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ABSTRACT

This cooperative education, a neutron moisture gauge in soil was developed
based on the principle of neutron backscattering. The probe was made of cylindrical
high-density polyethylene. This probe was designed to contain a 2*!Am-Be neutron
source and a BF; proportional counter and connected to a suitably calibrated
integral counting system. The field measurements of the neutron probe response
were collected at different depths (less than 1 m) under the ground surface at
Thailand Institute of Nuclear Technology, Bangkok. The gravimetric method was used
for comparison with the neutron probe measurement. In addition, a soil moisture
monitor was designed and constructed to count the slow neutron number and
display the water content in soil. The calibration equation derived from the field
measurements of the neutron count rate and the soil water content was applied.
The results of the water content in soil were taken by in-house developed monitor
system shown that the uncertainty less than 15% compared with the gravimetric

method (direct method).

Keywords : Neutron backscattering, BF; proportional counter, 2*!Am-Be neutron

source
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luunilagnande nquuasndnnisiugiuvesiuiuiindeddonseu (neutron
sources) 8UATN38199959AUINTBUAUAAS (neutron interaction with matter) 27

W e a8

m39u (neutron detectors) szuUininnTau (detection system) HatnSsduiinufia (Gas-

o
=

filled detector) wazanudulupundulselosinoig Feiisioaziduneadl

2.1 Auniinsedliangau (neutron sources)
auniaiinseulduwn Ra-Be, 2°Pu-Be, 2¥Pu-Be %39 2'Am-Be |Judu duiinded
tnseunldlunisneans fs 2'Am-Be @9ilA210159 300 mCi anwuztdunsInszuans

wanslugui 2.1 vivihewdnna vieviuaisusenay 2 Amo, weauagiu °Be

neutron sources

UM 2.1 seasiBentassiuiiinddinnsou 2 Am-Be fildluniimaass [1]

594 “il'aadaﬁ'"a'l,u

§ = ar

avluTITu (Americium) tusndunasies ddyanwaiin Am uaziliaveznou 95

e s ¢ = I}

Dusqlaveiudunssd smezuisi@eunusiquenilud deflinasymowuviniu 243 n3ude
lua fiaamuusiuniniy 12 niusegnuiadisufiuns lyavasumategi 1449 a3y wag

IFanagil 2880 1Aaiu [1]
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Tunsuanfiinseuszardefaddaralaannisaatadiveslolalny 29Am Tnesed

Qs =S = 9 s [ aan = a6 W
aam%gﬂmmaamaﬂ Be 9V waznatutUulATelIAGYS AENNIg

JHe +.Be  —  Zc 4 n 4+ Q (2.1)

Q AewdsnuALABYRIUfizenty 9 Inendsnuudues Q wasndsnuaad

vesiaidanazgniauiundsruaadveianseu Surmdsnuuanifegud 2.2
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JUN 2.2 awemiuvesivdiansaunin *'Am-Be Fwzdindasunsaupqy

wauA 1- 10 MeV Tneflanade fuseana 4 Mev [17]

2.2 #ans9uU (neutron) [2, 3]

= d (=] L3 = = i
tnsoudueuniaflifivszy wna 1.008665 amu 1Wuesdusznavresiundea sniy
sxnauvailelasiau Weegnsluliuaioa dnseursilueynmefiogd uidloagiludasyas

aaemlieunialnuaziusney mep3@in 12.8 Juii saunis

lumafuRanunsaduuniinseuldmumdsuuazainuia feil

2.2.1. famsaud (slow neutron)

wuefis ayniaiaseuniindsiuainit 1 eV Fellansowsiazgnniaeiig
mwL%Qﬁwiﬁ%’waauwagﬁﬂizuwm 2.2 Alawnsaedudl (53 FeeUssua 7 win) 39
nelwmnanswusendandsalddinedu o1aguunlaidy

- ediailnseu (thermal neutron) Wisswade 0.025 eV i 20°C WWuUARTeN

vanfiiiadu Inevnlundsuvesiundeaiiudulidismenavitlieunianielunge



¥ Fee o aaa (JP v I a 1
aanuTla unAlINUUUNATEINTNNNTUALUU (N, V) LaYaLnDL Z ANLAY LALAINIE A

