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ABSTRACT 

The ·influence of elements other than hydrogen on 

neutron-moderation moisture gauges using a ·Ra-Be neutron source is 

examined. A point source ·iri a spherical cavity is used as a ·moqel of 
. . 

the gauge. Formulas are given to compute the change in gauge response 

caused by a change in composition using both two- group theory and 

age-diffusion theory.. Moisture gauge response in coal is found to be 

significantly affected bythe carbon density because of significant 

changes in the fast netltron transport cross section. The constants re

qui:red Ior the calculations are tabulated for "Al, B, C, Ca, Cl, Fe, H, 

K •.. N. Na,. 0, Si, and H
2

0 so that gauge response or parameters such 

as the·Fermi age can be calculated for "other media an9 other· applications. 
. . 

The terminology and theory of neutron moderation is briefly reviewed. 

Thermal neutron flux equations are given for several geometries in

cluding a point source in a spherical cavity which is gray to both fast 

and slow neutrons. 
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1. INTRODUCTION 

The mode·ratiof! (slowing down) of fast neutrons is the basic 

phenomena utilized i·n the:·moisture measuring instr~inents discussed 

here. The slowing down is accomplished by collisiohs between the neu-
. ; . . . ·. 

trans and atoms in th.e medium. A fast neutron loses part of its energy 

. and changes direction each time it coUides with an atom of the medium 
. . 

until the average neutron energy:is the same as·the average ·atom en~rgy 

(thermal energy). The neutron will then continue to be scattered with 

-·~a change in energy (diffuse) unti~ .it is absorbed.· T~is pr.oces~ is s~n

.sitive to the presence wate.~ bec.ause of the hydrogen in water. A neutron 

colliding with' a light ato·ri~ ~---hydrogen in particular- -loses much more. of 
, .. , .. . : . 

· its energy :tha_n in a collision with a heavy atom. The water thus greatly 

reduces the number of collisions required to reach thermal energy and 

·as a result., the neutron reaches thermal energy ,rei,atively close to the 

source .. df fast. neutrons. The density of the.·r~al.neutrons produ~ed around 

: .. the sou.fce is used as a measure of moi'sture.co~tent. It should be noted 
.... ' ;;. . .. ' .~ ... 

>hat any phen~mena which infl~ences·_tl~e ~:lensity of thermal ~eufrons in 

. the vicihity oi the source will infl'ue_n~e the response of the moisture probe. 

These gauges do ;not measure water, as such, but respond ... 

to the hydrog~n in the wat~r and any other hydrogen in the medium . 

. Coal for e~a~ple is difffcult to work with because of the potentially high 

. concentrations of bound hydrogen which the gauge cannot distinguish 

from hydrogen: in water .. The· water .content.musLbe .infer.red -fro-m da:ta 
··1· 

on the total hydrogen density and the bulk density. Figure 1 shows this . . ~ . . . . - - ' 

problem graphically. The variation of hydrogen density with bulk density 

is shown for pur~ water and a· medium with 5 w/o {weight percent) 

hydrogen. Basically the problem is to determine some point in between 
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the line dr·awn fo·r the dry medium and the line for pu·re water. (For a 

non-hydrogenous medium such as sand, the line for the dry medium would 

be horizontal.) As the bound hydrogen content of the medium· increases, 

the line for the dry medium approaches the line for pure water. The 

two lines are sup~rimposed for a ·medium with a hydrogen content the 

same as i:rt vv;ate.r, ( 11 w/ o); ,. In such·. a situation~ . moisture ·determ-inationt · 

by ·this method is inherently impossible since the medium behe~.ves the 

same as water. Intermediate cases become progressively more 

difficult as this indeterminant situation is approached, particularly 

since the lines of constant moisture content have a finite width such as 

illustrated on the figure. 

In general, the thermal neutron density is determined by 

three factors: ( 1) the distance traveled by the neutron during the slowing 

down process, (2) the distance traveled during the diffusion process, 

and (3) the geometrical arrang~ment of source, detector and medium. 

These factors are discussed briefiy in the following paragraphs. 

The __ slowing down length is of course strongly affected by 

the hydrogen c._oncentration becaus~ of its moderating ability. Non

hydrogen elernents can al!:>o influence th_is length merely because they 

scatter the neutron even if no moderation takes place.- There are several 

theories available for calculating· the slowing down length but in all of· 

these, terms such as (s ~ ) (~ ) appear. s = average logarithmic 
. s tr 

energy decrement, ~ and~ are macroscopic scattering and trans-
s tr 

port cross sections. (See Section 6 for definitions of these terms.) The 

s ~ term measures the moderating properties of the medium and ~ · 
s tr 

m_easures the scatte.ring properties. The moisture concentration is 

the dominant quantity which affects the s ~ term because of the large 
s 

s value for hydrog·en. ·This is not true for the~ term, however. 
tr 

3 



Carbo.n in coal and ·s-ilicon ·in soil.contribute a large· part of the total 

·2;.t. value. · As a result, .the probe response can be influenced by com-r . 

pos;ition a;nd density changes.· Particularly in a ·m·ediurn ~uch.a~· cual 

with a .high concentration ofc·arbon,. the neutron i·s scattered ·many. 

times: by·the carbon nuclei and this significantly affects the number of 

slow neutron$-a.round the: gauge .. In such- situations, one cannot look 

only a:t the hydrogen content but. must also· look at the non-hydrogen. 

elements as well. in order to ·.under·stand the. vari~tions. in gauge response .. 

The 'following very relevant quotations f~om Ref. 1 and 2 

point· out the significance of non-hydrogen elements·:. in the presence of 

hydrogen - on ne1,1tron mean. free paths: 

F'rom ·Ref. ·1: · 

Furfura~ (C
5

H 4 0
2

, ~ensity :· .16 gm/cm
3

) i~·e,ffeRt 
' 3 . . . 3 

contains 0. 435 gm/cm of ":wa~er" an.d 0. ??? gm/cm. of 

carbon~- Dilution of water to this density without.addition . . ; . . . . .. 

of other atoms would lead to mean square distances 

· · s·: 3 ( =(1/0·~·435) 2)· tim-es as la.rg·e as \ho~efo.r wate.r.' Since 

the'value·s; of'7·:tor: fu~'fJ~al 'shovln in 'i:'abl~ 1 are only ... 

;about '3 'times 'as l~rge as 'thos'e .£6'r witer',. it• i~ --a.pp~~ent

·that thro:ugh thel:~·sc'atter.ing pr~pe~ties,' th~ ·~·~rbori.··· 

· at~ms ri:!duc·e th~ mean square distance conside.rabiy.' 

From Ref. 2: 

Of greater interest are ·the age·s of monoenergetic 

n,eutron!;l in hydrogen of water density; shown in T-able 9 

and -~ig. • 8. · Tl:lese values ar.•e consjderably higher'than 

. the·qnr·esponding ages ·in H
2
0. For example, the age 

2 
of 2 -Mev. neutrons in ·water i's .Z.4. 6 em . ; while in hydrogen 

4 
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... \. 

water is quite ~ffecti~e '·in· ~edu~ihg the ·age, which at 

first might be tlio.ught s~rprising con~ider'i'ng. h~w hea:v-y. 

. the oxygen nucleus is. BJt suppose that the oxyg~n· i'n' 

water were r·eplaced by a fictitious hydrogen similar 

in all respects to r.eal hydrogen·except that its cross··.··· 

section at 2 Mev is ·1. 6 barns (:the same as··that for 

oxygen) rather than 2. 9 barns. Since the. energy, de-·. · 

pendence of o::T for_the fictitious .hydrogen ha.s the . 

same shape as that for real hydrogen, the change· 

in cross section me.rely has the effect of reducing 

the density of the added hydrogen to a value 1. .6/2; 9 

o.f what it woul.d·.be fo.r actual hydrogen. The. '!hydro·-

genated'·' water is thus equivalent to·.pure .. hydro.gen of 

a density .. f.. 30 times g-reater ·than that of .hydrogen-.. 

in actual wate-r .. : Hepc·e, ·the age for a· 2-'-Mev neutron 
. -· . 

in such .a _medium: is. ·40. 8/(-1. 30) 
2 

::;:- 24.; 0 -em 
2 

..:. prac ,.. .. 

tic ally the·.·same·as.for water. It therefore appears· 

that the oxygen -in. water is. as ,effective in. slowing 

·down as.hydrogen·bf the same total cros-s-. sect~on~ 

. . In truth, of co.urse, the age is· determined 

not only by the. slowing-down kerne-l of the .collisions 

but also .by the properties of .the- angular. distributions. 

Hyc;J.rogen ·is the most effici~nt nucleus for slowing· 

down,·.but the _scattering .is .. all in the forward hemi

spher_e .. -. Oxygen i1>- :ve.ry poor in slowing· down -· w.itn·ess 

the huge ages· in··pu.re oxygen. But it scatters nearly 

isotropically and its.·,"function"· in.water is to-assist 

5 



in keeping the neutrons in the vicinity of the scmrce 

until enough collisions with hydr~gen have taken the 

neutrons down ~o low. energies. In synergistic action 
. : 

·With hydrogen, the oxygen is thus as effective as hydrogen. . - . . . 

That it is the scattering .properties <;>f oxygen 

which are important and not the slowing-down behavior 

may be seen from some results on carbon and C 4H
7 

presented below .. Carbon is, of course, a significantly 

better slowing-down material than oxygen. For example, 

it may be inferred from Tables 8. and 13 that for 2-Mev 

neutrons the age in carbon is only 60o/o of the age in 

oxygen having the same atomic density. ·At this energy' 

the cross section for carbon has about the same value 

·as for oxygen, and increases even more rapidly with 

decreasing energy .. Yet from Table.15 it is seen that 

the age for 2;0-Mev neutrons in C.
4

H
7
,.24.0 cm

2
, is· 

identical with the age in- H
2

0 when. the atomic densities 

are adjusted. Thus, when heavy materials- of ~om- · 

parable cross section and atomic density are .mixed 

with hydrogen they will have equal effects on:the age . 

. ... ~ :calculations, were also made fo·r the slowing

do'-"n age at.1. 44 ev for.monoene:r.get:ic. neutrons in 

oil of approximate composition C 
4

H
7

. . ... It will be 

noted frqm Table 15 tha:t the ages in oil are nearly the 

same as in light water for source energies less than 3. Mev. 

This is not surprising since ·the densities for.hydrogen 

and carbon in oil are practically the same as. for 

hydrogen and oxygen, respectively, in·water and the· 



carbon and oxygen cross sections are not greatly dis-:

similar between the narrow resonances. ·As discussed 

above, it appears that in mixtures of hydrogen with a 
. . 

heavy nuclide the heavy partner .produces negligible 

slowing down by itself, but through its isotropic 

scattering events serves to keep the neutron in the 

vicinity of the source. This is not to say that the 

effect of the heavy nucleus on. the age is small; in

deed, the heavy component produces as much change 

in the ·age as would additional hydrogen having the 

same macroscopic cross section at the s.ource energy. 

But this effect is produced through scatt~ring and not 

from slowing ·dawn • 

. . . . The slowing--down fission age fdr diph~:myl 

was .computed both with and without anisotropy in carbon 
. . . 2 

scattering, the resuits being 46. 39 .t 0. 5 c;m and 
. . 2 . . 

45. 53 + O, 5 em ; respectively. . ..•. Since the carbon 

atomic density in diphenyi is larger than the hydrogen 

density, it :rrtight be expected that the previous comments 

·on the role of a heavy material in a hydrogen mixture 

do not apply here. It is therefore no~eworthy that the 

carbon nucleus still remains almost as effective as 

hydrogen, barn for barn, in reducing the age. · With 

a 2-Mev source, the age in diphenyl is equal to that 

obtained by replacing the carbon with hydrogen having 

a macroscopic cross section equal to about 90% of the 

carbon cross section at 2 Mev. Of course, as the 

hydrogen content is further reduced, the eff.ectiveness 



of the carbon decreases. But it appear.s that the 

hydrogen atomic density would have to be reduced 
. . 

below 5 to ~0% before hydrogen would cease to be 

the prime s~owing-dow.n agent. 

The,diffusion length depends on the scattering a;nd a?sorp

tion characteristics_ of the medium.at therma.l_ energies ... Hydrogen 

normally is the primary factor in ·determiningthe~se characteristics. 

However, the contribution .of the non-hydrogen elements is· usually not 

so small as to be completely negligible at typical moi~~ure contents 

either in coai or soil. 

The effects of geometry can only be partly evaluated on the 

basis of simplified ideal models. The evidence indicates that the geo

metry is signif~cant: in determining the shape of the calibration curve 

and the sensitivity to neutron a_bsorbers. 

Rep<:>rts on this type of moisture pfobe have been largely 

empirical ~orrelatiohs oi ·moisture cont:e'nt versus· pro-be :r:esponse. There 

is no doubt that the probe -response will change' with v/ater content, but 

the influence ·of the faCto'rs :m~ntioned above·has not been analyzed. Such 

factors- can ·alter the calibration curve and lead to ·erroneous 'moisture 

predictions, if ignored. · The existence of conflicting calibration curves 

for moisture in coal·was initially the.impetus for this.inv·estigation. 

It was ~elt that the contribution of non-hydrogen elements 

must be evaluated before this technique can be applied with accuracy to 

different materials or different densities without repeating extensive 

calibration data. ·Information on the allowable variations in the density 

and composition of the. water bearing medium should be ayailable to 
• • • ? 

guide future_ applications of this type of moisture measuring device. 
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Of the several ways to improve the accuracy of thes.e gauges, 
' . 

we have concentrated on understanding the influence of the non-hydrogen 
. . . .·, . . •· r . .· ~ ·. 

elements on the response. Although improvements in the determination 

of bound hydrogen content and m·oisture content are essential in order to: 

accurately calibrate the gauge in difficult situations with large amounts 

of bound.hydrogen, the additional ipformation supplied by even a ro1,1gh 

chemical analysis can be us~tul and is ess'ential-to!an U"nderstanding'of 

gauge ope ration. 

With a knowledge of how various elements can influence the 

response, one tan assess.the possible. influence of changes in chemical 

composition and density of the dry medium. Also, if a calibration curve 

is evaluated for one medium, a correction factor to give.a calibration 

curve for another different medium can be obtained from the known dif-

ferences in composition rather than by a redetermination-of the cali?ration 

:curve. Possibly the correction will be negligible,. but-when there is 

much spre~d in the_ calibration data, this appro.ach,is easier than the 

preparation of a large numbe;r .. of c;:alibratio.n st;;mdard~ which would .be 

required to firmly establish the sam~ information on an empi;r:ical ba'sis. 

Data taken a:t ra,ndorri ·values of moisture and dry density can be adjust~d-. 

to give the response at constant dry density o;r if field measurements 

are taken und'er conditions which do·not match the calibration conditions, 

the significance of the differences can be evaluated without recourse to 

extensive recalibration. 

2. COMPOSITION 

2. 1 Composition of coal 

The primary elements in coal are carbon,, .~ydro.gen, ~1}~ 

oxygen. Varying amounts o{ other elements are always present and are 

discussed below. The exact chemical composition of coal naturally depends 

on the source and will even vary for samples takem frorri the same 
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. 3 
source. K1rner refers to data on the deviations of carbon, hydrogen, 

and nitrogen content of coals even taken from the same ~earn and shaft. 

The deviations are listed in Table 1. 

Table 1 

Deviations in carbon, hydrogen, and nitrogen cont.ent of coals t.aken from 
same seam and. shaft e,rpressed as. percenta.ges of the to~al amount of 
each element present. . 

Carbon Hydrugen NiLruge11 

Minimum 0. 5o/o 7. Oo/o 21. O% 
Maximum 6.0 24. 0 60.0 
Average 3.7 13.0 40 .. 5 

An approximate representation of the rriajor elements in 

coal is given in Fig. 2 which .is taken from Ref. 5. The shaded region 

represents the approximate limits found from many ultimate analyses 

(dry basis) for carbon, hydrogen, and oxygen on a triaxial diagram. 

Carbon+ hydrogen+ oxygen equals 100 percent. As seen in Fig. 2, 

anthracite coal has the smallest' bound hydrogen content. The v.olatile 

matter in anthracite is usually less than 8% whereas bituminous coe:d may 

contain 25 - 30%. . I 

The nitrogen content of coal is usually of the. order of 1 to 

2%. Kirne? ci~es refere~c.es giving the nitrogen content in anthracite 

as 0. 2 to 1. 5% and in bituminous as 0. 6 to 2. 8% on an ash-and moisture-free 

basis. The content can vary considerably, however, as indicated earlier. 

At least 95% of the mineral content of coal co.nsists o± silica, 

alumina, iron oxide, lime,· and magnesia. The amounts usually vary 

within the limits given m Table 2. 

10 



,Q 
100 ·95 

Fig. 2. 

90 

5 

85 
%Carbon 

o/o Oxygen 
10 

80 

15 

75 

Triaxial d1a·gram of coal composition. (From Ref. 5). 

20 

70 



-. 

Table 2 
.. 

Composition of coa~ ash 

0/o of total ash 

max. min. 

SiO, 
L. 

:7o 1S 

.40 0 

·:.:. 0 

60 0 

Other elements. are also present in trace quantities; local 

variations again can be larg.e. Thiessen 
6 

g1ves a tabulation of the elements 

found in coal ashes which. exhibit ''enrichment"· of many trace elements 

co~pared to the cori~entration found in the earth's crust.· .. For example, 

"rich11 ashes might contain a·n average of 0. 06% boron (~md a maximum 
., . 

of 0. 3%) compared to the earth crust average value of 0. 0003%. 

