I Heutron Yield I Eleient I Height I Bate of n prod. I 
eleaent I HeV/ In/grai i/yr per I content I factor In/g rock/yr per I 

1 I /g/cc I ppi 0 I pp« Th I (ppi) I I ppa U I ppa Th I 

0 609 0.562 0.231 496000 302.06 170 70 
F 531 57.7 23.3 0 6.00 0 0 
Ha 503 16 8.42 1500 0.75 14 6 
Hg 520 7.3 3.1 24800 12.90 94 40 
A1 493 6.84 3.35 35900 17.70 121 59 
Si 501 0.523 0.246 327000 163.83 86 40 
K 455 0.706 0.416 11250 5.12 4 2 

TOTAL 896450 

C
M

 in 488 218 

Heutron yield = 0.971 n/g rock/yr/ppa 0 
0.434 n/g rock/yr/ppa Th 

ppa U = 3.1 H238 = 2.11E+16 atoas U £ Th (per graa rock) 
ppa Th = 5.1 Pn = 5.22 n/g/yr 

Macroscopic cross section - 0.01768 1/ca (upper liait) 
0.01490 1/ca (lover liait) 

Average nuaber of neutrons eaitted during spontaneous fission of 
U = 2.2 (SF) 
Spontaneous fission of 
U = 0.0056 (SF/g/s) 

Heutron flux due to Haxiaua 1 Hiniaua t 
spontaneous fission - 216 1 180 1 

Heutron flux 1 Haxiaua 1 Hiniaua 1 
due to (a,n) 1 935 1 780 1 

Total flux 1 Haxiaua 1 Hiniaua I 
(n/ca/yr) 1 1151 1 960 1 
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TABLE 7.8 THEORETICAL NEUTRON FLUX FROM (a,n) REACTIONS 
AND SPONTANEOUS FISSION OF U AND TH. 

Depth(a): 17 

Target I Mass SP I Reutron Yield I Eleaent I Height I Rate of n prod. I 
eleaent I HeV/ In/graa i/yr per I content I factor In/g rock/yr per I 

i I /g/cc I ppi 0 I ppa Th t (ppa) I I ppa 0 I ppa Th I 

0 609 0.562 0.231 398000 242.38 136 56 
F 531 57.7 23.3 0 0.00 0 0 
Ha 503 18 8.42 74 0.04 1 0 
Kg 520 7.3 3.1 2618 1.36 10 4 
A1 493 6.84 3.35 4440 2.19 15 7 
Si 501 0.523 0.246 190000 95.19 50 23 
K 455 6.706 0.416 6042 2.75 2 1 

TOTAL 601174 344 214 92 

Reutron yield = 0.621 n/g rock/yr/ppa U 
0.269 n/g rock/yr/ppa Th 

ppa U = 4.4 H238 = 1.17E+16 atoas 0 & Th (per graa rock) 
ppa Th = 0.2 Pn = 2.785592 n/g/yr 

Macroscopic cross section = 0.02690 1/ca (upper liait) 
0.02672 1/ca (lower liait) 

Average nuaber of neutrons eaitted during spontaneous fission of 
U = 2.2 (SF) 
Spontaneous fissionof 
U = 0.0056 (SF/g/s) 

Reutron flux due to Haxiaua i Hiniaua 1 
spontaneous fission = 171 1 170 1 

Neutron flux 1 Haxiaua 1 Hiniaua 1 
due to (a,n) 1 278 1 276 1 

Total flux 1 Haxiaua 1 Hiniaua 1 
(n/ca/yr) 1 449 1 446 1 
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TABLE 7.9 THEORETICAL NEUTRON FLUX FROM (a,n) REACTIONS 
AND SPONTANEOUS FISSION OF U AND TH. 