2

UNUAY 1 YUY Aeil

1 115 116
——
AT S g bl (2.3)

2.2.2. dwmesiadansou (epithermal neutron)
mnefls ayntadnsaufiindanueglutis 1-10 kev n1sdutuusiinesdanalil
Junuudfsensiefutudsanns (2.3) widedvanauiiinduentasindsnudio
weflazlo1vusndsnuBamiles uazUanUassaynna 1wy Ilneu Ameseu wiseynia
Savheanin UiiSeuvuiidmalfidnsglvsioni “Mswdssnn” fed

Ufdzeuuu (n,p)

én + fN —A 1:C - 1H (2.4)
Uinemuu (no)
;n + :Li Pah ?H 4 iHe (2.5)

2.2.3. INTBUNRIUE Wallansautsa (fast neutron)
= a A W | o ] a P
We0e oYNIALINTIUNINANIUEINTT 10 keV AmTIRAgvasTInTou 2 fa 3
) ﬁgﬂﬂamﬂﬁaaaaﬂmmnﬁ’;tﬂﬁaaiwiwmnﬁmﬂ'ﬁLLﬁquﬂagjﬁﬂsxmm 20,000 Alang

ReIWNTl feg1sUfisen (n,2n)

Energy

|
|
0

1eV 10 keV
j&— Slow neutron —>}&— Epithermal neutron —>}——> Fast neutron

UM 2.3 drmdnnuvessdianseu

2.3 JuATNI81VB939ETUNTEUNUEETS (neutron interaction with matter) [3, 4, 5, 16]
\ioaynadanseuvidunsiierivaans envgnganiuuasvieluniainnisnseids
wWasuwUasiansluannidy leetimsauarunsawndouidnlulusnaisldssesvilafauiiay

LAADUATNSET FITUAUTLAVBIAINANBASNEIUVDITINTOU du1SauUile 6 wuy sail



231 mwmwuﬁﬂmju (Elastic scattering)
lunszuumsaunuudavgull synafamseuazdewmdsnuldfuioedea Tned
12AAganaInN15uU (recoil nucleus) é’aﬂaagﬂuamuzﬁu (ground state) duflnsoud
n52134 (scatter) panun AxdinsivAsuiianiauasanudaly wdsnuaatsuvestnseulas

1 = as

JAdradAYIAY NaMABNAIUSINYeTINTouLardIATe AR o uLaE S NS TUTAN

v
a =2 1

WU NSTULUUTILAnT UL 8RS %‘aLﬁuﬂﬂiﬁﬂﬁﬁmiauwé’wmqa (fast neutrons)
= @ A a o @ i ' 1 a «

gudsnavuiliamdeufidiudmnansidsguiey wu lelasau Auveseu uazasuauly

ns e gldlunssuiunisaandsniu (moderation) vesdlinsoundsuga (fast neutrons)

2/ 5o o s P
Tidumeddadinseu (thermal neutrons) PaguN 2.4

. Recoil nucleus

Incident neutron path

Point of impact

@® Scattered neutron

SUN 2.4 msvunuuBavgu (Elastic scattering)

A3190 2.1 Mnumsvuwuugmmgulunsaandauiimseusin 4 Mev Ty 0.025 ev

vadlalglnusing 9 [17]

Térget Isotope Atomic Mass Number of Collisions
Hydrogen 1.008 18
Deuterium 2:000 25

Helium 4.003 43
Lithium 6.940 69
Beryllium 9.013 88
Carbon 12.011 115
Oxygen 16.000 152
Sodium 22.991 215
Iron 55.845 514