The 1!1oisture con~ent of coal c~il.not be easily determined 

with absolute accuracy. This is a major problem. in the IV·eparation of 
.. ~ 

accurate calibration curves.·.· The conventional techniq,ue is to dry the 

sample in a~ oven at 1 05°C (lnd deter~~ine t}!e_ moistu~e content by weight 
'! • • 

loss. How·ever, some coals:: may not lose all of; their wale!· unless heated 
0 . . . . . 

to 275 C and of course volatile substances other than water may be re-

leased. The. permissible difference in moistur,e given for ASTM 

method~ 7 
('0. 5%) measures. the reprodu'cibilify of analysis in the labora~ 

tory and is not an absolute error .. They are purely analysis errors and 

do not include sampling erro_rs~·· The permissible difference specified 

for hydrogen in an ultimate. c{~alysis is 0. 07%·. 

The coals u_sed by the American Electric Power Corporation 

were of primary· interest in this investigation. Samples of.coal from_ the 

12 



.. 
Glen Lyn, ~anaw~a, Kyger,: and Clifty ~ree~ Statio.n~ were spe_ctrographi~ally; 

analy~ed for trace-element concentr:ation.- particularly boron and cadmium. 
' I • , ' 

The samples were· taken from coal "on hand" and do not 

necessarily give an accurate 'Sampling of the actual c·oa:l. Also·, ~he analysis 

is only semi-quantitative and the data indicate only the order of magnitlide: 

involved. No large difference between the coals is apparent, however. 

Table 3 
'\ 

Trace elements in several coa1 samples 

Kanawha 

Kyger Creek Glen Lyn River 

(Consolidated Coal) Clifty Creek (Poc~hontas Coal) (Morris Creel<: 

Element 
coal) 

Silicon 2o/o 1. 5o/o 1. Oo/o 2o/o 

Aluminum 1 0. 6 ·o. 5 1 

Iron 0.3 1 1 0.4 

Calcium 0.04 0. 2 b. 15' 0.64 

·Magnesium·· 0. 1 0. 09 o·. 07 o·. 1 

Titanium 0.08 0.05 0.04 0. 1 

Barium .0. 05 0.05 0. 03 0.05 

Strontium 0.02 0 .. 03 ·0. 005. 0.01 

Boron 0.003 0.01 0.02 Not detected 
< 0. 002o/o 

Manganese 0.004 0. 008 0.007 0 .. 003 

Coppe.r. 0.0015 0.001 0.0006 0. 002 

Lithium 0 .. 1 0.07 0.07 0. 2 

Potassium Not detected Not detected Not detected Not detected 
< 0. Zo/o. < 0. Zo/o < 0 .. Zo/o < 0. 2o/o 

Cadmium Not detected Not detected. Not detected Not detected 
< 0. 01o/o < 0. 01o/o. < 0. 01o/o < 0'. 01 o/o 

13 



The absorption c :r'os s section cont:r:l.buted by the hydrogen, iron, and nltrogeri 

for a typical cbal sample (Clifty coal with pd = 64 lb/ft
3

, and p = 11 lb/ft
3

) 
· ry w . 

is 0. 014 cm-
1

. Borbn at a concentration of Q, 0064lb/ft:i.(O. 01%) would have 
-1 

an absorption cross section of 0. 0040 em Cadmium at a concentration of 

I 3 ( . "o1) . 
0 

-1 0. 0064 lb ft O, 01-,o wbuld have an absorption cross section of 0. 0012 em . 

The cadmium cross section is well below the contribution of the hydrogen 1 ir~n, 

and nitrogen by a factor of about 10, The boron cross section at this concen

tration is about 1/3 of the hydrogen, iron, and nitrogen contribution. Although 

borbn will have a negligible effect on the moderating properties, the samples 

analyzed here indicate that b_oron could significantly affect the thermal 

absorption cross "section of the medium and as a result influence the gauge 

response. 

2. 2 Composition of soil 

The composition of soil can likewise vary co11siderably but the 

prine.ipal constituents are the oxides of sillcon, aluminum, and iron in 

appfoximateiy the same amounts as in the average composition of the earth's 

crust. 

To establish the relative importance of the various elements 

ih coai and soil iri teffus of neutron c1iffusion; the thermal neutron cr~ss 

sections were calCUlated for a typical composition. 

The coal analysis which was used and the resulting absorption 

and scattering eross sections are tabulated in Table 4. The .most significant 

elements arid their percentage contribution to ·the total cross section are 

also indicated ih Table 4. 
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Component w/o 

c 66. 4 
H 5. 1 
0 10.4 
N 1. 4' 
s 4. 2 

Si02. 5. 1 

TiOZ o. 1 

Mn02 0.01 

Al
2

0
3 

2.46 

Fe
2
o

3 
3. 6 

ca:o . 0. 8 
MgO 0. 1 
Na 0.03 
so

3 
0. 2 

P205 .. 0.04· 

--
99.94 

,. 

Table 4 

Thermal neutr~n al:?sorption and scattering 
cross sections in a dry Peabody coal sample 
with 5. 06 w/o hydrogen and 12. 6 w/o ash; 

A rr (barn) Contr.ibution to "z: Percent rr 
a 

(p = 1 gm/cm3) 
a age of 

s 

:2: 
(uarn) 

a 

12.0 0.003 0. 0001 1 4. 8 
1.0 .0. 33 0.0101 80% 38. 

16. 0 0.0002 0. 0000 "4. 2 
14. 0 1. 88 o: 0011 9% 10.0 
32. 1 0.49 0.0004 3% 1. 1 
60. 1 0. B 0.0001 10. 1 

127.8 5.8 0.0000 12.4 

86. 9 13. 2 0.0000 10. 7• 

102. 0 0.46 0.0001 15.4 

159. 8 5.06 0.0007 6% 34.6 

56. 1 0.43 0.0000 7. 2 
40. 3 0. 063 0. 0000 7.8 
23. 9 0. 515 0.0000 4. 0 
80. 1 0.49 0.0000 13. 7 

142.0 0.40 0.0000 31. 0 

- -- --
. 0126 98% 

15 

Contri- Percent 
but ion age of 
to :2: :2: 
(p = 

s s· 

1gm/ 
cm3 

0. 16 12% 
1.17 85o/o 
0.02 1% 
0.01 
o. ·oo 
0.01 

0. 00 

0.00 

0.00 

0.00 • 
0.00 
0. 00 
0.00 
0. 00 

0.00 

--. 1. 37 98% 



Hydrogen is the most significant element in the determination of both 

theabsorption a:.nd scatter_~ri.g thermal neutron cross section~. One could 

hardly say_ that all other elements. are negligible, however, since the 

non-hydrogen elements contribute about 15% of the total thermal cross 

section. 

'l'he so1l ·composition assumed here is the same as the av~rage 

composition of the ea:rth' ~ crust (neg1ecti~g a few .minor elements) such 

as in Refs·. 8 and 9. Boron'with a concentration of 30 ppm is included be-

cause of it~ ·large absorption cross section. The composi.tion and cross 
. 

sections are given in Table 5. The· most significant elements and their 

percentage contribution to the total c-ross sections are also indicated. 

• 

Comp·qnent 

Si 
0 
Al 
v., 
Ca 
Mg 
K 
Na 
B 

Table 5 

Thermal neutron absorption' and scattering 
cross section in soil 

ContributiO!). to Percent- iJ' 

iJ' /1. 128 L; (p = 1. 5) age of 
s 

(barn) 
w/o 

a a 
2: A {barn) a 

28. 1. 28. 1 0. 142 0. 00129 { 8% 1.7 
47.3 16. 0 0. 000 0. 00000 4. '-

8. 2 27. 0 0. 204 0. 00056 ... 1.4 
.'i. 1 55. 8 2. 24 0.00184 . 25%. 1. 
3. 7 40. 1 0. 390 0. 00033 3 
2. 1 24. 3 0. 056 0.00004 3. 6 
2. 6 39. 1 1. 83 0.00110 15% 1.5 
2. 8 23. 0 0.448 0. 00050 4.0 

30 ppm 10. 8 670. 0. 00168 23% 4. 

99. 9 w/o 0. 00734 81% 

16 

CuuL!'i-
bution 
to i 5 

. (p = 1. 5) 

.. 01:, 

. 11 '2 

. 004 
·- . 009 
. ooz 
. 003 
. 001 

' . 004 
. 000 

--
. 150 

F 

a 

-~ s 
' 

fOo/o 
75% 



The dorninant absorbing element is iron although boron contributes almost 

as much. The trace elements have also been compared with the major 

elements U:sing the average range of soil constituents given by Prince in 

Ref. 9. The ran.ge of· 2: calculated for the major constituents is graphed 
a 

in Fig. 3. The density was assumed to be 1 gm/cm
3 

· Bo,;on is potentially· 

a distrubing element although it should be· noted that the boron range in-
• • I • ' 

die a ted on th~ graph is equivalent to the range 15 - 100 ppm whereas· the 

average boron content in the United States soils is 30 ppm.· ~he Fe
2

0
3 

line cor~esponds to 0. 5 - 17o/o whereas U. S .. soils.usually have 2 - 6o/o. 

Cadmium is not included in the tabulation by Prince but the average value 
. -6 -1 

for the earth'S Crust is 0. 2. ppm giving 2:::; = 2. 62 X 10 Cm . which. is 
a 

negligible.· 

The relative importance of the elements during the slowing 

down process. depends both on the scattering cross 'section a:nd the ave'rage 

energy loss per collision. A quantity calleJ the ,slowing_ down power 

(defined as s" 2: ) is often used to measure moderating ability and is in-
~ s . . ; 

ti~ately as.sociated with th.e calc.ulation of the neutron age in.various 

media.. The scattering propert.ies. ar~ best measured by the transport 

cross se~tion (2: ) which includes the effects of non isotropic scattering. 
. · tr . 

Va.lues for ·s 2: and 2: can be calculated or taken from tabulations. 
s tr 

These cross sections are energy dependent and if a single 

value is de.sired to represent the entire slowing down process," an average 

must be taken. The average cross sections used here are calculated in 

~ppendix A and are tabulated in Section 8. 9. Using these flux weighted 

~verages the contribution of. the various elements ·to ~ and 2: for 
.. · .. . . . . . .... . . . . .•. ·... . .. - t. tr .· 

soil have been calculated using the same analysis as before except 5o/o 

moisture was ass"\..j.med. The results are given in Table 6 together with 

the per~e~tage contrib~tl~n of each. 
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Hydr<?gen dominates the _slowing down cross section but 

not the transport cross section at this moisture concentration. At other 

moisture values and with other media the exact values differ but much . . . 

the same results are obtained - hydrogen primarily determines the s+owing 

d.own cross section.but does not dominate the transport' cros·s section 

and may not even be the :major facto'r ih the evaluation o·(the transport 

cross. section. :Because .the.terms s L:. ~nd t: . appear as~ product in · 
tr 

calculations of the slowing down length, the ·assumption. that slowing· down 

is accomplished only by hydrogen does not remove a dependence of 

slowing down length upon non-hydrogenous materials·. 

Component w/o· 

Si 26. 7 w/o 
0 44. 9 
Al 7.8 
Fe 4.8 
Ca 3. 5 
Mg 2.0 
K 2. 5 
Na 2. 7 
H

2
0 5.0 

--
.99. 9 w/o 

Table 6 

Fast neutron slowing down and transport 
cross sections in soil 

0. 259. 
0. 140 
1. 09 . 
2. 43 

. 271' 

. 268 

. 23 7 

. 343 
10: 3 

I 

.... 

Contribution to 
s I; (p = 1.5) 

. 0. 0022 
0.0036 
0. 0028 
0. 0019 
0.0002 
0.0002 
0.0001 
0.0004 
0. 0258 

0.0372 

Per~entage 

of S: I: 

10% 

69o/o . 

--
79% 

19 . 

() 

tr 

4. 34 
3. 19 
3. 03 .. 

3.99 
. 4. 80 

3. 19 
4.36 
4. 64 
9.33 

Contribution to 

?:tr (p = 1. 5) 

'0. 0373 
0. 0809 
0. 0079. 
0. 0031 
0. 0038 
0.0024 
0.0025 
0.0049 
0.·'0234 

0. 1662 

Percent

age of I:tr 

22% 
49% 

14% 

--
85% 



3. LIMITATIONS IMPOSED BY BOUND HYDROGEN 

The ge·neral problem of moistu.re determination is particularly 

complicated if bound hydrogen is present in appreciable q'uantities. Organic 

matter. in soil and bound hydrogen in coal cause an in.strument response 

which must be separated from the contribution due to inoisture~ 
. . 

For example; 1 a typical l;>ound hydrogen content of bituminous 

coal is 5%. on a d~y basis .. , Assuming a typical .~oisture value of 10o/o and 

a wet· density of 7 5 lb/ft
3

; the approximate hydrogen densitie,s are. 

3 
~bound H .. 3. 4 lb/ft 

. . 3 
p . . H. ::: 0. 8 lb/ft 

mo1sture · 

The moisture hyd.rogen cont~ibutes only 26o/o to the total hydrogen content 

giving a very low 11 signal-to-noise" ratio. If air dried coal was being 

examined, the moisture content would be only 1 - 2o/o.. To ol?tain quantita

tive moisture information in such .a situation requires very accurate data 

even if there. are no other complicating factors. 

In the actual use of a moisture gauge,_ one would·like to con-

vert gauge ·response immediately to a ~oisture value either by an 

appropriately ca:librated meter or by a calibration curve. For media 

with bound hydrogen there w1ll not be a smgle .curve ·relating the l'esponse, 

R, and the moisture content. This can be seen most simply in terms of 

an approximate equation fo.r R. To a first app.roximation, the response 

is a linear function of the hydrogen density, i.e. , 

U:Jing f u.nd fH. to repreoent tho moie:;turo fraction and 
. m 

bound hydrogen fraction, 

p ~et fm 
9 + pwet (.1 - fm) fH, p . ::: 

H 

20 

( 2) 



~ : 

then 

( moisture) 
pH 0 l 1 fJ ~~ f~J 2 

f R-= --- = = 
pwet m ' 1 

fractlon a pwet (9 ·:_ 

The relationship is linear between f and R but the slope depends on the 
m 

·bound hydrogen content fH and the wet density. 

Ifthe dry rather tha~ the wet density is used as a variable, 

a similar expression results: 

-pH 0 
). 

R- a pd fH (moisture) = f = . .2 = 
ry . 

m pwet 1 
- f ) fractlon R+a p dry (9 H 

If the fraCtion of hydrogen in the medium happe_ns to be the 

same as in ·water; i. e. , 1/9, t}).en _th~. mois_ture co.ntent is indete ~rninant · 

if o'nly information about the .gross (wet) density is ~vailable si1~ce both 
.· . ·,,.., 

the medium an:d water are then equiv.ile.nt: _ R a:nd-f will be .. uniquely 
.. , ... ' .... , .. ..· . m ., .... 

related in such a situation only __ if pd~y. and fH are constant as seen in 

Eq. 4. 

. . 

Even a:ssu~ing the coeffici~nt. (a) ~ere determined with 
.~ ... ; ~ . - . ; 

negligible error, the determination of moisture content is sensitive to 
, · .. 

the accuracy of the bound hydrogen deter~ination of the sample medium. 

Using Eq. 3,- the change in preqicted moisture, ~ f due to a change· 
m 

only in bound hydrogen·;·~-- fH, is. give·n ·by: 

~ f = 
m ( ~. 

1 - f ) m 

1 
fH ~ 

2L 

(3) 

·( 4) 

( 5) 



Ife 
m 

is the maximum desi_red moisture error than t:. f · 
H 

must satisfy I D.. f I ~< e , or 
m - m 

Solving for f 
·m 

f > 
l'l1 

1 f 
rn ·(D.f·J < 

1 H 
() fH 

(.!. --e 9 ·m 

e 
m 

+ 1. 

The need for an accurate hydrogen analysis can be seen from the following 

example. Using the ASTM limits of acceptable reproducibility for the 

same laboratory as the uncertainty in f a'nd 1% as the maximum.desired . H . 

moisture error· (e. g. percent moisture = 8. 3 :!=._ ·1. 0), then 

1% 1 
f > 1 - ( -

9 
- fH') ~ 14. 2 9 fH - 0. 59 · 

m- 0. 07% 

For typical bituminous coal with 5.o/o hydrogen, the moisture content 

must therefore be gre~ter than 12. 5% to achieve the desired accuracy 

even assuming R, p , and 11 a 11 are known exactly. 
wet - . 

The same type of analysis for th.e sensitivity to other specific 

e rro r·s tah be made using Eq. 3. 

iative changes can be used and 6. f 

t::. f 
m 

D. f due to D.R = 
m 

due to t::. fH = 

R 

In order to compare the terms, re-

is then given by 
n1 

l-
( 1 - f ) f 

I( 
D. f. 

) rn H H 
' 1 f . 

- f H 
.9 H 
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6. f due to 6.a = 
m 

D. f due to t::. p · 
n1 wet 

R 
( 6aa ) = ~-

Using typical values of p . = 75 lb/ft
3

, fH = 5o/o, f = 10o/o, pH = 4. 2 lb/ft
3

, 
wet . rn · . 

the bracketed quantities ar:e (-. 74), (+. 92), (-. 92), and(-. 92): If 

fH, R, a, and p are known with accu~at:y p (e. g. D. fH/fLI = p) then 
. wet . . L-

the total uncertainty in f is given: by 
. . m . 