Depth(•): 5 

Target I Mass SP I Neutron Yield I Eleaent I Weight I Kate of n prod. I 
eleaent I HeV/ In/grai i/yr per I content I factor In/g rock/yr per I 

i I /g/cc I ppa U I ppi Ih I (ppa) I I ppa U I ppa Th I 

0 609 0.562 0.231 363000 221.07 124 51 
F 531 57.7 23.3 0 0.00 0 0 
Ha 503 ie 8.42 7050 3.55 64 30 
Hg 520 7.3 3.1 16050 8.35 61 26 
A1 493 6.64 3.35 9310 4.59 31 15 
Si 501 0.523 0.246 165000 82.67 43 20 
I 455 0.706 0.416 51 6.02 0 0 

TOTAL 560461 329 324 143 

Neutron yield = 1.611 n/g rock/yr/ppa U 
0.445 n/g rock/yr/ppn Th 

ppa U = 23.3 N238 = 6.00E+16 atoas U & Th (per graa rock) 
ppa Th = 0.4 Pn = 23.72565 n/g/yr 

Macroscopic cross section = 0.04995 1/ca (upper liait) 
0.04847 1/ca (lover liait) 

Average nuaber of neutrons eaitted during spontaneous fission of 
Q = 2.2 (SF) 
Spontaneous fission of 
U = 0.0056 (SF/g/s) 

Neutron flux due to Haxiaua 1 Hiniaua 1 
spontaneous fission = 499 1 484 1 

Neutron flux 1 Haxiaua 1 Hiniaua 1 
due to (a,n) 1 1307 1 1268 1 

Total flux 1 Haxiaua 1 Hiniaua 1 
(n/ca/yr) 1 1806 1 1753 1 
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TABLE 7.10 THEORETICAL NEUTRON FLUX FROM Ca,n) REACTIONS 
AND SPONTANEOUS FISSION OF U AND TH. 

Depth(a): 2 

Target I Haas SP I Heutron field I Eleient I Height I Rate of o prod. I 
eleaent I HeV/ In/graa i/yr per I content I factor In/g rock/yr per I 

i I /g/cc I ppi D I ppi Th I (ppa) I I ppa 0 I ppi Th I 

0 609 0.562 0.231 472000 287.45 162 66 
F 531 57.7 23.3 0 0.00 0 0 
Ma 503 18 8.42 1480 0.74 13 6 
Kg 520 

C
O

 

3.1 9243 4.81 35 15 
A1 493 6.84 3.35 6030 2.97 20 10 
Si 501 0.523 0.246 329000 164.83 86 41 
I 455 0.706 0.416 113 0.05 0 0 

TOTAL 817866 461 317 138 

Heutron yield = 0.687 n/g rock/yr/ppa U 
8.300 n/g rock/yr/ppa Th 

ppa U = 15.6 N238 = 4.08E+16 atois U £ Th (per graa rock) 
ppa Th = 0.3 Pn = 11 n/g/yr 

Macroscopic cross section = 0.01815 1/ca (upper liait) 
0.01715 1/ca (lover liait) 

Average nuaber of neutrons eaitted during spontaneous fission of 
U = 2.2 (SF) 
Spontaneous fission of 
U = 0.0056 (SF/g/s) 

Heutron flux due to Haxiaua 1 Hiniaua 1 
spontaneous fission - 956 1 904 1 

Heutron flux 1 Haxiaua 1 Hiniaua 1 
due to ( ,n) 1 1704 1 1610 1 

Total flux 1 Haxiaua 1 Hiniaua 1 
(n/ca/yr) 1 2660 1 2514 1 



8. CONCLUSIONS 

Absolute measurements of thermal neutrons are 

possible, although the overall accuracy of the measurements 

is only to within several percent under ideal conditions. 

One of the most important factors affecting the measurements 

is noise introduced by the detection system. This noise is 

virtually impossible to filter out, therefore it is 

essential to determine beforehand if the counting system is 

a source of noise. This was discussed in the section on 

analytic procedures. 