Uranium 238.070 2172




wagwisunianseugedelunsvuiu recoil nucleus Wuldnuauns

a4Mm 2
E, =——L ¢cos°0 (2.7)

loss 2
(M+m_)

dlo m_Wunavesihnsouiiunwy
&, a = P=]
M Wumavesiiunduafignuu

0 \Juyuszwinsiindea uasihmseuiinseiiunadsuiirmialy

232 ﬂ']‘i?IULLUU‘lﬂﬁﬂmju (Inelastic scattering)
lunsvurumsuuuuliiBandull oynilmsauazdemndanulifuiaedos
Tnofiluedsandanisvy (recoil nucleus) aedaslisundsnumnwe Ssozaunsaindeud
luganugnsedu (excited state) 1§ dnaedntuifusiamin Tasfitaadeandenisuu (recol
nucleus) 8199z Uanudssndsnuluzuvessidunuudundunisegly metastable state

PN uNIzUanUasuS@LnuN1a DN %mmamﬁagﬂﬁ 2.5

Gamma ray

@ > nucleus

Incident neutron

Emitted neutron

gﬂ'ﬁi 2.5 msyunuuliiganeu (Inelastic scattering)

NEUIAUNDULAENAINITBUTAA AU AA1IADNSIUIAUNSINITVUILIIAT

d: = g 1 = L | g e’j I
AA8N Luaﬂﬂqﬂa‘;'fgLﬁEJWB\‘I\‘l']UU?ﬂﬂ']u@@ﬂMWIUEUT@ﬁIWW@u‘Hﬁ@iﬂﬂLmllll'] MUUAT Q VDY

= 1

Uffsendsfianduay

2.3.3 dunsnseuuduiiansau (Radiative Capture)

synafanseulifivszqiandoumdluludaedealadne osanldldsu

-

= a0 t 4

waﬂﬁzwumﬂmamﬁﬂqaﬂuﬂ asiulenanazgnivlilaelivedeadadineudraunn naany
9814984 slow neutrons %38 thermal neutrons TunsyulunististiAdsasuiinsey
w1l agnaneluiedeausgnau (compound nucleus) Tuanuznsedu (excited state)

=5 o o < a1 & 3 s =
FIAINTUNINAUFanIUYNU (ground state) lnensuanUdessadunuanoanun



Prompt

gamma ray
-4 Delayed gamma ray

@ Beta particle
/ Compound
o —> @ nucleus
Radioactive
Incident Target nucleus Product
neutron nucleus nucleus

5UN 2.6 dumsnsewuuIviiongou (Radiative Capture)

s

shatnanldmiuufAzemuy Radiative Capture il
n + /;X ni¢ X .+ vy (2.8)

sunsiseuvuduiinsaunnUfasenaziirn Q vasuinseonduuin ez
Wasudnwtieq (Binding energy) aasilatpdsalvniaszuinndiamdsiudawiletveg

TAFgaRYTIUAUNUTINT O UD AT ELAND

2.3.4 Ufizennsuanddegayniaiiusva (Charged particle emission)
tnseuruiuiluadsavessiguieiia udsinnatuduidedeaseneu
(compound nucleus) luanugnseau limsvanldesinadoousonuunu wu lusneu

(n,p), AMmoseu (n,d), davh (n, o) viawiualanseu (n,2n) shogneUfisen dail

N+ He = H o+ H+ 0760MeV )
on + 5L —  JH + o + 4780MeV
> (2.9)
on o+ 0B — i+ o+ 2.792MeV
— I+ o+ 2310MevV

3

Ujisemisanuilan cross section gannniunaliiiinseulindsuanas dadiu
nMsgdsndsnuvesinseuszinileiindunsiserduisleamndn o Tnoanzlelasouds
finalndiAsafuiianseu fefuarsuszneuiiillelasiouann q wu th Thvidentsiity 3

aansavgadavsenusidinsoulan
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2.3.5 Yisen1suana’ (Fission reaction)
aaa a = o LY = g v A o Qs
Judfsendaundesuvuuanda Tnavifiatuiuiaedsanaiuisaunnuenda
(fissile nucleus) la Inan1smiigniivesdinseu inldiAangAnssuveenis oscillating

droplet fiuaisuandalu fission fragment 2 du uardanUdesiinseusanuidn 2-3 i

Compound nucleus @ /
ln . ﬁ

141

5 Ba

U
92 236
92U \

92
36

& o aa _= s - -
JUn 2.7 Unse ety (fission reaction)