J. 2 . . 2 . 2 . . 2 
6. f = (-. 74p). +(-F. 92p) + (-. 92p). + .(-. 92p) .= 1. 76p 

m 

In oTder to achieve b . . f~ = 1o/o, (using the typical values 

previously) an accuracy of p = . 006 = 0. 6% is required, a very low level 

of error. 

D..R 
R can be easily reduced by extending the counting time 

or increasing the sour~e strength. In ·general, les-s than 1o/o (std.· dev. )
1 

error c~n be obtained with > 10, 000 total counts which is easily obtained. 

The·other sources of error are not ·so readily controlled and require 

accurate information about the calibr.ation curve .. 

23 
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· 4. INFLUENCE OF ACCESS TUBING 

'Besides' the fluctuations produced by the medium itself, the 

access tubing used to introduce the gauge into the-medium also can 

influence the response. 

The effect of wall thickness and ;:~.ccess tube _diameter on 

the mo~sture probe for a water medium is given in Figs. 4 and 5. A. 

Nuclear-Chicago P-19 gauge was used to obtain this dat.a-. The moisture 

probe readings decrease as the tube radius inc rea·ses. In a medium 

with· a smaller hyd·rogen content, the readings w.ould also decrease but 

the effect would_be smaller due to the greater spread in the.thermal 

·neutron density distribution, i. e. , due· to the larger sampling volume. 

The decrease in _count rate as the wall thickness .increases is due to 

greater absorption· and scattering of thermal neutrons in the wall. 

The-fast-neutron response (as measured with a cadmium shield over 

the probe) amounted to only 2. 5 tcf 3. O% o'f the total counts and did not 

change significantly as the access tube wall thickness was increased. 

The effect of s;9llars used to couple lengths of access tubing 

has also been examined to determine the approximate range of inf.lu,enc e .. 

Figure 6 indica_tes how the. ~aunt rate decreases as the probes pass 

through a 6-inch collar in a water medium.. ·.Both tube and collar have 

a 16-gauge wall. The access tube _was 1-3/4 inch 0. D. seamless 

steel tubing (MT -10 15). The .collar affects the moisture probe readings 

over a total length of about 13 inches. This would be increased some

what in a _medium. with a smaller hydrogen content. 

24 



Q) 
.. -+-. 

0 
0::: 
-+-. 
c: 
~ 
0 

0 

19 

15 

0 

Fig. 4. 

711 
18 oo . 

-;02 .04 .06 . 08 .10 .12 

.Wall Thic.kness (in) 

Effect ·o£ access. tube wall thic}<ness on mpisture gauge response. 

25 



21 

19 

(L) 
+- 17. 
0 

0::: 

+-c 
~ 
0 

(_) 
15 

~. 
S?~ 

0 . 
·{::> .. ,, 

13 

II .It li. ·I! 2. 2-i 
Outside Diameter (in) 

Fig. 5. Effect of access tube diameter on moisture .gauge response. 

26 



· 6 .. X 1/16" COLLAR 

2 
BF 3 TUBE IN COLLAR 

0 

-8 -6 - 4 - 2 0 2 4 6 ,.;:, 8 

DISTANCE OF DETECTION CENTER 
FROM CENTER OF· COLLAR (in.). .· 

Fig. 6. Effect· of access tube collar on moisture gauge res pons e. · 



5. EMPIRICAL SIGNIFICANCE OF HYDROGEN AND 
N_ON -HYDROGEN COMPONENTS 

Sev.eral empirical equations were first examined to 

determine whe.ther the original data collected by the American Electric 

·Power Corporation indicated any obvious perturbations caused by the 

non~hydrogen components. When the count ratio, -R, is expressed as 

R. = a + b p + c p H the .values of the coefficients using the original 
H non- . 

calibration data are given in Table 7. 

Table 7 

Coefficients in R = a+ b pH+ c p H using AEP calibration data 
· non-

Clifty 

Kyger 

Glen Lyn 

' Kanawha 

a b 

+ 0. OQ098 

- 0. 15 

- 0. 044 

+ 0. 073. 

0. 18 

0. 11 

0. 21 

0.08'1 

0. 0021" 

+ 0.0043 

-0.0053 

+ 0.0037 

c No. of Points 

+ 0. 004 16 

+ 0. 01? 4· 

+ 0. 005 4 

+ 0. 006 4 

In Table 7, none of the data indicate a coefficient of the non-hydrogen 

components significantly different the:m zero. The coefficients are not 

well determined, however, because of the small number of points. The 

theoretical calculation of the influence of the non-hydrogen components 

is given in Section 7. 

6. NEUTRON MODERATION THEORY 

6. 1 Introduction 

A general discussion of the terminology and conventional 

notation used in a description of the neutron moderation process and the 

calculation of th~. various terms is given in the following sections. This 

review is included"partly to explain the notation used here and partly to 

encourage others to attempt m.ore ari~lysis of moisture gauge data and 

not merely tabulate the response in media x, y, and z. 
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6. 2 Calculation of Flux Equation Parameter.s 

Essentially one s~t- of variables appears in the neutron flux 

equations regardless of what particular theory is used. Values for some 

of these variables are tabulated; others ·must be calculated.· The evalua-

tion of these parameters for'pure elements and mixtures is discussed 

below: 

o-, Micros~opic Cross Section. One way to indicate the 

probability for a particular neutron reaction is to specify the "target area". 

presented by an individual· ato~ to the inco~ing neu.tron.. This area is 

the microscopic cross. se·ction and is mea.sured in em 
2 

or in barns>:( 

( 1 barn = 10-
24 

em 
2

) and is designated by. u-. Subscripts are used to in

dicate the ·particular reaction involved such as u- , rJ.. , and u- for the 
a s . t· . 

absorption, scattering,· and total cross section, respectively~ Values 

for a- are tabulated or graphed in various references such as Refs. 11, 

12, 13, 14, 15, 16, n, and 1 H. 

~. Macroscopic Cross Section. This cross section is 

v.ery similar to u- except that instead of measuring the area of an individual 

atom, the· t~tal tar.get ai."ea within 1 cubic 'c'entimeter is given: The 
. . . . . 2 3 -1 

dimensions are thus area per unit volume or em /em =em . ·The 

sa·me Sl.Jbc ripts are· used for ~.as for o-. The total target area ii~ 

is just the number of atoms per .cubic centimeter, W, times u- o:r: 

where p 

... . ,. 

=. de·nsity, N 
0 

E=Nrr= ( p:o ) o-, 

=Avogadro's. number, A= a~omic weight. 

3 
1 cn1 

For a 

In Ref. 10, the term "Fermi" is U$ed instead of ''barn". This 
terminology is n~ither conventional nor recommended. 
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mixture, the contributions to the area of 

p1No 

A1 

( 
f o· f2 () 2 

0 0 ) 
pN 

1 1 - + ·. = --·-·+ 
0 A1 A· 

2 

each part are 

p2No 
<T 1 + A 

2 

summed. 

L: 
f. u·. 

pN 
1 1 

= 
0 A. 

i 
1 

. th 
where p. is the effective density (actual mass per unit volume) of the i 

1 

component and f. is .the weight fraction of the ith component. Tabulated· 
- 1 

values of L; for pure elements and a few compounds can be found in· 

Refs. 16 and 18 or they may be calculated directly from <Tusing Eqs. 1.4 

and 15. 

X., Mean Free Path. X.· designates the average'distance 

traveled by a neutron (tofal zig-zag path) before undergoing a particular 

reaction. X. is. related to L; by 

X. = 1 

(This equation and others merely stated here are derived in any standard 

text on neutron diffusion such as Refs. 10 and 19 .. ) The dimensions are 

pu:re length -em.· 

The difference between the scattering mean free path, X. , 
6 

and the transport mean free path, X. . , should be noted. X. is the average 
tr s 

distance traveled between scattering collisions an_d is also the average 

distance traveled before the neutro~ flight path is deflected 90° if the 

scattering is isotropic. If the neutrons are preferentially.scattered in the 

forward dire<;:tion.(in a lahoratory' coordinate system) the neutron will 
0 

travel farther than X. before being deflected 90 . This greater distance 
s 
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is called A . A and A 'are related through the average cosine of the 
· tr tr s 

scattering angle 8 by 

A = 
tr 

A 
s 

r - cos e 

Values for cos 8 , which is often denot'ed ·as j-L, are given m Ref. 16 for 

all the elements ass.uming that the scattering is isotropic in the center 

of mass system. With this assumption, cos El can be calculated from 

cos 8 
2 . 

3A 

The value of A for a mixture is calculated by first finding 

the total cross section, 2::, for the process andthen using A= 1/2::. 

D, Diffusion Coefficient. The diffusion coefficient is a 

characteristic of the medium which relates the m<;>vement of neutrons 

to the spatial distribution of the ne11tron density, n. D is defined by 

.:!_ = - D"V¢ where.:!_= net neutron current, ¢=neutron flux= nv, and 

v =neutron velocity. When the scattering is isotropic (laboratory co

ordinate system), and the absorption is weak(2::a << 2::~ Dis given by 

D = 
A 

s 
3 = 

1 
3 2:: 

s 

When the scattering is not isotropic in the laboratory system, D can be 

calculated from 

D = 
A 
tr 

3 
1 

= = 3 2:: . 
tr 3 2:: ( 1 - cos 8) 

s 

although this still assumes isotropic scattering in the center of the mass 

system and that the absorption is weak. 
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If the absorption cannot bt:;._ ~ntir~ly neglected, the theory 

of neutron diffus·ion indicates that D is given by 

2:: 
s 

D =-----
3 2:: 2:: T t:r. 

.where L:tr is defined as L:T - f.J. L:s 

2:: << 2:: • 

This reduces to ·equation (20) for 

a s 

L, Diffu.sion Length.·_ Lis a measure of the average 

11 Crowflight11 distanc'e travele.d by a th~rmal neutro:O be-for~ capture.·· 

Specifically, the root-mean- square distance traveled is given by 

Jr 2 
,.., r :- J6 L . 
· rms 

L is calculated from two previously mentioned parameters .. 

Using Eq. ( 20) 

L = J..,..,. .1 .· 
:JL.J_ 2..· 

d. tr 
Using Eq~ ( Z1) 

L "~"T ~; 
tr 

}:<'or mixtures, the procedure is the same as forD, i.e., the correct 

macroscopic c ro·ss s·ections,- 2::, are ;calc.ulated for each· component, 

then these are added. For example, using Eq. 20 the diffusion co

effie ient for 3 component mixture is given by 

D = 1 
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£, Logarithmic Energy Decrement. s is a measure of the 

average amount of energy lost by a neutron in a collision during the 

slowing down proc·e·s s ·and is defin~d by. 

E. 
1 

Ef 
= ln 

where Ei and Ef a1:e .the energy before and·a'fter collision .. Assun1.ing 

again that the scatteril)lg is isotropic :in the. center.qf.mass system,., 

Eq. 27 can be evaluated as: 

s = 1 + 
(A-1) 2 ... A-1 · 2 · · 
, 2A .ln (A+ 1) = . A + 2/3,. 

Values· of s for all elements are given. in Ref. 16. 

u, Lethargy. The lethargy of a neutron is ~erely the energy 

expressed on a compressed scale. The ener.gy range from fast to thermal 
. .: . 6 . ' ' . . . 

neutrons is about 5 x 10 ev to 0. 025 .ev. This large energy range 
. .. ' . .. . . . ' ~ 

corresponds to a lethargy range of 0. 7 to 19.8 (lethargy increases as 

the neutron slows down). Lethargy is defined using an arbitrary reference. 
7 

level of 10 ev by 

u =. ln 

and is a pure riumbe r. 

E 
0 

E = ln (-. · energy· in ev units) 

T, Age. The 11 age" of a neutron can be related to the true 

chronological ·age of the ·neutron but the definition is· more directly re-- - . . ... 

lated to the average 11 crowflight11 distance traveled by.theneutron durin:g 

the slowing down process. The root-mean- square distance from the. 
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source to the point where the neutron has an age T is given by 

J:Z=r =JT;. 
rms 

One can talk about the age of a neutron with any energy but almost all. 

tabulated values are given for th~rmal neutrons .. Also, most of the 

tabulated information is for a source energy of 2 Mev which corresponds 

to the ave::rage energy of neutrons emitted in the fission process. 

Artificia.l neutron sources such as .Ra-Be give neutrons with a higher 

average energy and a greater age (greater distance traveled) at·thermal 

17' 18 
energy. 

The calculation of age is by far the most difficult parameter 

to evaluate since not only the distribution in s'pace but also the distri

bution in energy is changing with time. There are two basic ways to 

simplify the description of the slowing down process. Both involve re-

placing the random changes in energy by a systematic behavior which 

is more amenable to analysis. (Monte Carlo or random walk caJ.culations 

do not use this smoothing technique and as a result. give excellent results 

but the computat~ons ·are so lengthy that electronic computers must in 

general be used.) 

One approach (Fermi age theory) assumes that.the neutron 

loses energy continuously rather than in many discrete steps.· The 

other (group .. theory) assumes that the neutron loses energy in a step-wise 

fashion but the steps are few in number and regularly spaced. 

The simplest £orm of age theory assumes no absorption 

during moderation and results in the following well known exp res s ion 

E E 

=! 
0 

D dE f 
0 

1 dE 
T s E = 3 s L; L; L; E 

E 
s 

E 
s tr 
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. There are various modifications which allow for absorption 

during the slowing down process. If the (s L:) term inEq. 31 is re
s 

placed by the more general term {s L: + a L: ) , the various forms can be 
s a 

characterized by the value of {a). a= o, s, '(respectively in the 11 Fermi, 11 

11 Wigner, 11 and 11 Goertzel-Greuling11 approximations. Values of'( are 

given in Ref. 19. The different forms mentioned here plus a so-called 

11 Hurwitz 11 approximation are compared with an exact colution in Ref. 20. 

In general, the Fermi approximation is poorest. The Wigner·, 

Goertzel-Greuling and Hurwitz forms are progressively better if there 

is absorption during the slowing down process. The simplest form which 

includes any absorption effects is the Wigner form given by 

dE 
E 

Of more importance than capture during the slowing down process, which. 

is usually very small, is the particular problem of slowing d9wn in a 

hydrogeneous medium. If the moderation is accomplished primarily. by 

hydrogen, the slowing ·down process is relatively rapid and involves few 

collisions {about 18.for a 2 Mev source). The assumption that the 

typical energy variation is composed of many discrete steps and can be 

replaced by a .. continuous curve begins to break down. For sources of 

neutrons with high energy, the problem is particularly complicated 

sine e the hydrogen cross section begins to decrease at about 1 Mev 

causing a low reaction probability and a very long path to the first· 

collision. -This is sometimes allowed for using a 11 first-flighe 1 -correc-

tl'on
21

•
22

whl.Chl·s dd dt 1 · 1 {A · 1 · fth a e o t 1e convenllOHCI. dge.. n ana ys1s o e 

transport problem which includes the angular dependence of the scattering 
22 . 

can be found in Refs. 10, 19, or 22). Hellens derives an expression 
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for· the age in a hydr;ogen,ous med~um .using_ th,e Selehgut-Goertzel 

approximation and finds a first flight correction of - .. . .. . .: . '' 

.. 

ffc 
. :1 

= 
3 2::: . 2::: 

· :tr.- o 

. .. 

.·, 

where 2::tr is defined as b~fore, i .. e., 2::t:r = 2::T .. - fl. L;s' and 

2:::
0 

= 2::a + 2::H, .2::H = .. hY~rogen scattering cross section. 

ffc = 
1 

3 2::: ·2::: 
tr H 

E=E 
0 

This is not the only form for the first flight correction·that one will' see, 

however. Wigner 
10 

·gives the .following simple form which contains no 

corrections· fo'r anisotropic .. scattering:·· .. · 

ffc = 1 
2 

3· 2::T 

6. 3 Possible models 

. . .~. •, 

. :. 

Va.rious .models of diffe-rin-g complexity can be used to 

approximate the. g'eometry of a n·eutron rnoistur:e gauge. Some of these' 

are tabulated below. ·The numbers refer to the following sections· 

where the thermal neutron flux equati.on is. generally given for that 

particular geometry. A..:collection of solutions for many other simple 

geometries using monoenergetic, diffusion and continuous sfowing ·down 

theory can be found in Ref. 23 .. 
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Models and Theories Discus sed in Section 6 

1· Group ·z. Group Continuous Slowing 
Theory Theory Down Plus Diffusion 

Point Source 
in Homogeneous 

. Medium . 6. 3. 1 6.3. 2 6.3.3 ... 

Point Source 

in $phe ric al 
Cavity 6.3.4 6. -3. 5 6.3. 6 

Point Source 
in Black 
Spherical Cavity ----- 6. 3. 7 -----

.·. 

Point Source in 
Cylindrical 
Cavity 6. 3. 8 6. 3.8 -----

6. 3. 1 The solution of the diffusion equation for a point source 

of thermal neutroiis in a homogeneous medium gives 

¢( i:) = 

where¢ = thermal neut:z:on flux, 9 
L = diffusion length·= JD/2:- , D = 

a 
are evaluated at thermal energy. 