Statistics plays a very important role in thermal 

neutron detection. It is used extensively to determine if 

the detection system is performing properly and to help 

ascribe limits to the accuracy of the data. It should also 

be used to ascribe limits to the chemical analysis performed 

on the geological samples. This implies that enough analyses 

be conducted on each sample to give a statistical certainty 

to the elemental composition. 

The theoretical flux is dependent on the accuracy of 

the chemical analysis of the samples. A significant 

variation from the true chemical composition will introduce 

a correspondingly significant variation in either the 

macroscopic cross section of the rock, or the theoretical 

production rate of neutrons or both. A single analysis for 

50 
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each site does not provide sufficient accuracy. 

Below the influence from the cosmic ray shower the 

theoretical flux was less than the measured flux by as much 

as a factor of three. The result of using only theoretical 

data to determine the thermal neutron flux will, under most 

curcumstances lead to an error in the age dating of water. 

If the measured flux is significantly different than the 

theoretical flux the age difference could be significant. 
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EXAMPLES 
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CALCULATION OF SENSITIVITY 
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The sensitivity is calculated by finding the average 

of a set of numbers where each number in the set is the 

ratio of two numbers, each number has an associated standard 

deviation. Three ratios were used to determine the 

sensitivity of the ^He detector relative to the BF3 

detector. The example used for the ratio calculation is 

from a depth of 5 meters; 

X JHe 

Y BF3 [1.08761 + 

0.8373J 
^ratio 

which becomes 

1.299 + Qratio 

where 1.0876 and 0.8373 are the count rates per minute and 

0.0671 and 0.0556 are the standard deviation per minute for 

the helium and boron detectors respectively. The equation 

for the aratio is 

He To.0671 0.05561 
O = * I + 1 = + ( 0 . 0 0 8 2 )  

BF3 LI .0876 0.8373J 

the final <7ratio becomes 

1 . 0 8 7 6  
a . • „ = * 0.0906 = + 0.117 
ratio „ „ _ _ 

0.8373 
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which is 

ffratio = 1*299 * °-°9°6 = + 0.117 

The final result for the ratio of two numbers is 

He3 

= 1 .299 ± 0.1 17 
BF3 

The average of a sum of ratios, where each entry in 

the sum ha3 a unique standard deviation is 

o? + o\ + af 

where R^, R2 and R3 are the ratios for the two detectors at 

each site and C-j, O2 and 0-$ are the corresponding standard 

deviations. The average of the standard deviations or the 

error in the average of the sum of ratios is 
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+ 

- 1 1 1 

0? + 
+ 

*1 

This error analysis was used to determine the error in the 

average of the sum of three separate neutron count rates 

(R1f 
and r3^« The sensitivity of the helium detector 

relative to the boron detector was then calculated using 

this average. The sensitivity of the helium detector is the 

average of the sum of the helium to boron ratios times the 

sensitivity of the boron detector. 

1.299 1.528 1.388 

0.1172 0.0 5 82 0.0062 

1 1 1 

0.1172 0.0582 0.0062 

the error is 

1 

1 1 1 * 

0.1 172 0.0582 0.0062 

and the combined result becomes 

3He 
= 1.387 + 0.00575. 

BF o 
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The sensitivity of the helium detector relative to the boron 

detector is 

He 
— * S , 
BF3 

(1.387 + 0.00575) * 75 = 104.025 + 0.431 

cps/nv. 

Summary of data used in calculation of helium 

detector sensitivity is listed in table A. 

Detector location 

Table A. 