Kr

2.3.6 n1saavauliansay (Neutron attenuation)
WeaunaliinsouyindunsnseIiuasns 2199nganaulazutely wIoan1s
a = o a = A v @ % P -
N5z WaguLUasiane lneliinsauaiuisamaaun Whluludanaislaszyenilsnouiioy
WS UATASY TIVUAUTTAVDIAINAILATNAIIUUDITINTEU SHTNEIUTBIAULITUYD

Thnseuavanadludnuny exponential WiawmdpuirudIngs figy 2.8

100 -

.
| 75 A \

e (1)
L~

=

-
aaduvesiiansauiivneg

50 -

25 4 \\\e

0 10 20 30 a0 50
AUVUIYBITEARINANS (x)

8

JUM 2.8 uwunmuaznImiuaninsanasvesruduiinseudioduTaginans

2

msduvesiinseuineqruianiuegiuduussdndnismeariunazaumun

VBITAATY AUAUNITAI]
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’ = |, (2.10)

= A o = - 1 ) 1A w aa
We | Ao mntuvesihinseuinggiiaglulalagldifinsunsiiels
= v = <l as
l, Ao ANuuvasihaseulinnnIznuTag

= e a £ 1 o = =] ar ] = 1 & -1
z AR ﬂ']ﬁllﬂ'iSﬂ‘V]ﬁﬂ’ﬁ‘V]SE’J‘NWU?E@%BGH?%?@UV\WﬁN'\UUN 9 g cm

9

x f8 AUVUIYasian

= A d‘. I s ) ar aa o - 1 e/
aynaihnseudioirdeunluludinasziindunsioniularieavessigaig q 14

wanguuudananlagasuiie nsaandsnuvesdinsewss maialelelvuded uagnisviil

\inSednRend

v
Tnseuizaandsnuaetunaiidevufivsinun Tnsanglslnsiaudeduag
v a ) a - P ) a vl v A & o
‘LﬂaLﬂﬁNﬂUBHﬂ'\ﬂu?mi@U LUUS']E}"V]aﬂWﬁQQ’]uﬂaqu’lmiﬂu‘l@ﬁWﬁﬂ ﬂqﬁqﬂU?miauﬁ?WWqﬁJ‘lU

A a v oo e & Y = o
wsathmsoutniedy awrsovsumeulumusunalalasiaunazaisvsenaulalasiaula

2.4 N19n52139naUYD9359F (Radiation Backscattering) [13]

mﬂﬁﬂﬁiﬁﬂwsﬁﬁaﬁrﬁﬂﬂﬁdﬁﬂwﬁwaﬁa@ WaINTIENNSUINAULINE LRI

a a

ATnveetdfingziTandueanuldx A un AT WRUITUEIRADLFT LazTuey

'3 ) a Y] [ vl A oo [y =l @ o =
@Qﬂﬁi%ﬂ@i]‘ﬂ@ﬁ'}ﬁ@} ﬂ’ﬁﬂi%ﬁL‘UQﬂaU"UEN'NalﬁfWﬂWLWﬂ\“rﬂ'IULﬂﬂ?‘U@ﬁ?ﬂﬂ ﬂ\‘i'gﬂ‘w 2.9

JUN 2.9 nsnszdanduvessed

2.5 ialanseau (neutron detectors) [6]
thaseuluaymeanilifivsgglnihdasy dwaldnsineuniainsaulianunsanseyild

lngnse Jldnsianedenanufiseraesianseu fail

aaa =

2.5.1 [¥uavasnisiinujiserfiandesvasiiansou (Neutron induced nuclear

'
aaa s =

reaction) lnglilansowinujiseriuansdu iineyniadszqlnintu udriauseluiii

6

= a‘l{ = < = 1 aaa 10 e - 1 14 14
MnagumgumYTInanTeu W Uinse (B (n,o),Li ; ,Lin,t),He ; Nn,p) C 1Ty
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allamsau (thermal neutron) AlpulgdiuniniSanin BF; - detector @4l

10

“Bo'li, on + B ™ L+ CHe (2.11)