. -r/L 
e 

r 

= source strength, r = radial distance, 

diffusion coefficient. All constants 
! 

The diffusion equation is also used to describe the neutron 

distribution at each discrete energy in group theory. True fast neutron 

absorption is usually neglected but the absorption term, 2:- ¢, is not 
. a 

zero since neutron·s are· removed (slowed down)· f~om th~ f~st group to 

a lower energy group. In two group theory, the fast group is usually 
' 

called the first group and the removal cross section is often denoted 2:-
1

. · 
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2 
Since Eq.~ has the characteristic that r - 6 D/.L: and for fast 

a 
2 

neutrons r = 6T, the removal cross .section can be denoted by 

L; A = 
.I T 

With this notation, the flux of neutrons with age T using 

group theory is given by 

Q 
'4;1) 

-r/~ 
e 

1 
r 

D is the average diffusion coefficient over the energy rang.e E to E.· 
1 0 

Using D
1 

= .L:
1

T this can be written as 

removal 
rate = ¢.L: = 

1 

Q 

4_;r T 

-r/~ 
e - q. 

r 

q is called the slowing down density and giv~s the rate of removal from 

the. fast group for the case of no fast absorption. This equation from 

. ~·r 2/4T/ 3/2 
group theory is comparable to q = e · ( 4;r. T) from age theory. 

?. 
In both, r = 6T. 

The flux per unit lethargy, ¢(~), is related to the slowing 

down density by 

or 

¢(u) = 

= 

q = s .L; 
s 

¢Cu), 

_q_ Q 
= s .L; 4;r T s .L; s 

~ 

.Q 
. -.r/~ 

e 
4;r D' r 
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where D' = s 2::; T' 
s 

¢(u) = E ¢(E) = neutron flux per unit letha'rgy. 

6. 3. 2 The derivation of the neut'ron flux around a point source· 

.of fastneutrons using:two group theory is given in Appendix B. The 

result is merely stated here: 

-k r 
'Q 

1 
e 

¢ = 4rrD 
1 

1 r 

k2 [ -k1' 
-k r 

l Q 2 
1 .e - e 

¢2 = 2 k2) r 
4rrD)k

2 
-

1 

. z I where ¢ . and ¢
2 

are the fast arid slow neutron fluxes, ·kA = t T, 
1 ~ 

k ~ = 1/L 
2 

,· D
1 

and D 
2 
~re the fast ~nd slow· diffu.sion coefficients. At 

.the origin, the thermal flux is given by: 

2 
Q k 

1 QL 1\[T - .· Q = 4rrD
2 

T (L + t.fT) 4rr 2::; L >J T ( L + ~) 
a 

6. 3. 3 If one uses the continuous slowing do.wn model (age theory) 

to determl.ne the distribution of neutrons arriving at thermal energy and 

uses this result as the .source term in the diffusion e9.uation, the thermal 

fl . . 23 b neutron ux lS gl\ren y 

-T/L I 

21 [ ¢th = .:....::~~:-D-r--. e -r, L 1-
~ 

erf (-- -
L 

r ] +r/Lt ~ · .r---) -e -erf(--+: 
2'\/ T : L 

if the e .2=, r/Lt.erms and error functions ·are expanded in series form 
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and the limit r --+- 0 is taken, the result is 

1 

2 
-T/L 

e . . [ 1 
L 

-~]-· erf 
L 

: .. ' ,•; .~ .. 

6. 3. 4 The one group treatment of a point therrnal neutron 
. 23 

source in a spherical cavity with radius R 'gives: 
- . 0 .... - . 

cp( r) = 

r - R 
0 ---

L' 

R 
4TTD "( 1 + -·0 -) r 

L . 

This· one gr<;mp. equation ·can be treated. in the same · : · 

manner as equation 36·to describe the ·neutron flux due to any one group 

in a multigroup theory. 

6. 3. 5 · The derivation of the flux around a spherical cavity 

using two group theory is· give~. in Appendix· C.· The thermal flux is 

given by 

where 

D= 

.E: = 

-k r . 2 ... 
e 

r 

- k r .. 1 

+' E _e_. ---
... r 

k R .... 
. 2 2 0 

-~ 1 Q e 
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At the surface of the sphere, this reduces to 

2 .. 
k Q 

1 . 
= 

4nD
2 

( k
2 

+ 

= 

6. 3. 6 If a continuous slowing down mod~l is used to describe 

the fast flux rather than a group description, the thermal flux around 

a point source i.n a spherical cavity is given in Ref. 23: The general 

expression is rathe.r long and is not repeated here. 

The value at the surface of the sphere i~ 

2 
. T/L . 

e ~ .. e 
(1 - erf --) - ---

R 
0 

R. L 
0 

- 2 
·(The term exp (T/R ) is missing in Ref. 23·.) 

0 

(1 ~] erf ~) 

6. 3. 7 If all thermal neutrons incident on a spherical cavity are 

assumed to be absorbed, the resulting flu?C e.quation is give:~ by the 

following equation derived in Appendix E as a special case of a gray cav~ty: 

- k r 
2 = D _e ____ _ 

r 
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where 

D = 

E -' 

k
2
1

Q(1+ kR 
1 0 

k R 
2. 0 

4nD ( k
2

- k.
2

) ( k.R + J) (1 + k
2

R
0 

+ .Z.Do ) 
. 2. 2. 1. 1 0 2. 

z.· k R 
1 0 

k1 Q e 

2. 2 
4n D 

2 
(k k

1
) ( k

1 
R

0 
-+. 1) 

2. 

At the surface of the sphere, the flux is 

cp (.R ) = 
th 0 R 

4nD
2 

( k
2 

+ k
1

) (·1 + k R ) ( 1 + k R + _o_. ) 
1 o 2. o Z.D 2. . 

The rate of absorption in the sphere is given by_ 

·( abso~·ption) = 4 nR 2 J _ 
. ra.tf?. o lll 

.., 
= 2nR L. 

0 

where J. is the incident therrnal neutron current. This particular 
m_ . . . 2.5 

model has been used by Nuclear-Chicago to estimate the dependence 

of neutron n1oisture gauges on con:position. 

6. 3. 8 If one uses a model consisting of il point source in il 

cylindrical geometry, 'the mathematical description bec.omes more 
2.4 . . . . 

complex. Tittle· has examined one group theory for this situation and 

gives the epithermal flux in a series form for a point· source on the 

axis of a cylindrical medium and for two.coaxial cylindrical media. 
. 2.6 . 

Glauberman has used 2. gro·up theory for the general case of a point 

source on the axis of two coaxial cylindrical media with different 

properties. The results are given in integral forn~, however. 
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Several· of the response equations given in this Section 

a:nd in Appendix F are collected together in Table 8 for comparison . 

. 7. PREDICTED VARIATION OF THE.NEUTRON FLUX iN COAL AND SOIL. 

As a first trial model for ·an· irnrnersion type 'rr1oisture gauge, 

a simple point source in an infinite ·medium was used. A 2 Mev -source 

of neutrons was assumed since this corresponds to· the average ene·rgy 

of fission neutrons and much of the data is readily available for this 

energy. The response was assu,i.11ed to be proportional to the thermal 

flux in the vicinity of a fast neutron source assuming continuous slowing 

down followed by diffusion. Carbon, hydrogen, and water were the 

only constituents included in this calculation. Figure 7 shows the re

sults plotted along with the experimental data reported in Ref.. 27. 

The general agreement between the experimental data and 

the simple model encouraged further examination. In particular, the 

following changes were made: 1) the source energy was changed to 

5 Iv1ev to approximate artificial neutron sources, 2) more elements 

were taken into account in the cons.tants calculations, and, 3) the 

equations· were sirnplified to fa·cilitate cals:ulations. Simplified equations· 

for the thermal neutron flux which were considered are derived -in 

Appendix F. 

The improved cross secti"ons were used·fi:rst to calculate 

the response of the tT1oisture gauge in_ soil. This calculation used a 

point source of fast neutrons in an infinite medium. The gauge response 

was assumed to be proportional to the tbermal flux at the origin. This 

.model was later modified by.putt.ing the source in a spherical cavity 

to approxin•ate the actual geometry of a source within a cylindrical. 

pipe. The thermal flux- at the ·surface o·f the cavity was then used as an 

indication of gauge response. 
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TABLE 8. Approximate forms for the moisture gauge 
re~ponse in terms of constants for thE medium. 

Model 

1) Point so1.:.rc e, 
infinite medium 

2) 
,, 

3) Point soc:.l'ce in 
hollow sr:herical 
cavity wi:h radius 

4) II 

a 

5) Point soc:rc e, infinite 
rnediun1 

· 6) Point so~_; rc e in 
hollow sr:he rical 
cavity wi:h radius ·a 

Theory· 

Cont.:Cnuous slo.wing 
down fo: lowed by 
diffusion 

II 

II 

II 

2 ·grcup diffusion 

II 

II 

R= 

R ·= 

R; 

R= 

R= 

R= 

R = 

Response 

2::, 
a 

z:; 
a 

z:; 
a 

z:; 
a. 

k 
1 

T 
3/2 

k2 

T. 
3/2 

k3 

3/2 
T 

1 i - -r 3L 
2T 

Z:: L ~JT ( L + rJT .) 
a. 

" 

Z:: (L + a) (..JT" + a) (L_- ..JT") 
a 

Comn1eht 

Approximate form 
usir.g 2 terms o~ 
as·ymptotic expansion 

App.roximate- form 
usir_g 3 terms of 
asymptotic expansion 

-Approximate form 
usir.g 2 terms of 
asymptotic expa'nsion 

App:roximate fo ~m 
usir.g 3· terms of 
a s'ymptotic expansion 

7) Point source m 
"black" spherical 
cavity wi:h radius a. 

Z:: a ( L + a + 2 ; L ) ( "h +a) { L + ..J T) 
(This form has 
been used by 
Nuclear Chicago 
Corporation) 

c.. 
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Fig .. 7. Original coal calibration data and calculat.ed calibration curves 
assuming fission energy neutrons. -
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·The early efforts again used age-diffusion theory to 

·describe the slowing down process. This theory for an infinite medium 

gi;ve s 

~ 
3/2 .,.. 

HO a 

R= 
2 

.. 3/2 
2; T 

a 
medium 

The assumed composition of the soil is the same as previously given in 

Table 5. E is given .by z; "' p (. UO:n:7)cm -:1 when p is in gin/crn
3

; 
a a · · 

For packed soil with a density of 90 lb/ft
3 

( 1. 44 gm/ em 
3

), this is 
. . -.1 

2; = . 00541 em· . Iron contributes the major part (about 1/3) of this 
a 

value. 

Table 9 

F.ast and thermal neutron cross ·sections for use i~ Eqs. 54 
and 58. 

Fast neutron cross sections for use in. Eq. 57 

Weight _ 
ir'/1.'128 s <T 1 s (T.2 <Ttr, 1 · (T. <T • 

Perc~nt a .tr,Z tr_, tht>rmal 

Si 28~ 1· ·o. 142 . 0. 2'16 0. 16 3.01 2.26 1. 66 
0 47.3 o. o· 0.357 0.48 2. 27 3. 64 4. 02 

'Al 8.·2 : 0.· 204 0. 246 0. 13 2.47 1. 78 1. 36 
Fe 5. 1 .2. ~4 0. 1'03 0.32 2. 76 8.93 10.9 
ca· 3. 7' 0.390 0. '12"1 . Q. t2 2. 37 2. 10 '2. 9 5 

.Mg. 2.- 1 ·.0. 056 . 0. 277 0. 27 2. 26 3. 31 3. 50 
K 2.6 1. 83 0. 136 0. 11 2. 65 2; .10 1. 47 

·Na 0.448 
.. 

6. 275 0. 28 3.02 3.40 3.88 2. 8 

Average 0. 304 0.365 . 2. 48 3. 27 3.41 
~ " .. 

H 3. 55 19. 2 1. 18 6.4 
-

' . ' . ···-1· . 
Taking z; for' water as o; 0197 c:·m. the absorption cross section for 

a 

the soil-water mixture is: 

2; = 0 . 0 1 9 7 p + 0 : 0 () 5 44 . a w ,. 
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T was calculated using a form similar to the Deutsch fo rrnul~ (~efs. 17, ·28). 

T = + 
[p;,+ Px a2] [Pw + Px f32 J 

where T 
1 

and T 
2 

are the ages_ over the lethargy intervals 0 to 4 and 4 to 

thermal lethargy. (A lethargy of 4 corresponds toE= 0. 183 Mev.) 
. . 2 2 

These were taken as T 
1 

= 43. 0 em and T 
2 

= 6. 5 em to give a total age 
z 

in water of 49. 5 em The coefficients are g:lven by 

0:1 = A s CT 
X W, 1 

p,· 
1-' = 1 

A CT 
w tr, x, 1 

Ax CJtr,"w, 1 

·A s CT 2 w x, w 
() 

tr, x, 2 
a2 = A s CT 

X W, 2 
A 

X 

() . 
tr, w, 2 

The ·slowing down and transport cross s'ettions used for this calculation 

are slightly different than those calculated later with more care but 

were calcula~eQ. using a flux weighting scheme similar to Appendix A., 

The cross .sections which were used are tabulated in Table· 9.· The 

·average transport cross.sections. for soil are CJt 
1 

= 2, 48 ba.rn and. 
r, x, . 

CT 
2 

= 3. 27 barn. The resulting coefficients .are a
1 

= 0. 346, 
tr x, 

a
2 

= 0. 007,96, 13
1 

= 0. 455,. a.nd 13
2 

= 0 .. 169. Several computed values 

of the count ratio are given in Table 10. 

47 

(56) 

(57) 



0.0 
0. 1 
0.;! 
0.3 
0.4 
0. 5 

Table 10 

. Calculated count ratios in soil using ( 1) a point source in 
a ·homogeneous m.edium and ( 2) a point source in a cavity . 

R = 6. 85/L: T
3

/
2 

a 

0.00572 
0.07~~ 

0. 165 
0. 279 
0.416 
0. 575 

R= 
. 6. 85 .. ( f - L 2: a 2 ) 

L; T 
3/2 ·0.311 

0.010 
u. U1)') 

o. 21 1) 

0.355 
0. 504 
0. 645 

a 

The introduction of a cavity alters the formula for the 

count ratio to 
\ 

[ ~. T3/2] [ ~·- L 2 + a2 J 
H

2
0 .. · 3 . T 

R= 
X 

[~a T3/2] L2 + a2 J [ ~-
. 3 T 

HO X 
?. 

L 
2 

was calculated from L 
2 

= 1/3 L: L: . and T was calculated 
a tr, thermal 

·as be±ore. 'l'he cavity rad1us, a= 5.!.. em, .was chosen to normahze 

the calculated values to an experimentally observed count ratio of 
. 3 

R = 0. 645 at p = 0. 5 gm/cm . The :esulting values are also given 
. w . 

in Table 10 and are plotted in Fig. 8. Calibration points for a Nuclear-

Chicago .Model P-19 moisture gauge as given in the .operating manual 

. are also included in Fig. 8. 

The addition of boron at a concentration of 57 ppm (about 

twice the content o'f average United States soils) would shift the curve . 
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0 
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c 
::3 
0 

(.) 

1.0 

a- P! variation 

b- Water only, cavity geometry 

.8 
.c-Water plus soil.·scattering cavity geometry 

.6 

.4 

.2 

0 
.0 

Fig. 8. 

d:....Water plus soil s~atte'ring and 
moderation, cavity geometry 

0-Nuclear- Chicago 
exp~rimental data 

.2 .4 .6 .. 8 

Water Density (g/cc),pw 

Theoretical moisture gauge calibration curves showing the 
effects of geometry and soil scattering. 
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to lower values of R as indicated in Fig. 9. In general, the model 

which includes a cavity aroung the neutron source is less sensitive to 

change in ~ than the infinite medium model. 
a 

A cha11ge_ in .soil densi~y to 70 lb/ft
3 

(i..zr.:. g/cn·?) l".IJ 1' i.'t=:-

sponding to a loosely packed soil would shift the curve to lower values 

of R as indicated in Fig. 9. 

8. CALCULATED CORRECTIONS TO ALLOW FOR COMPOSITION CHANGES 

Since even.the absolut~ value of the predicted count ratio 

is close to the observed value, it is believed that the influence of com

position changes on the calibration curve c~n probably be inferred with 

good accuracy from the theoretical equations. An initial calibration 

curve can then be changed to correspond to a new medium, or, limits 

of composition change can be specified which will keep the error within 

given bounds . 

. MultipliCative type correction factors are used in the dis-· 

cussion below since. they are relatively e.asy to calculate and do not 

depend· on the reference mediurn used to calibrate. the instrument. For 

example, given a calibration curve of count ratio; R; versus water 

density,· p 1 for medium I: 
w 

R = .R (p ). 
I I w 

The calibration curve at the same water density for __ medium U is 

given by 

where C is ·a function of the water density and the changes m composition 

between medium I and II. A table' or chart of C versus p is required to 

make the correction. 
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::s 
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Fig. 9. 

.2 

a- Dry soil :density = 1.25 glee 

b- Dry soil density = 1.44g/cc 

c-Curve b with 57ppm 
of boron added.· 

.4 ·. 6 .8 1.0 
. . 

Water· Density. {g./ cc). 

• ! . 

Theoretical moisture gauge. calibration curves showing the 
effects of soil density. · 
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C is merely the ratio of two R functions, and R is related 

to the composition through T, L, and L: by one of the appendix equations 
a . 