Count Rates 

Detectortype Countrate Cn/min) 

8296.1 + 22.9 

5976.5 + 18.7 

41.74 + 0.58 

27.31 + 0.97 

1.0876 + 0.0671 

0.8373 + 0.0556 

Reactor Lab U of A Helium 

Reactor Lab U of A Boron 

Surface San Xavier Helium 

Surface San Xavier • Boron 

San Xavier 5 meters Helium 

San Xavier 5 meters Boron 

Ratio of Helium to Boron Count Rates 

Location Ratio 

Reactor Lab 1.388 + 0.006 

Surface San Xavier 1.528 + 0.058 

San Xavier 5 meters 1.299 + 0.117 



57 

RAW DATA 

Counts (n/min) 
Depth (m) Detector Litho 1ogy(shie1ded) (unshielded) 

n He 117/780 288/140 
30 He 111/580 186/210 
17 He 62/360 181/230 
5 He 93/̂ 90 396/310 
5 BF 157/1110 323/330 
2 Bf 105/̂ 80 135/100 

Surface He 979/260 6371/110 
Surface BF 293/30 2221/60 
Reactor He 15781/20 135171/15 
Reactor Bf 18053/30 131565/20 

The data in the above table are the total number of 

reliable counts taken at each site. The counts and times are 

the sum of fewer counts taken over shorter counting 

intervals. The shorter counting periods were used to 

determine the validity of the data. 
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SAHPLE COLLECTION AND PREPARATION 

The sample collection at each site consisted of 

collecting approximately 10 kilograms of material from the 

floor, walls and back of the drift. The collection areas 

were in an area perpendicular to the axis of the detector. 

Every effort was made to collect a uniform representative 

sample for each site. At some sites this was easier due to a 

more homogeneous rock. The sample for each site was from a 

very small area compared to the area that was a source of 

the thermal neutrons detected by the detector. 

The samples where crushed and then ground to minus 

100 size. The samples where split using a standard sample 

splitter. A portion of each sample was sent to the lab to be 

analysed. 



59 

SAMPLE ANALYSIS 

Each sample was analysed for the 23 elements in 

tables 7.1 - 7.4 by X-RAY Assay Laboratories Limited 

located in Toronto, Canada. The method of analysis used was 

neutron activation, and atomic absorption. 

Several of the elemental contents seemed to be in 

error, so these elements along with a few more were sent to 

the analytical center at the University of Arizona for a 

second analysis. There was a large discrepancy between the 

reported indium values from the two sources. The indium 

content that was reported by the analytical center was the 

value used in this paper. The other values were averaged 

together with the analysis from XRAL. The analysis result 

from the analitical center is 



ANALYSIS FROM ANALYTICAL CENTER 

Sample depth (m) Element content (ppm) 

44 Mg 2,391 
44 Ti 3.780 
44 Ca 111,000 
44 Cu 116 
44 Fe 57,000 
44 Mn 2,000 
44 K 7,700 
44 Cd 14 
44 In 28 
30 Ti 1,330 
30 Ca 26,000 
30 Cu 1,530 
30 Fe 145,000 
30 Mn 26,00 
30 K 12,000 
30 Cd 13 
30 In 15 
17 Mg 2,161 
17 Ti 116 
17 Ca 80,000 
17 Cu 194 
17 Fe 360,000 
17 Mn 1,900 
17 K 6 
17 Cd 6 
17 In 28 
5 Mg 12,000 
5 Ti 83 
5 Ca 83,000 
5 Cu 23,100 
5 Fe 301,000 
5 Mn 98,000 
5 K 18 
5 Cd 70 

' 5 In 17 
2 Mg 8,386 
2 Ti 189 
2 Ca 40,000 
2 Cu 4,970 
2 Fe 129,000 
2 Mn 7,600 
2 K 60 
2 Cd 36 
2 In 20 
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MEASUREMENT LOCATIONS 

The location at 14 meters depth was ten meters 

northeast of the center of the shaft station. The rock type 

consists of brecciated fault gouge. The thirty meter 

measurement location was 12 meters north-northwest of the 

center of the shaft. Rock type is primarily a garnotite. The 

17 meters depth location was on the adit level at the 

southwest end adjacent to the large fault zone. The lithology 

is garnotite. The five meter site was opposite the instrument 

and vent room. Lithology is a brown hornfel with pockets of 

garnotite. Tne two meter location was 2 meters north of the 

adit level, at the top of the corkscrew raise. The lithology 

is limestone in contact with a hornfel. 
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