.~:-·'-L'., Y-5, .~:-<6,· H-1';1, C-1U, or .1:;-1. C there±ore can be expressed 

directly as a function of the changes in these parameters. 

In o·rde r to relate C to basic cross section data, L and T 

can be put in the ±orm (see :::iection 6): 

1 

3 2: L: 
a- tr2 

1 
T= 

In the following ·sections, cor:t:ection factors are calculated as indicated 

above for 3 of the gauge models. 

8. 1 Notation 

·.·,In the following sections, subscripts 1 and 2 will refer to 

epithermal and thermal constants.,· subscripts I and II will refer to 

media I and media II. A cross section without an explicit I or II is 
. . 

always to .be evaluated for medium I. The follpwing. notation wili be 

used for the mqre common cross sections: 

2:
1 

= epithermal "absorption" cross section (removal cross section) 

2:· = thermal absorption cross section 
a 

L:tri = epithermal transport cross section 

b = thermal transport cross section 
tr2 
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The macroscopic cross section; 2:, is given in terms of..the microscopic· 

cross section 0' by 

p. N 
.:._j __ o_ 

A. 
J 

0' . 
x, J 

j 

·where N . and A are Avogadro's number and atomic weight respectively. 
0 

The derivative with respect to p. is 
1 . 

a p. 
1 

a ·p. 
"" . J -L..Ja p. 

1 

N 
0 

A. 
J 

cr . = 
x, J 

N o- . 
0 x, ·1 

A. 
1 

Defining a- ... as cr: • A / o- .. A., terms with the general form 
X, 1 X, 1 W X,.w 1 

( 1/2:) a I:/a p. can be written as 
1 

N 0' 
x, i 0 

a 2: A 
1 X i -- . -

2: a p. Lp.N X .1 J 0 

. A. 

J 
~ 

8. 2 Equivalence Factors 

Q' 
.. x, i 

= Lpj Q' 
0' 
x, j x, J 

J 

The values of a- defined above can also be used to convert 

any medium to ari equivalent amount of water using any one of the 4 

characteristic cross se.ctions as. a basis for compar~·son. From Eq. 62, 

2: can be written as 

p. N r.r N 
0 L:pj L: =L:. J 0 x,w 

0' = Q' 
X A. x, J A X, J 

J w 

J J 
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= 
o- N 
x,w 0· 

A 
w 

p dr; L(pj ax, j) + p~ 
j-d.i.;y 
medium 

An equivalence factqr K. can now be defined as 
J 

Kj = L:pj a . 
1(; J 

j;;;rlry 
medium 

U~ing only the percentage composition and values ·of a, one can obtain 

an equivalence factor to. convert the dry' medium· density ~nto_ an equiva

lent moisture density for cross section calculations, o.r for makihg com

parisons, from. 

Equivalent moisture density on the 
basis of the j -th type interactioh 

= K p · .. j dry 

8 .. 3 Correction factor based on app"endix equation F- 2 (age:...diffusion 
theory for infinite medium) 

From Eq. 60, the correction factor is given by 

c 

The ratio RII/R
1 

is evaluated by calculating D.ln R.= lnRII - lnR
1 

= 
ln(RII/R

1
) and assuming the count rat.io R is proportional to the thermal 

·neutron flux. As noted befor_e, the ratio R
1
rfR

1 
is uE;edrather than 

the change RII - R
1 

so that the correction term is independent of the 
,•:..: 

reference· medium. 
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The total change in lnR is given in a linear approximation 

by 

.6.lnR = ~ a ln R ~p . , 
L..iap. 1 

1 

i 

. th 
where .6.p. is. the change in the mas.s density of the i component. 

1 

Using Eq. F- 2 for the neutron flux and noting that differentiation of the 

proportionality constant makes no contribution, one has 

a ln R 
a ln 

= a p. 
1 

a p. 
1 

~ 
a 

3"/2 
T 

a-~ 
1 

a p. 
1 

Using Eq. 64 gives 

.6.lnR = 
3 
2 

"'"" .6.p. a~ . £....J 1 .L,1 

i 

.'Defining f
1 

as 

= 

+ 

+ 

a 
a 

3 
2 

-~· 

J 

ln ~ 
a 

p. 
1 

1 . 

~ 
. tr1 

a ln (~1. 
l 

a P. 
1" 

a ~ 
tr1 

a p. 
1 

2: .D.p. a 1 .. 
. 1 tr , 1 

3 i 
2 

L:·p. a 1 . 
.J .tr ,_.J 

J 

.6.p . a1 . 
. 1 ' 1' 
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~tr1) 

1 

~ 
a 

2:' 
1 

L: 
J 

a P .. 
1 

.6.p . a .. 
1 a, 1 

p. a 
a, j :J 
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and using similar definitions for f and f ' one obtains 
tr1 a 

D.lnR = 
3 
2 

3 
2 

f - f 
tr1 a 

The. above definition-of f
1 

is equivalent to using f
1 

= D.L:
1
/L:

1
. 

The correction factor for the calibration curve is obtained 

directly from E:q. (-73) since 

6.lnR = lnRII 

Therefore 

. c- = e 

or 

3 . 3 . 
-f + -f 
2 1 2 tr 1 

·f . 
a 

In a non-hydrogenous medium, one needs the correction 

factor at constant p as a function of .water density. This is obtained 
w . 

by explicitly separating the p term in the expression for f and letting w . 

D.p ·= 0. It may be noted that £ will be a small quantity sine e it is 
w 

merely ·the frac.tional change in c rb s s secti~n D.L:/ L:. An approximate 
~:~ 

form for C, valid for small changes·in composition and.dehsity is 

~:! 

As noted later in section 8. 7 ,·this approximation of Eq. 74 is 
actually just as accurate as equation 74 itself when non-linear terms 
become significant. 

56 
· .... 

( 73) 

( 74) 



given by 3 3 -. 
- f + - f 
2 1 2 tr1 

C = e 

f 
a 

= 1 ·+ 2._2 fi + 2._ f 
2 tri 

f . 
a 

The f terms ·can also .be separated into the contributions from density 

and compo-sition changes by noting that - at constant p -
w 

where p. is the dry weight fraction of the ith component and p is the 
1 

total dry density. 

i 

J 

A typical equatio.n for f is 

~p. 0!1 . 
1 '1 

p. 0!1 . 
J 'J 

. . 

~p ""P- a1 . + pd '""~p. a1 . . dry L....J 1 , 1 ry L..J 1 , 1 

· i=medium i=medium 
- .--------~~~~~~----------~~~~~~-----

. p dry .L: ~ i a 1 ' i 
i=medium 

For a medium which cont.ains significant hydrogenous- material, a

calibration curve us~ally is a plot of count ratio versus total hydrogen 

density. In this case one needs a correction factor at constant 

pH (pH = total hydrogen density) as a function of pH. This is obtained 

by explicitly separating pH rather than p -- in the expression for. f and 
w . 

taking ~PH = 0. The oxygen in water now f:\JUSt be included as a 

separate term and the expression for f is altered in this case to {using 

f1 as a typical example): 

~p ~ p. a1 . + 
dry L...J 1 ' 1 

i=non-H medium 
pdryL~piai,i 

i=non-H medium 

p dry .2: pi a 1, i· + p o a i, o + pH at, H 

i=non-H 
medium 
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where the "o" · subs.c ript refers to the oxygen in the water.. Dividing 

by aH to obtain pH explicitly and ·expressing the oxygen density in terms 

·of water density gives 

= 

~p dry . . 

""P· a1 . a1 H L..J1 ,1 
' 

Pd'ry 

i- non-H 
medium 

"'V" p . Q' 1 . 
Q! . L..J 1' 'l 

1, H 

i=non~H 
rnediurn 

+ 

+ 

Q' 
1,o pdry LJ· . .§; ~-

~p. Q'1 . : + 9 p a 1· H . . 1 , 1 w a 
, . 1,w 

8 - Pw ·9 

i=non-.H · · 
med1um 

U' 
'1,.0 

+ 
(~ 1 ,w 

PH 

In this case, ··one is' pr.esented.with a need for ~p when p is not known.· 
.. · w . w 

in the new mediurri .. As an· approximation at constant pH, it is assumed 

that p in· the new medium is about the same as in the old medium so 
w 

·that the ~p term can he neglected. 
w 

To gain some feeling for the magnitudes. of the hydrogen 

·and non-hydrogen terms in f for a soft coal medium,. the values in the 

denominito r .of f in the form 

( L;II - ::01) 
· nnn=H 

± = 
::0 + L; 

non-H H· 

' . . .·' . . 3 
were evaluated for a Kanawha coal ~ith a. dry density of 62. 4 lb/ft 

(p = 1 gm/cm3) containing ~-·lb/£t3 . of _moisture. The .L; H. term. 
. non-

includes the oxygen in water and the I:H term inc.lndes the hydrogen 

both in the medium and in the water. The· ratio of the terms is given 

in Table 11 .. 
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' 

Table 11 

Comparison of hydrogen and non-hydrogen cross se.ctions 
in Kanawha coal with 4 lb/ £t3 moisture -

2: /2:· 
H . non-H· .Elements included in ·the calculation of 2:. 

2:1 10.4 H, c. 0 

2: 
tr1 0.'5 H,·C, 0 

2: 8.0 H,·C, 0, Fe, N 
a 

2:tr2 5. 6 H, C, 0, N 

Hydrogen dominates all cross sections except fo.r the fast 

transport cross section. It is largely because of the dependence of the 

fast transport cross section on non-hydroge_n elements _that Cl. composition. 

dependence exists. 

8. 4 Correction factor based on appendix equation B'-19~(2 group'the.ory · · 
for infinite medium) 

.. Using Eq. B-19 
. . . -·· ... 

a ln R 

a p. 
1 

= 

= 

= 

a 
a P. 

-1 

ln (32: 
2

) 
tr 

1 

.-1 · a 2:tr2 

2:tr2 .. opi 
'1 

+ 2 

a -1/2 
-<::>- ln (32:

1 
2: 

1
) 

up. tr 
1 

a 2: 
1 '1 . + 

a p. z 
1 

a 2: . 
. trt 

a P. 
1 
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.a 
a P. 

1 

. ~ 
ln·(1 + -· ) 

L 

8 p. 
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The last term in the equation ca:t:l be altered as follows: 

i 0 (~) 
1 ( 1 9 >IT 1 o L 

) -
(1 + ~) 

= 
1 + -1:...- 1\Ff-a p. a p. L ?.1 p. 

1 
"-fT 

1 1 

1/2 
-1/2 

i/2 
-1/2 

l o(L:1 L:tri) o(L: L: ) 

. 
1 

L [ (:1:1 :1:tr1) (L:a L:tr2) 
a· tr2 

- 0 0 p. p, 
1 + -;:r;= -1 . 1 

1\ T 

1/2 

( 
1 

(J :2::1 1 
a L: 

tr1 . 1 0 L: 
i a :1:tr2 ) . ·a 

= + -- --
L :2::1 a p. L:tr1 0 p. L: 0 p. L:tr2· 0 p. 

1 + ;:r:; 1 1 a 1 1 

The-value of L/~is nearly constant for~ wide -range of moistu;e values 

and the q~antity ( 1/2)/( 1 + .L/~) is represented b'y a in the following· 

equations. Combining E.:q. '(8'1) and (82) gives.: 

o ln R 
0 p, 

1 

= 
1 
2 

1 

"( * 
T-herefore, 

0 1.;' 
1 1 tr1 ·1 

+-- + --
2 L: 0 p. L: 

tr'l 1 tr2 

0 

a 

0 :2::1 1 
0 L: . 1 0 L: 

tr1 a 
=4' 
D p. L: 8 p. L: 0 p. 

1 · tr1 1 a 1 
'-· 

L;' 
tr2 

+ 
p. 

1 

1 a :1: ) · tr2 
0 p. . L: 

tr2 1 

A ln' R ="a ln R. 1 .f . 1 f f ( f f f f ) 
~ L.J o p. t::..p i = T 1 + T- tr1 + tr2 + a · 1 + tr1 - a.- tr2 · 

. . - 1 . 

i 
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The correction factor, C, is then given by 

1 ·. 1 . . 
= 1 + (- + Q') f 1 + ( -2. + Q') f 1 _·. Q' f + ( 1 - Q') f . 

2 .tr a tr2 

8. 5 Correction factor based on appendix equation C-10 (2 group theory 
for medium with a transparent spherical cavity) 

Using Eq. C -10, 

( 8 5) 

alnR =- ~ ln-[D ~(1+~)(1+~)(1+-~)]. (86) 
a p.. ·a p. ·· 2 · L L ,.JT . 

1 1 . . 

The first three terms in the brackets are the same as in Eq .. 81. The last 

two terms can be rewritten as follows: 

a-' r 
1 · aL a L: 

a 1 0 1 
= -- = 1/2. ( ~ a Etr2) 

(8 7) ln (1 + L) --+--
a P. L L ap. L L: a Pi L:~;2 a P. . 

1 1 +- 1 1 +- a . ' 1· 

. r 
a . ( o ) -.- ln .1 +.-- = 

ap. ~ 
. 1 

Define '( and 6 as 

'1./2 

r 
0 

1/2 
. '17 

1 + -
r 

0 

'( = L 
(1 + -) 

r 
0 

1/2 

6 = (1 + ~) 
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r . . 
0 

1 
+ --.

L; 
tr1 

) . (88) 

( 89) 



Combining equations (86), (87), and (88) gives 

D ln R 
a p. 

. 1 . 
= 

1 

~1 

1 + -
:E 

d. 

therefore 

a ~1 
a p. 

1 

C is thep given by, 

1 ' ' 1 a :Etr1 
(- + a - o) ·:t 

2 · :Etr1a Pi. 
(~+a.- 6) 

2 .. 

C " exd (++a : 6) (£1+£tri) -(a+ y) fa+ (1 -a - y) fti-Z1 
.\ 

8. 6 Correction factor based on D-9 (2 gr~up theory fo~ .a rn.~dium with, 
a gray spherical cavity) 

· E·quatiQn D-9 which includes an albedo parameter for the 

surface of the spherical cavity can be written as 

R a:. 
1 

r' r ' tJT . b . 0 
D .J'T(1+-.)(1+-)(1+-) 

2 L · L .JT 
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·where 

r' = r 
0 0 [ 1 + 1 - 13 1 

2 ( 1 + 13) L: L . 
a J 

1/2 
L; L = ( 1/.J3) (L: /L: 

2
) will be a slowly v_ arying quantity 

a a tr 
since both L; and L; 

2 
are primarily determined by one element -hydrogen . 

. a tr · 
The effect of introducing an albedo for the surface of the cavity can be 

viewed as an effective increase in the radius term associated with L 

or as a decrease in L. For a transparent cavity, l3 = 1 and r' = r . 
0 0 

For a black cavity, 13 = 0 and r'· = r ( 1 + 1/2 L; L). L; L will be of the 
·o o a ·a 

order 0. 05 so that r' is significantly different than r for a black cavity. 
0 . 0 

Taking L: /L: 
2 

as a constant will make r' constant and 
a tr . o 

Eq. 93 is the same form as used in Eq. 86 except that r' replaces r 
0 0 

in the term containing L. The correction factor would thus have the· 

same form as Eq. 92 

where y' = 
1/2 

L 
1 + --

r'· 
0 

o") (£
1
+ f 

1
) - (a + y') f + ( 1 - a - y') f 

2
],. 

tr' a · tr 

8. 7 Simplifie-d correction factors 

The correction factors will have the. simplest form in 

those cases where hydrogen is .the dominant ·element in the determination · 

of the various cross sections and the non-hydrogen elements introdu.c·e 

only second order effects. When the cross sections are primarily · _. _. 

determined by one element, cross section rati()s are nearly constant 
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and .terms like ~a/~t~ 2 a~d ~a ~tr 2/~ 1 ~tr 1 will be approximately con

stant. In this case the ~ Land tVT/L terms can be taken as constants 
a 

and in addition, 

f = f 
a tr2 

The last equality follows from 

. 2 
D = ~ L = (g L) L =(constant) L = (constantY tVT .. 

2 a a 

With these simplifications, the correction factor for aninfinite medium 

using two group ·theory can be written 

C = e 

= e 

1 
-2 (£.1 + f 1) + f 2 + a (£1 + f 1 - f - f ) tr · tr tr a tr2 

2 f 2 tr 

The approximate age -diffusion equation (Eq .. F- 2) leads to the same 

result. The correction factor ·for a medium with a spherical cavity 

using two group theory can· be written 

- e 

(96) 

(97) 

(98Y 

2f (1-'{-6) 
= e tr2 (99) 

where '{ and 6 are defined the same as in Eq. ·89. The smaller ex

ponent in Eq. 99 as compared to Eq. 98 indicates a reduction in the 

sensitivity to changes in composition for.a cavity geometry as compared 

to an infinite medium. 

8. 8 Higher order corrections 

The equations derived in Sections 8. 2 - 8. 5 are.based on 

a linear expansion for b.~. If the assumption of a linear variations is 

not made, one has (for Eq .. , F-2) 
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3/2 6"' 3/2 6 I:1 ~ 1 
3/2 . ._ 3/2 

~I: ~I: 

( 1 -- ) ( 1 + tr ) 

e ~lnR = exp ·[ ln __ + __ I:_i ___ ~_I:_a __ I:_t_r_1 ___ ]= 
1 __ t_r_t) 

(1+--) (1+ 
I:1 I:trf 

1.+ ---
I: 

a 

Depending· on whether one used ln ( 1 + 6.) ;, bi., 

·can be writt~n approximately as 

~lnR 

~2 f1 + l f - f 
2 tr1 a 

e = e 

or 

6lnR. 
e. = 1 + 3 f +l._f 

2 1 . 2 tr1 
f . 
a 

~I: 
a 

1 +-
I: 

a 

~ 
or e - 1 + ~. · Eq. 100 

Compa·red to the exact·~ equation, the first approximation which is the 

. Srlme rl s the prAviovs .resvlt when 'only th~ linea-r terms in .6I:. were .in

cluded gives somewhat high results and the second gives somewhat low 

results. That is, the equation derived in Section 8. 2. including only 

first order terms in the expansion of ~I: will tend to giv.e high results 
2 

when f cannot be neglected compared to·£: 

·Using a 6 treatment for Eq. B-19 gives exactly 

-1 

Since AL· is usually a very slowly varying term, a linear approximation 

is .adequate for the 6(q/L) term. This gives 

~lnR 
e 
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where 

a= 
1/2 

L 
1 +-. 

T 

Again depending on the approximations used., one has 

6-lnR 
e 

or 

= e 

1 .. 1 
2 f1 + 2 ftrt. + ftr2 + a (f1 + ftr·'l· - fa - ftr2) 

f - f ) . 
a tr2 

The first approximation tends to give high results and the second tends 

to give low results. 

6.lnR 
e 

A similar exact treatment for Eq. C -10 gives 

f 1) (1+f 2) 
1/2 [ 

tr tr 

-1 
r r 

1 + 
~ ~]. -1 

1 +
L 

-1 

-~-+-( ~-:-) l [ 1 + 

L 

6. 0 l -::[;' 

1 + ·* 

x. 

( 105) 

( 106) 

( 107) 

( 108) 

The first term in brackets can be again approximated Cl.~ 1 + a (f + f + f - f ) 
1 trt a tr2 · 

The approximation for the second term in brackets through second order 

terms is given by 
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r 

I 
~ (~) 

1+ 1 ;0 
+-

L 

-1 

= 

1 
. 2 

_! f + 1._ f (f f ) 
2 a 2· t r 2 - 8 a - t r 2 

1+ L 
1 +-

r 
0 

-1 

The term (f - f 
2

) will be very small since f and f 
2 

are normally 
a tr . 2a tr 

of the same magnitud.e. Neglecting (f - f 
2

). , this term can be:.: 
a tr 

written 

where 

r 

~(+) 
r 

1 +·~ 
L 

-1 

y= 

= 
.1 

1+y(f+f )' 
a tr2' · 

1/2 
L 

1 + -
r 

0 

A similar approximation for the last term in brackets results in 

1. + 

r 
~ ( 0 ) -;:;;=-

r 
0 

1 +--
~ 

-1 

1. 

'·f 

To a. very good approximation then, the entire expression can be written as 

L).lnR. 
e = 

. 1/2 . 1/2 . 
( 1 + £1) {.1 + f 1) . ( 1 + f 2) [ 1 + Q' (£ + f 1 - f - f ) ] . 

tr tr 1 tr a tr2 

. { 1 + y (f + f · 
2

)) lr 1 + 6 (f + f 
1

) -] 
a· tr 1 tr 
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The two possible approximations are 

~lnR 
e 

or 

= e 

~lnR -1 
e = 1 + ( Z + a - o) (f 1 + ftr1) - (a + '{) fa + ( 1 - a - 'I) ftr2 . 

The first of these two equations .tends to give·high results and-the second 

l~w but the latter g~ves results that a,r~ generally closer to the value 

obtained from Eq. 1 U. Since ~/ L is nearly constant, the results are 

.hardly affected by setting a= 0. This would give 

c = ~lnR e 

as a reasonably simple form for 'calculation. of most correction· factors 

using 2 group theory and a medium with a spherical cavity. 

8. 9 Thermal cross sections and parameters 

In order to evaluate the parameters appearing in the 

equation for the correction factors, average c'ross sections fo'r the 

various elements are required. The thermal scattering and absorption 

cross sections given in Ref. 16for several elements o~interest.are 

tabulated in Table 12. The transport cross section is taken as 

<Ttr2 = <Ts( 1 

(J" /1. 128. 
a 

table. 

- 1-l. ) and the average absorption c·ross section is taken as 
0 ' ' ,• 

Th·e values for a. defined in Eq. 64 are also given in the 
. 1 

· 8. 10 Fast cross .sections and parameters 

The average fast cross sections ·were initially determined 

for three epithermal energy groups. Although no single constant can 
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0' 
-..() 

(· 

TABLE 12 

Thermal Cross Sections and a Factors 

cr· /1. 128 (1-~ ) 
ll:' 

CT CT CT ll:' tr 
2 A a S. a s . 0 a 

Aluminu·m 26. 98 Al 0. 241 b 1.4b . 0. 214 b 1. 3 7 .b 0. 243 . 0131 

Boron 10. 82 B 795 4 705 3.76 '2000 0. 0897 

Calcium 40. 08 Ca 0.44 3 0.39 2. 95 0. 298 0. 0190 

Carbon 12. 01 c 0. 00373 4.8 0. 00331 4. 53 0. 00844 0. 0974 

Chlorine 35.46 Cl 33.8 16 29. 97 15. 7 . 25, 9 0. 114 
-·-

d. 294 
'0 

Hydrogen 1. 008 H 0.332 32. 9 8. 94 8.42 

Iron 55.85 Fe 2.-~2 11 2.32 10.9 1. 27 0. 0504 

Magnesium 24.32 Mg 0. 069 . 3. 6 0. 0612 3.50 0. 0771 0. 0371 

Nitrogen 14. 01 N 1. 88 10 1. f7 9. 52 3. 65 0.175 

Oxygen 16. 00 0 0. 00020 4. 2 0. 00018 4. 02 0. 000345 0. OE48 

Potassium 39. 10 K 2.07 1. 5 1. 84 1. 47 1. 44 0. 00970 

Silicon ·28. 09 Si o·. 16 1.7 .. 0. 142 1. 66 1. 55 0. 0153 

Sodium 22. 99 Na 0.525 4.0 0.466 3.88 o'. 621 0. 0436 

Water 18. 02 H
2

0 0. 5'88 69.8 1. 000 1. 000 

cr for H obtained by using experimental data fo'r water (L = 2. 70 em, Ref. 18) and solving 
tr 

L 
2 = 1 /3'2:, L, for '(cr. )H. 

a tr tr 



exactly reproduce the results of a three group caJculation, in the in

terest of simplifying the subsequent calculation of correction factors, 

the three-group values were averaged to a single constant which gives 

approximately the same age as the three-group treatment. 

The source energy was taken as 5. 0 Mev on the basis that 

age. calculations in water using this energy generally agreed with 

experimental data. The first group includes only the first flight 

correction and actually uses oniy the cross section at.5 Mev. The 

second group extends from 5 Mev to 0. 183 Mev. The third group ex

tends from 0.183 Mev to 1. 4 ev. The energy brea~down within the 

various groups and further details of the calculation are given at the 

beginning of the- tabulation of cross'-sections in Appendix A. The 

resulting average fast cross sections and a factors are tabulated in 

Table· 13. 
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TABLE 13 

Fast Neutron Cross Sections ·and a Factors 

Element (f1 lftr1 a1 atr 1 

Al 0 .. 06762 3.031 0. 07044 0. 2169 

B 

Ca 0.01690 4.804 0. 01185 0. 2315 

c 0. 02625 3.038 0.06143 0.4885 

Cl 

H 0. 3161 3. 069 8. 813 5. 879 

Fe 0. 1514 -3. 994 0. 07618 0. 1381 

Mg 0. 01668 3. 194 0. 01928 0. 253 6 

N 0. 02509 3.200 0. 05034 0.4412 

0 0.008692 3.191 0. 01527 0. 3851 

K 0. 01474 4·. 364 0. 01060 0 .. 2155 

Si 0. 01613 4. 341 0. 01614' 0. 2984 

Na 0. 02136 4.642 0. 02611 0. 3899 

H
2

0 0.6410 9.329 1. 000 1. 000 
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9. COMPARISON WITH EXPERIMENTAL DATA 

9. 1 Comparison. of C/H Correction Fa.ctors 

As one ·means of evaluating the various models and the 

calculated cross sections, the predicted influence of the carbon-to-hydrogen 

atom ratio, N(C)/N(H), using the various theories can be compared with 
. 1 

the experimental data of Tittle by computing what Tittle calls an "inter-

polation factor, f''. This is equivalent to computing the flux for different 

values of N(C)/N(H). 

The relationship between Tittle's f -factor (which he introduced 

to compare data from carbon-water lattices with data from furfural) and the 

flux can be· seen in the following resume of the pertinent parts of R,ef. 1: 

Indium resonance data for various carbon-water lattices were normalized 

to the same peak height and the source -to-foil distances were multiplied 

by the actual water density in the lattice to give "the distributions in media 

containing the same concentration of hydrogen and oxygen but various con-
. . 

cent rations of carbon". f was then defined as the 'ratio of the distance from 

the origin for a given intensity on one of the distrib].ltions to the distance from 

the origin for the same intensity on a distribution C' which nearly represented 

furfural·, i. e. , 

f= 
distance to obtain intensity I 
distance to obtain intensity I on C' 

A ratio R was defined as below and calculated for each lattice using a plot. 

of the f values obtained in Eq. 117 versus N(C)/N(H). · 

R = f (furfural) 
f (lattice) 
./ 

= 
distance to obtain intensity I in furfural 
distance to obtain intensity I in lattice 
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The data for various lattices was then adjusted to the value of N(C)/N{H) 

in furfural by correcting the distance and activity scales used for plotting 

as: 

(119) 

(120) 

· 'l'hese adjustments correct the data to an equivalent media with the same 

value of N {C)/N(H) as in furfural but with different atom densities. · At. the 

origin, only Eq. 120 1s of interest. Further corrections for the atom 

densities were used by Tittle but are not required here. 

·The above· corrections are partly complicated by the fact that 

a comparison with furfural was ultimately desired and none of the experimental. 

latti"ces had a value of N{C)/N{H)·or water density which was identical to 

that in furfural. {The value of N{C)/N(H) for distripution C' was 1. 173 

compared to 1. 25 for furfural.) For comparison with theoretical calculations, 

one can use the lattice with distribuf!on C' as the 11 standard" rather than 

furfural. For this case, one has 

£(standard) 1 
R= = , 

£(medium) £(medium) 
(121) 

·and 

.A = A /R
3 

= A £3 (medium). 
t u u 

( 122) 

Ag~in, ·this adjusts the activity to an equivalent media with the same value· 

of N(C)/N(H) as in lattice C' but makes no correction for a difference in water 

densities. 

Equation 122 can be written as 

f( ~ctivity in medium with N(C)/N{H) = 1. 173 i)/
3 

medium)= '1\ctivity in medium with N(C)/N(H) = N(C)/N(H)' (123) 
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This equation will be used as a .basis for .comparing the various theories 

by calculating the activity ratios and obtaining a theoretical value for f 

which can be compared with the experimental values. Thermal flux ratios 

were computed "using (a) age-diffusion theory, (b) approximate age-diffusion 

theory, and (c) two-group theory for values of p(C)/p(W) = 0. 0, 0. 5, 1. 0, 

2. 0, 2. 5, and 3. 0. For carbon-water lattices, the atom densities and . 

mass densities are related by 

N(C) 
r'r(FI) 

n 7SO p(C) 
•• u.p(W) (121) 

In age -diffusion theory, the flux at the origin in an infinite homogeneous 

medium is given by Eq. 46 which can be slightly modified to give 

¢ (0) = e y (1 - erf y) = 2 . J 

where Y. is defined as y = , .. J~7L. 

s 
----f (y) 

4 TTL L
3 

a 

' ( 125) 

Va-lues for f(y) are given in Table 14 and are plotted in Fig. 10. 

Table 14. Values of f(y) defirfed in Eq. · f25: 

y f(y) y f(y) 

1.0 0. 13661" 2. 0 0. 02670 
1.1 0.11117 2. 1 0. 02354 
1.2 0.09162 2. 2 0. 02086 
1.3 0. 0763 5 2. 3 0. 01856 
1.4 0. 06425 2·. 4 0; 01658 
1.5 0. 05454 2. 5 o. 01.487 
1.6 0. 04665" 2. 6 0. 01339 
1.7 0. 04021 2. 7 . 0. 01209 
1.8 0. 03488 2. 8 0. 01095 
1.. 9 0. 03 043 2. 9 0. 009946 
2. 0 0. 02670 3.0 0. 009066 
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...... : ~ 

The flux ratio to be evaluated is 

_ct>_<_o)-'-I...L.e...:...< c-'-)"---'/ P'---'<~w-'-)_=_1_. _5_64 = f < y) 

cp { 0) I p (C)/ p (W) . !: a L 3 f{y) 
1. 564 

In terms of the a coefficients, y can be written as 

, [ ~ 1/2 ~ p. a . """p. a 2 . L L CT CT . ~ 1 a, 1 4 1 tr , I 
y = rJT = a tr.2 = a, W tr2, W 1 1 

L !:1!: 1 cr1 W crt 1 W L: p · a1 · :E p ·at 1 · tr _, r , i 1 , 1 i 1 r , 1 

1/2 

. . 1/2 

[

CT CT ] 

. . ...eJ.9 p(C) . 
(1 + p(W) aa, C)(i +PTW) atr2, C) 

1/2 
a, W tr2, W 

= cr 1, W crtr1, .w . p(C) p (C) 
(1 + p(W) a1'· C) (1 + p(W) atr1, C) 

-
Table 15 gives the value of y obtained by inserting the cross 

sections and a factors from Tables 12 and 13 into Eq. 127. The corres

ponding values for f(y) are also given .. 

!:= 

Table 15. Values of y s AL from Eq. 127 for various 
carbon-to-water mass· densities. 

PciPw. y{Eq. 122) f(y) 

o. 0 2.'620 0. 0131 
o. 5 2. 374 0. 0172 
1.0 2. 192 0. 0211 
1.5 2. 052 0. 0248 
1. 564 2. 036 0.0255 
2. 0 1. 938 0.0290 
2. 5 '1.. 844 0. 0328 
3. 0 1. 765 0. 0369 

Any !: can be written as 
CT N CT N 

W o (~ + ) (. W o)p (1 +p(C) 
A LJP.a. Pw = A (W) w i·ll w w p 
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At constant water density 

:L 
a ( 

. p(C) ). 
= . 

1 + j?"{W) aa, C 
~, 

a p(C)/ p(W) = 1. 564 (
1 + p ( c) 0' )· . 

p(W) a, Ci. 564 

and 

= 

. [. (1 + _e_!9_ 
(W) 

(1 + p(C) 
p(W) 

·ThP. produc:t of Eqs. 129 and 130 is 

:L L3 
(1 + p(C) 1/2 

a = p(W) O'a, c) 

:L L3 I (1 + p{C) . 1/2 
a 1. 564 p(W) O'a, c) . 

. 1. 564 I 3/2 

(1 + p(C) ~ · )3/21 
p(W) tr2, C. 1:. 56 

(1 + p(C) a . )3/2 
p(W) tr2, C 

Using this equation and the value of f(y) from Table 15, Eq. 126 can be 

evaluated. The results are tabulated below and f is plotted in· Fig. 11 along 

with Tittle's experimenta1 data. 
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Table 16.- Values of the thermal flux using age-

PciPw 

0. 0 
0. 5 
1.0 
1.5 
1. 564 
2.0 
2. 5 
3.0 

diffusion theory in media with various 
carbon-to-water mass densities compared 
with the thermal flux in a medium with a 
carbon-to-water mass density of 1. 564 (Eq. · 126) 

1/3 
ct>l1. 564 ( <t>l.1 ¢5 64) = f 

cp 

2.423 1. "343 
1. 715 1. 1\}'7 

1. .303 1. 092 
1. 037 1: 0123 
1. 000 1: 000 
o. 8313 0. 9403 
0. 6908 0. 8840 
0. 5785 0. 8332 

As a simple approximation to Eq. 125, one can expand the 

error function and retain only the first term in the expression for f(-y) .. 

The result is 

f(-y) = 1 

Using this simple form for f(-y) in the computation of the flux ratios 

gi~es the curve labele-d as ••approximate age-diffusion theory•• in Fig. 11. 

It may be noted that this approximation is equivalent to Eq. F-'2 which is 

.repeated here: 

cp (0) cc 
2: 

a 

1 

T 
3/2 

The two- group equation for the flux at the origin in an infinite 

homogeneous medium is given by Eq. B -19 which can be modified to read 
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cp (O) = s 
4rr 2: L

3 
a 

The value off obtained. from Eq. 134 by again computing the- cube ·root of 

the flux ratio is also plotted in Fig. 11. 

(134) 

The values off computed here are relatively insensitive to the 

source energy. "Before the cross sections appropriate for a Ra-Be source 

were evaluated.a similar calculation was mad.~ using fast cross sections 

·for fission energy neutrons (2 Mev). The· resulting curv~s were essentially, 

identical tQ the curves in Fig. 11. 

9. 2 Comparison with Fermi Age 

The neutron age, T, in various m:1.terials was also calculated 

for comparison with experimental· values. One possible means of cal

culating the neutron age is to convert the non-water -part of the medium 

to· an equivalent water density as indicated in section 8. 2 and combine 

this with the true water density, p ·. Since the age is inversely proportio.nal . . w 

to the macroscopic transport and slowing down cross sections; the age 

· can then be calculated as: 

T= 
T 

w 

where Tw is the neutron age in pure water, p
1 

is the water equivalent of 

the medium on the basis of transport properties and p 
2 

is the water equi

valent of the medium on the basis of moderating properties. Alternately, 

the age can be calculated directly from the cross sections which are used 

in the computation· of the equivalence factors using: 

1 1 T= = 
3 2: 2:' 3 N. CT. 1 N. CT. 1 tr-1 . 1 

i 
1 1, tr 

i 
1 1, 
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3 
where Ni i~? the ·number of atoms per em ·of type i, CY is the microscopic 

cross section, :Lis the macroscopic cross section, and the subscripts 

tr1 and 1 refer to the epithermal transport and slowing down cross sections 

respectively. 

The results of several age calculations are shown in Table 

17. The difference between the experimental and calculated values is 

generally well under 10%. The data for the carbon and iron lattices is 

plotted in Fig. 1. 2. 

Table 17. Comparison of Calculated Neutron Age. 
with Experimental Age . 

One-Group 
Age to In Experimental 

Medium Pw · Nule Re:;uuauce Age 

50. 1 
2 

48. 5 em 
2 

Water 1. 00 em 

Furfural (C5H402) 0. 435 135 . 134. 5 

Saturated sand-water mixture 0:388 1 127 131.4 

Carbon-water lattice B 0. 769' 2 65.4 71. 3 

Carbon-wate.r lattice C · 0. 526 3· . 95. 5· 99. 5 

Carbon-water lattice D 0.346 4 134 136. 8 

Iron-water lattice with 
1:1 volume ratio o. 5oo· '5 59.8 57. 9 

Iron-water lattice with 
1:2 volume ratio 0. 667 5 55. 9 56. 0 

Iron-water lattice with 
1:3 volume ratio 0. 750 5 54. 2 52.3 

Notes 

Ref. 

29 

1 

1 

1 

t 
1 

29 

29 

29 

(1) Atom· densities are based on 38 . .S v/o water and an assumed 
density of p = 2. 65 for Si0

2
. 

(2) Atom densities are base·d on 76. 9 v/o water, N(C)/N(H) = 0. 401. 
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(3)· Atom densities are based on 52.6 v/o water, N(C)/N(H) = 1.173. 

(4) Atom densities are based on 34. 6 v/o water, N(C)/N(H) = 2. 599. 

(5) Atom densities are based on an assumed density of 7. 86 g/ em 
3 

for the iron plates (reported as in the range SAE 1010 to 
SAE 1020). 

10. APPLICATION TO THE COAL INVENTORY PROBLEM 

Using the correction factors derived in $ection 8 and the a 

factors given in $ection 8, either the water or coal contribution to the 

count ratio can be adjusted to any value. If only the dry coal contribution 

to the count ratio is adjusted to a constant value, the count ratio should 

then be a smooth function of water density. 

Such corrections were examined using the 2 gp. theory for a medium with 

a spherical cavity and it was found that the value of the cavity radius, 

which produced the least scatter in the adjusted Clifty coal data was 

r ' 
0 

r ,;, 2 em when water was adjusted to a constant value and r ,;, 10 em when 
0 . 0 

coal (including the bourid hydrogen) w~s adjusted to a constant vali..le. In 

terms of the resulting corrections, this meant that more weight was apparently 

. required for_ the change in cross section caused by water variations than 

for the coal variations. This apparent difference in weights could be caused 

by errors in the water and/or hydrogen determination, errors :i.n cross sections, or 

inadequacy of the model. Because of the general agreement between the 

calculated and measured values ofT, it does not appear that the cross sections 

can be seriously in error. ·The most likely source of error would seem to 

be in the determination of the hydrogen and moisture content of the medium 

or the choice of the theoretical model. The data on the influence of bound 

hydrogen is conflicting .. 

Using the value of r = 10 em, correction factors to adjust the 

calibration date from all four coals to the same composition and dry coal 
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density can be calculated. Factors were computed to adjust all data 

to a composition and density the same as Clifty composition and average 

dry density; the resulting adjusted data are plotted in Fig. 13. Ideally, 

all the adjusted data should now fall-on the same curve. It is ·obvious 

from the figure that the known differences in composition and water 

content can~ot explain the different behavior of these coals. 

If the Kyger c;:alibration data is adjusted, u-sing Eq. C-10 -with 

r = 10, to the average density for the Kyger field measurements, one 
0 

obtains the solid line in Fig. 14. Using this line with the observed value 

of R(R = 0. 641) gives a water density of 7. 8 l"b/ft
3 

or 10. 4% moisture 

The· measured value from core samples was 8. 7o/o. When an uncorrected 

curve is ·used, the· neutron gauge indicates 16. 2o/o moisture. Although 

known differences in composition can reduce the error in the moisture 

determination using the gauge, they cannot explain all of the differences 

observed with this set of samples. For example, if one had attempted 

to determine a calibration curve for Kyger coal on the basis of what was 

known about Clifty coal by adjusting the Clifty data in co!rlposition and 

density to what is believed t.o be the average compositiop and density 

for the Kyger field measurements, one obtains the dashed line in Fig. 14. 

Comparison of this curve with the actual data using Kyger coal (plotted 

on the same figure) indicates that the available information on composition. 

is not accurate enough to establish a reliable calibration curve in this 

manner. 

11. REPRODUCIBILITY 

The day to day reproducibility of the .data during field operations 

appears to be excellent. Figure 15 which shows typical moisture data 

collected on different d~ys with a Nuclear Chicago moisture gauge during 

a field trip to the Clifty Creek Station of the Indiana-Kentucky Electric 

Corporation. 
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12. :POSSIBLE CALIBRATION AND EXPERIMENTAL MEDIA 

Various organic compounds were· exarp.ined in an attempt 

to find media which would enable di"rect measurement of the effect on· 

the moisture probe of different carbon-to-hydrogen ratios. Relatively 

inexpensive, miscible liquids of the type C (H
2
0) were looked for 

X y 
initially. The list of Industrial Org~nic Compounds in the Handbooks 

of Chemistry and Physics (40th Edition) and the Quarterly Report on 

Current Prices in Chernical and Engineering News (March 28, 1960) 

were checked to indicate ava.ilabiHty -in commercial quantities and 

relatively low cost. Figure 16 is a plot of hydrogen density v:s. non-. . 

hydrogen..:to-hydrogen atom ~atio for Cx(H
2
0) compounds. w~th known 

density and indicates that there are no groups of liquids or solids with 

the same hydrogen density in the region of interest. 

All high purity liquids of the type C H 0 which are found 
· ·x y z 

in the Industrial Organic ltst were then examined and are shown in Fig. 17. 

Here also no pairs or groups of liquids with the same hydrogen density 

were found in the region of interest. The complete list of organic corn

pounds in the Handbook of Chemistry and Physics was searched for C, 

H, and 0-cornpounds with high values for the non-hydrogen-to-hydrogen 

ratio. The few that were found are also shown in Fig. 17. Only one is 

a liquid. The only inexpensive, available liquids which have values for 

the hydrogen density and atom ratio in the region of interest are furfural, 

dernethyl phthalate, and acrylic acid. Unfortunately, each has a different 

hydrogen density_. 

In short, it does not s eern pc;>s sible to find a liquid C, H, 0-

cornpound which duplicates both the hydrogen .density and carbon-to-hydrogen 

·ratios which are found in coal. (Colloidal suspensions of graphite were 

also examined. ) 
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13. POSSIBLE METHODS C?F DETECTING ANOMOLOUS ME_DIA 

In order to have an indication in the field of whether ·the 

contribution of the. non-hydrogen elements is essentially the same as 

in the calibration samples, one could add a second thermal neutron 

detector at a distance r from the source. This second detector would 

provide information on the rate. of attenuation. of the neutron density 

in the medium. For "normal" media, . the ratio of the counting rate at 

r compared with the counting rate nea·r the. source will have a definite 

value for each moisture content since the migration length changes with 

moistur·e content. The value of this ratio could be used as an indication 

of typical media. If there are extraneous neutron absorbers present, 

the n;igration length is reduced and the counting rate at r compared to 

the rate near the source will be less than normal. If there are extraneous 

non-absorbing moderators present (e. g., c~rbon) the counting rate at 

r will be grea,ter than normal.. The general variation of neutron density 

with distance is indicated in Fig. 18 for the several cases discussed 

above. The addition, however,. of a non-absorbing moderator such as 

carbon plus an absorbing material such as iron could produce effects 

which cancel and which would appear as "fi-cticious'·' hydrogen. (One 

·possible means of recognizing such a situation would be to measure the· 

slowing down time using a pulsed neutron source. 

The use of epithermal detectors would avoid errors caused 

by extra~eous thermal neut'ron abs'orbers and would possibily give inform

ation on fast neutron scattering but the fast neutron density is very small 

and would lead to poor counting statistics unless _the source strength o·r 

counting time is increased by a factor of about 100. A BF 
3 

tube (a 1/v 

detector) gives the same response to eq':lal densities of either fast or 

slow neutrons since. 
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k 
Rex: o- ¢ = ( -) (n v) = kn 

a v 

Covering th~ moisture 'gauge with a cadmium filter to absorb th-e thermal 

neutrons reduces the counting rate to only 2 - 3% of .the original value. 

NEUTRON 

DENSITY 

r DISTANCE 

J:ig. 1.8. Schematic yari~tion of neutron density and 
distance for three samples with different 
moisture contents but with the sam·e neutron 
density at the origin. 

1. No·rmal variation of- neutron_ density with distance fo'r rnoi·sture · • .. · 

M. 

2. Neutron density at a higher moistur:e content than.· M but with 
absorbers present. 

3. Neutron density at a lower moisture content than M but with 
carbon present. 

14. SUMMARY 

The general tendency to.igh"o're the 1nfluence pf non.:.hydrogen 

elements on neutron-moderating moisture gati~es.is not Justified in many 

cases since the scattering as well as the moderating ~~operties of the 

medium are significant. The respons'e of a neutron--moderating moisture 

gauge is sensitive to the slowing down length which depends on bc;th the. 

scattering and moderating properties. of the medium. This means that 
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changes in the dry medium composition and density can influence the 

gauge re.sponse. 

In ·pa·rticular, the· use of neutron moderating moisture gauges 

in so'ft coal does not appear practical for two reasons: 1) The analysis of 

the calibration media for hydrogen and water content must be exceedingly 

accurate ·since the amo"unt ·of bound hydrogen in the ccial is 3 to 5 times·· 
k 

as g:r:eat as the hydrogen in the wa."ter. Conventional techniques fo.r 

moisture analysis of coal do not provide the necessary accuracy: 

2) The. high .qubon content sig~ificantly affects the IJ.eutron age and 

. thus fluctuations· in de!lsHy as well as moisture will alter the gauge 

response. 

Neither of the ab.ove points ·is as significant 1n soil as in 

coal but they still cannot be ignoret:;l.. For example, calibration data 

using samples with a uniform. dry density and various amounts of moistur.e 

will give. a smooth calibration curve and a misleac!ing indication of the 

gauge accuracy. .The media used for calibration mu.st reflect the random 

changes in density and composition found under field· con~itions as well 

as. the change in moist.ure content. 

The relative importance of hydroge·n and the non-hydrogen 

elements is examined in Section 2. Examination of the neutron cross 

·sections for coal and soil in Section 2 indicates that the non-hydrogen 

compot~ents contribute significantly to the total cross section. The fast 

transport cross section is particularly influenced by the non-hydrogen 

components. The relationship between. these cross sections and the 

· ~eutron density is discussed in Section 6 where a brief review of neutron 

moderation theory and the equations for the thermal neutron flux in several 

simple geometries are given. These thermal flux equations are used in 

Section 7 to give theoretical calibration curves for media such as coal 
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and soil. The same equations are used in Section 8 as a basis for 

calculatlng correction factors which give the change in response caused 

by chang_es in composition and density. The calculation of correction 

factors, cross sections, or the wat.er equivalent of a dry medium is 

facilitated by the use of a set of a coefficients which are tabulated in 

Sections 8. 9 and 8. 10. The accuracy of.the a coefficients is checked 

by comparison with experimental data in Section 9 .. · 

The tabulation of ·a coefficients can, of cour~e, Le used in 

the study of any media and are not restricted to coal·and s.oil. Also 

they are not restricted to a_ny particular model of a moisture gauge 

since they give cross se·ction information and not gauge response .. 

The correction factor based on two group theory for the 

flux at the surface of a spherical cavity is applied to coal data in Section 

10 in an attempt to explain differing·calibration curves for different" coals. 

Application of correction factors to reduce all data·to the same composi

tion and density reduces the scatter in the data but does riot re:rnove the· 

discrepancy between the various coals. Error!> in the assU1ned composi

tion R eems to be the most .likely source of error .since the theoretical 

equations give reasonably good agreer:nent with other experimental data. 
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APPENDIX A 

CALCULATION OF.AVERAQE FAST NEUTRON CROSS SECTIONS 

One method of calculating average cross section .values is 

h . fl . h . . . h . f 28, 30 Th to use t e neutron· ux.as t e we1g tlng actor . · e energy 

dependent flux is given by 

where q is the slowing down density and is constant if there is no epi -· 
. . 

thermal absorption. The flux due to neutrons ·in the interval .c::lE is 

then 

cp (E) .c::lE = q .c::lE = q ..::lu 

s :LT E s :LT 

= (l) (.c::lu ) 
N . s <T 

T 

where lethar~y= u = ln (E0/~). q/N wiil be constant. If the flux is 

primarily determined by'slowing down due to hydrogen, the weight 

. factor, w_, is 

W= 
.c::lu 

Using this weight function, average values for S<T and <T 
~ tr 

have been calculated· for various elements using the eros s sections in 

(A-1) 

(A-2) 

(A-3) 

Table A-1 for the energy range 5. 0 Mev to 1. 44_ ev. In Table A-1, the 

cross sections were taken from Refs.· 31, 32, 33, and 34, when possible, 

otherwise they·were calculated from basic cross seC:t.ion data in Ref. 11. 
. . . 

(In Ref. 17 <T for hydrogen and s<T for aluminum are in error by a factor 
tr 

of 3 and 10 respectively.) 
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G .6-u roup -
1 (ffc) 1.0 . 6173 

2 0.307 . 1·696 
3 0. 5 .. 2145 
4 0. 5 . 1613 
5 0.5 . 1359 
6 0.75 . 1282 
7 0. 75 . 0882 
8 11. 75 

Group --

1 
2 
3 
4 
5 
6 
7 
8 

Table A-1. Cross Sections for the Range 5. 0 - 1. 44. ev. 

u E(\1ev) t 0 N a M. g 

. 693 5 0. 676 2. 259 1. 057 

. 693-1. oJ 5-3. 68. 1. 260 2.320 1. 098 
1. 0-L 5 3. 68-2. 23 1.248 2. 59 1. 23 
1.5-2.0 2. 23-L 35 1. 945 2. 9.1 1. 44 
2. 0-2. 5 1. 35-.821 4.036 3.70 2.36 
2.5-3. 25 .821-.387 5. 124 4. 23 4. 00 
3. 25-4. oJ .387-.:183 3. 609 3.67 6. 76 
4-15. 75 . 183--1.44 ev 3. 64 3,40 3. 31 

0 Na Mg 

0.079 0. 2039 0. 153 
0. 150 0. 2149 0. 159 
0. 149 0. 262 0.178 
0. 232 0. 245 0. 209 
0.485 0.397 0. 278 
0. 613 0.338 0.474 
0.430 0.300 0. 679 
0.48 0. 28 0. 27 

Al 

1. 356 
1. 534 
1. 649 
1. 919 
2.448' 
3. 247 
3.568 
1. 78 

Al 

0. 6680 
0. 6737 
0. 6076 
0.3931 
0. 2624 
0. 2406 
0. 2644 
0. 13 

() 

tr 

F e 1 

1. 904 : 2. 29 
2. 178 
2. 198 
2. 264 
2. 038 
2. 771 
3.012 
8. 93 

€cr 
Fe 

1. 318 
1. 334 
1. 124 
0. 777 
0.413 
0.0977 
0. 1062 
0.32 

2.20 
2. 54 
2. ~3 
2.~3 

3.42 
5.85 
2.20 

Si 

0. 164 
0. 1157 
0.1182 
0. 209 
0. 209 
0. 244 
0.419 
0. 157 

c a K H c N 

3.45 2.949 1. 620 L005 1. 524 
3. 64 3.145 L563 1. 646 1. 524 
2. 34 3.24 1. 445 1.774 1. 571 
2.35 2.73 1. 448 1. 690 1.905 
2.46 2. 11 1. 456 2.029 1. 571 
2.46 1. 97 2. 085 3. 091 2. 162 
2.46 2. 21 .2. 887 3.778 3. 210 
2.4 2. 1 6.4 4.37 7.82 

Ca K H c N 
I 
I 

0. 1722 0. 1512 1..62 !o. 2342 :o.21T6 
0. 1820 0. 1E:13 1. 81 0. 2806 !0. 2176 
0 .. 1711 0. 1E:6 2. 33 0. 3000 !O. 2244 
0. 1427 0. 140 3. 10 0. 2821 0. 2720 
0.·1230 0. 108 3. 68 0.3952 ·o. 2244 
0. 1230 0.101 5.85 0. 5172 0.3087 
0. 1230 0. 113 8. 50 0. 6320 0.4583 
0. 12 0.106 19. 2 0. 77 1. 12 



Table A-2". Few Group Cross Sections 

Number of 

) 
epithermal IT 

~IT 
~IT 

tr IT = 16.06 Element groups 1 

0 3 . 676 2.583 3.64 . 079 . 3088 . 48 
.. 

2 ~.806 3. 64 . 079 . 48 
1 3, 191 . 13.96 0.00869 

Na 3 2. 259 3. 105 3.40 . 2039 . 2851 . 28 
2 2.760 ~.40 . 2039 . 28 
1 4. 642 . 343 0.0214 

.. 

Mg 3 1. 057 2. 353 3.31 . 153 . . 287 . 27 
2 1.824 3.31 . 153 . 27 
1 3. 194 . 2679 0. 0167 

Al 3 i. 356 2. 213 1. 78 . 668 . 4431 .13 
2 1. 864 1. 78 . 668 .13 
1 3.031 1. 086 0.0676 

' .. 
Fe 3 1. 904 2.344 8. 93_ 1. .318 . 7471 . 32 

2 2. 165 8.93 1. 318 . 3.2 
•. 

1 3.994 2.432 0. 151 
.. - . - .... .. 

Si 3 2. 29 3.056 2. 20 . 164 . 2184 . 157 
2 2.744 2.-2o~·· .. 164 . 157 
1 4.341 . 259 0. 01613 

Ca '3 3.45 2. 772 2.40 . 1722 :1492 . 12 
2 3.048 2.40 . 1722 . 12 
1 4.804 . 2714 0.0169 

K 3 2.949 2. 677 2. 1 . 1512 . 1372 .106 
2 2. 787 2. 1 . 1512 . 106 
1 4. 364 . 2.368 o. 0147 
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Table A-2. Few Group Cross Sections (cont'd) 

. L'lumoer ot 
epithermal <T 

. ~<T 
~<T . 

tr <T1 = Element -groups 16. 06 
.. -

H :1 '1. h7. 1. 701 A 4 1 A? ' AR3 1 9. 2 
2 1.' 669. 6.4 2. 761 19. 2 
1 3. 069 'Ei, 017 o. 3161 

.C 3 1. 005 2. 158 4.37 . 2342 . 37-12 .77 
2 1. 688 4. 37' . 2342 .77 .. 

1 3.038 . 4216 0.0262 

- . 
N 3 1. 524 1. 868 7.82 . 2176 . 2667 .77 

·z L 728 · 7.82 . 2176 1. 12 
1 3.200 . 403. . 02509 

.. .. · . .. .. 

H
2

0 .3 3. 92 5.989 1p.44 3. 32 7. 675 38. 9 
2 " 5. 144. 16.44 5. 60-1 38. 9 : 

1 9.329 10. 29 
., 

0. 641 
... 
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From Table A-1, few group (I, II, III) epithermal cross 

sections were calculated and are tabulated in Table A-.Z. Group I 
' .. 

( ~u = 1) is actually a first flight c.::orrection and us.es the cross· sections 

from group No. 1 in Table A-1. The cr_oss sections for group II (5 Mev 

to 0. 183 Mev, ~u ·...: 3. 307) are· the flux. weighted. average of groups 2 

through 7 in Table A-1. Group III (0.' 1'83 Mev to 1. 44 ev., ~u = 11. 75) 

uses the cross sections from group No. 8 in Table A-1. 

These cross sections appear to give re·ason'abre ages as 

seen m Section 9. 2. When 'the three groups were· averaged to one gr.oup 

for simplicity', the primary criteria w~s that'the ages 'c.alc.uiate~:l using 

the one group cr.os s sections approximate the ages obtained using all 

three groups. The values of rr for groups I and II wer·e combined using 
tr · 

a flux weighted average. The values of srr for hyd~o-gen were· co~bined. 

using a weighted av:erage which resulted in· the same age for water as 

a three group calculation. This was almost the same as a flux weighted 

average .. Because of the relatively large effect of the first ·flight correction 

on age calculations, the fir.st gro~p (I) or the original three is particularly 

significant and it was found that age calculations .using two groups will be 

much closer to the results using three groups· if the group I values for· 

srr continue as the values for the higher of the two group::;. 

The contribution to the age by group III of·the original three 

groups is relatively small, say; 10 - 15%. The single group values were 

obtained basically by scaling up the cross sections to allow for this small 

increase. For each element a multiplier, C, was determined for the average 

eros s for section groups I and II as follows: 

4.307 

(:L1:Ltr) 
I, II 

+ 
11. 75 

(:L 2: ) 
1 tr III 
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16. 06 
(A-4) = 

C(:L 2: ) 
1 tr I, II 



or 

C= (A-5) 
(L:' 'L ) 

1 tr ITr. 
4. 307 + 1 L 75 (:L t: ) ... 

. . ,t t:r III 

In the cross section ratio, the 2:
1

_ terms are almost· completely.determined 

by the hydrogen ai'l.d were taken as such. The transport cross $ections are 

affected by many elements but to estimate the sig11ificance of each, _the 
- . 

ratio (:L ) / (2:- ) was actually evaluated using (0" ) /(0" ) • 
tr I II - tr III _ - _ tr 'I II tr III 

The results' or this p:rocedure are given in Table A-2 as single group 

(~u = 16. 06) cross sections. 

• ... 
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APPENDIX B· 

TWO. GROUP THEORY FOR A POINT. $0URCE IN A HOMOGENEOUS 
INFINITE MEDIUM 

For the group of fa_st neutron,s, the diffusion equation is 

given (except at the source) by 

or 

. 2 
Expressing \7 ·¢

1 
in spherical coordinates and taking 

the case of spherical symmetry gives the solution 

¢ =· 
1 r 

.+ 

Since ¢
1 

must remain finite as r increases without .limit, C must be zero, 

therefore ¢
1 

is given by 

or 

· -k1r 
Ae 

¢ = 1 r 

For the group of thermal neutron's, the diffusion equation is 

2 
D2\7 ¢2- .La ¢2 + .L:1¢1 = o, 

k 
2 . 

. Q 2 . 2 

.L:1 
=..., -¢ 

.D 2 1 
• o, • 

(B -1) 

(B-2) 

(B ~3) 

(B -4) 

2 2 
The hom'ogeneous part of this equat~on, \7 ¢

2 
- k

2 
¢

2
, 
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has the solution 

¢ = ·2 

- k 2 r 
De 

r 

k 2 r· 
Ee +----

r 
~ . ' 

after expressing \7
2

¢
7 

in spherical coordinates and assuming spherical 
.... 

symmetry. · ¢
2 

must also· :r'emain. finit~ a~ r inc rea's es with~ut limit so 

th.at E = 0. The solution to the· homogeneous part is then 

- k 2 r 
De 

¢ = 2 r 

The particula".r solution will have the form S¢
1 

so that the general solution 

for the thermal flux can be written 

Q = 
'2 

- k 2 r 
De 

r 

- k 2 r 
[)e 

+ S¢ = . + 
1 r r 

If Eq. (B-'7) is a solution of Eq. (B-4}, S must take on some value which 
'. 

can b:e determined bu substituting Eq. (B-7) into Eq. · (B-4). · This gives 

., k; tS¢
1

) ~ 

2 2 
Using \7 ¢

1 
= k

1 
¢

1
, cancelling the ¢

1 
terms, and solving for S gives 

2 
D2 (k2 

2 
- k ) 

1 

The form of the flux equations thus far are 

¢ = 1 r 

De- k2r SAe- k1r 
¢

2 
= ---- + ,where S = 

r r 
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(B -6) 

(B -7) 
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(B -1 0) 

(B-11) 



The two constan:ts are detenniried fran~ two_ boundry conditions: 

f. There is no leakage therefore all neutrons are absorbed 'in the 

medimn, 2, The net neutron current through a ·spherical surface 

surrounding the source must approach Q ' the' source strength, as 

·the sphere shrinks around the source. The boundry conclitiOJ'lS can 

be written as 

J 2:: ¢ dV = Q 
a 2 · 

'all space 

Lim (4rrr
2 

J 1 ) = a· 
r-+ 0 

Application of the first boundry condition gives the following equation 

Using 

D= 

2 
Qk.2 

4rr 2:: 
a 

J
1 

= - D \10 
1 ' 1 

SAk 
2 

2 
---

k2 
1 

= 

·the second bounclry condition giveS' 

A= 
Q 

Inserting these values into th·e flu..x equations results 1n 

¢ . 2 = 

r 

103 

(B-12) 

(B- t3) 

(B-14) 

(B -15) 

(B- f 6) 

(B -17) 

(B-18) 



The thermal flux at the origin can be written as 

(.B -19) . 1\fF"" 
4 TT D "IT ( 1 + .-2- ) 

2 L 
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APPENDIX C 

TWO GROUP THEORY FOR A POINT SOURCE IN A SPHERICAL CAVITY 

For a point source in a spherical cavity, the derivation is 

the same as in Appendix B up to the application of the boundary conditions. 

The source condition is now (for a unit source) 

s 
.2 

4 rr r 
0 

= 
4 TT 

1• 

2 
r. 

0 

(C-1) 

Sinc·e there are no thermal neutron sources or absorbers within the cavity, 

the net thermal neutron current at r = r must ·be zero, i.· e. , 
0 

The general solutions for 9
1 

and ¢
2 

can be taken from Appendix Band are 

0 = · 1 . r 

·- k 2 r 
De · 

· --k1 r 
SAe · . . .. ~ . ·. . .. 

0 = 
'2 

2::1 
where S = --~---=--

2· 2' 
D2 (k2 - k1 ) 

+ 
r .r 

Applying the first boundry condition, Eq. (C-1) giyes 

J11 =- D1 \791 

Solving ~or A: 

A= 

r 
0 

1 

= = 2 
r r 

o. 0 
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(C-3).' 
. . .. '~ 

1 
--

2
- · (C-4) 

4 rr ·r 
. 0 

( C-5) 



The coefficient ~A in cp
2 

·is now also determined as 

k2 . 
1 

SA= 

App~ying the second boundry cpndit.ion, Eq. ( C- 2) gives 

- D 
2 

= - D \lcp I 
2 2 r 

r 
0 

2 

= 
0 

- k r I . 
{.. 0 

k
1 

r 
0 

SAe 
-k r ~k.r 

'1 u+SAe to 

r 
0 

2 

- k r 
1 0 

Solving forD and inserting the value of SAe ··from Eq~ (C-6) gives 

- k r 
- (·SAe 1 0 

) (1 + k ) 1ro 
D= = 

e 

Inserting the values for D and. SA in Eq. ( C-3) for the thermal flux and. 

selling r = r gives the thermal flux at the: surface of the cavity as 
o. 

0 (r ) = 
I 2 C. 

= 0 

2 
By using kt = 1 ·~·, k

2 
= 1/L and Dz = L:aL·, this can be written in more 

conventional notation as· 

1 

2:r- ~ · ro ro 
4rr:L.L '\JT (1 +L)(t +~)(1 +-L) 

a . ~T 
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APPENDIX D 

TWO GROUP THEORY FOR A POINT SOURCE IN A "GRAY" SPHERICAL CAVITY· 

If the spherical cavity is assumed to absorb part of the incident 

thermal neutrons, this can be included by modifying th~ bound.ry condition 

for the thermal neutron flux, An albedo, f.3, for the surface is defined in the 

usual way as 

J out = f.3J in 

The boundary condition· on the net current is now 

J(r)=J -J. ·=J. (f.3-1) 
2 o out 1n 1n 

The incident current is given by 

J. 
1n 4 + 

Ap.plying the boundry condition, Eq,. (D- 2) gives 

Upo0 rearrangement, this becomes 

2 ( 1 + 13) 
(1.- f3) 

,• 

D2 "ihp21 r - 9z(r o) 
0 

+ 

(D-1) 

(D- 2) 

(D-3) 

. ( f.3 -1) (D-4) 

o. 

(D-5) 

Inserting the values of 'Vrp; I and cp
2

(r 
0

) from Appendix C and solving for 
r 

the coefficient D gives o 
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( 1 
r (1-~) ) 

- k r + k r + 2~ 2 ( 1 + [3)' 1 0 1 0 

D= 
- SAe 

- k r ( r (1-~) ) 
. 2 0 1 + k r + 

0 

e 2 o 2D
2

(1 +[3) 

(D- 6) 

The thermal flux at the surface of the gray cavity can now be 

obtained b)~ substituting this expression for D and the expression for SA 

from Appendix C ( Eq. C- 6) into the thermal flux equation and setting r = 
After sorne rnanipulation this can be written 

0 ( 1· ) = 
·2 o 

Eq. (D-7) can also be written as 

· · 6 (r ) -. - 2 ' 0 

1 

1 -----------
4TTL L 2 ·~-.(1+·VT) 

a . L_ I (t+ ~l (1 
·~ . 

· where 

r' - r (1 + 
0 0 

1 - f3) 

( 

r r (i - [3) l 0 . 0 -
1 + --+-----
. L. · 2D,

2
(1 + [3) 

. r' o), 
+--

L . 

r . 
0 

(D-7) 

(D-8) 

.(D::9) 

The incident thermal neutron current, J. , can be obtained by 
-' - lll. . . . .· 

substituting the value of D
2 

\l¢
2

1 

result is 

J.. = 
ln 

0
2 

(r ) 
' 0 

2(1+[3) 

r 
0 

from Eq. (D-5) into Eq. (D-3). The 
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The absorption rate in the. gray surface is given by 

. 2 . ,· 2 
(J. - J ) ( 4 rr r ) = ,J. ( 1 - f3) 4 rr r = 

1n out · o 1n o 

¢. (r ) (1- f3).;.rr r.
2 

2 0 0 

2 (1 + (3) 

(D-12) 

... . . .... •,, 
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APPENDIX E 

TWO GROUP THEORY· FOR A POINT SOURCE IN A BLACK SPHERE . 

The case of complete absorption of all thermal neutrons 

incident on the sphere can be treated by solving the thermal flux equation 

using 

3· (r)=O 
out o · 

(E-1) 

as a boundry condition or by merely setting·!3 = 0 in the results of Appendix D. 

The result in either case is 

= 

r 

41TD
2

(k
1 

+k
2

).(1 +k
1
r) (1 +k2r 0 -i- 2~ 

2 

1 

. 2 ·~ r rr 

4 1r ~a L r{T ( 1 + ~ } (1 1. * ) ( 1 + . .;:. + 
2 
° ~ L 2 ) 

a 
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APPENDIX F 

APPROXIMATE FORMS OF THE couNT-RATIO ·usiNG-AGE-DIFFUSION THE.ORY 

Equation 46 ·can be simplified by using an asymptotic expansion
35 

for erf x given below 

1 - erf x = 

2 
-X 

e 

X~ 

With x = ~ /L, Eq. 46 becomes 

¢(o) = "1 1 '· 

= 
1. 3. 

-1· 3 

(2_x2)i 

(
-2.T ) ,*'(. ~)2 
. . 2 ·. 2 . 

L L 

+ ··J 

Since 2T/L
2 

is 'n9t very large (about 14 for water), the series will begin 

to diverge after about 6 terms so that some care must be u,sed. If only 

c~u~t ratios with respect to water are used, the er~rors: will tend to cancel 

and the following approximations will result using one or two terms of the 

series: 

R = 
~ 3/2 
...._ T 

a I 
,·. 

med!uin 
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3/21 
2:a T H

2
0 

- R = ----------------

. 2 I 
(1 :- 3L ) 

2T· medium 
(F-3) 

2: T3/21 (1 

. a lrnP.ninrn 

3L
2 

--)I 2T H () 
"'~2-

Equation 50 can be treated similarly. With x = ~/L, y = .f"T/a, Eq. 50 

uecurnes . 

cp(a) = 1 1 [- 1. 1. 3· 1 -- + +--
2 2 

~ (2 yz) (2 yz) z 2 
4rr (L - a ) L:. (2 X ) 

. a 

1.3 - -- + 
(2 x2)2 

1 
+ . 0 ••• l = 

8 
3/2 3/2 

1T L T 
a 

Again using only one or two terms of the' serie·s expansion, the first two 

approximate equation·s for R in a cavity .. geornetry using age-diffusion theory 

are 

R= .. '3/ 2 . 

T I rn~diurn 
(F-5) 

3/21 . ( 1 - 3 
z z ) 

2: 
(L + a ) 

1 

· 
a T . H 0 2 T d" (F-6) 

R= 
2 me 1urn 

2: T3/2l ( 1 
z z ) _ 3 (L + a ) 

1 a d" - 2 T H 0 me turn . 2 

. The first of these is the same as for an infinite medium. In the second, the 

diffusion length is effectively increased by the cavity. 
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Bibliography of artiCles· on well .logging with neutron sources and the 
measurement of moi"sture with neutron sources. 

Much of the literature on the use of neutrons to measure 

soil moisture and other properties is contained in journals used by the 

petroleum industry. Many papers, both theoretical and experimental, 

on w.elllogging techniques with neutrons are being published." ·The 
. . 

bibliography below was prepared largely from the following journals: 

Geological Abstracts·, 19 55-19 58; Geoscience Abstracts·, 1959 -June 19 63; 

Geophysical Abstracts, 19 55-June 19 63. 

\ 
I 
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