TunisTailnseundanugs (fast neutron) Aagldlndiefiduiuiiinll Wewdvuiinsou
[ 2 £ U = caaa a a & a [
wasugalAilumesiadansou (thermal neutron) 9 nwavesUfiserfiintuaziiadu

auMAlusEq 2 6 Aedavhivaiiey

2.5.2 Tounan1sa1ussdtionsauadieansiua (neutron induced transmulation) wWleds
Tnseulufasauagvilinaneduansiuiunded 9nnisintuiunnInssdveseshaunsn

zihlUamurumUsuaimseuls

2.5.3 Tinsiinn1snszilsvasiiangeu wdribiinayniauseqlihau synielwihg
dntuenadueunialusnou Sidnnseu 1udu sinmsineuaiaiinsyidseanunfaziioum

Unnuihnseuls Sstinasldnuiamseundaniuas

2.5.4 Miwamsiadyduvesiangou a1sunswin wu giaillon-235 uas gisifou-238
Jusiu Wagnuudizeyarndsnsousziianisunnga Jeldarsmandindourinin udain

Usunaiimsaun 3nnmsiiafwtulaisania Fission detector

2.5.5 lfansussiaviaunsoddatu Wilmsewisluey ashlbifauuinienqudn q

vaam sy i S euiisuyusunawestasauls

2.6 53UUIntINTOU (detection system) [7]

17
v e A

Wosninseuliivsey seduianseudaidunsiseamefuinaaaiigy Tnonis

wilpnhiAaudAseriuedes mszasduinindinsouldudnnisvinuie Wieseu

'
= o X s

wilgnhauineynaniiyszqegd Feawmnsatalidiendn

T 1 v
anwazdAae 9 dmsulfizentiuedesinld Ao

1. smdanldfesiie cross section Aeudegedmsuufizendamdesitu q Faviilg
UsgdnSnmilingenulufe Jeemunseasaduirinfifuunammnzauuaslailwgawfuly
2. m3azdl isotropic abundance TusssumAngannwe Savilimlade uasdistengn

3. Yiterliumdeiludeilan Qvalue WWuuin uazasasiirraweiiazinarinla
= <

L3 = aaa = =l I3 ” =1
WIUIAUVBINANNAINULAT81UIAAES (reaction products) Agasnnwaazilsilu

[

i

a
dy

= = ar v
gl Geanunsausneenainranunanfadunuanle
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o

o 1 aaa = o s v o !
metwlfisenllundeindnagldlunisinthasou 1wy

;n + 2He — iH + ?H + 0.760MeV A
1 6, . 3
gt * zli - H + O + 4.780MeV
> (212)
N+ .B — i+ a o+ 2792Mev
— L+ o+ 2310Mev

WiinssEthasoududoenld fdl
2.6.1 BF; proportional tube
\Huiinldfuegianireranediniunisnsassamesdaianseu (thermal
neutron) Iasiamzegrebsluseulnsyaseslss (boron triftucride) viuiindlidutssmda
(target) a%’m%’mﬂﬁauﬁamiauLﬁuagmﬂﬁﬁﬂismﬁaqﬁ (secondary charged particles) uay
1Ju proportional gas Tuselius

lnsluseulnsyaseslsaluarsdsyneunfenlduanian esainanudy
proportional gas 71 LLazﬁmmLi’?wﬁ’maﬂmauﬁqa W proportional gas Ya4fineluseu
lnsyjaeeslsfaeiiuszaninmugas dldlutaefinruiuddgenn Kufuauduilvnzay
dwiuhiaviad Jeeglutialsenna 0.5 - 1.0 atm i

%270 BF; proportional tube ﬁn%aanuuua%’miué’ﬂwmzLﬁugﬂmiﬁﬂisuaﬂﬁ
arpuenidudiunlvg (cathode) uaziiuelua (anode) Wwiduainzunidneagnisly

LAUNEN

2.6.2 *He proportional counter
#7193V *He (n, p) azdlAn cross section gendnveslusounin A1 Q-value Hiflea
0.76 MeV ity Fududrdeudadr inlindwiutadvomdananujiseriveded
(reaction products) fiAninalusae Feditignaiesnnmssuniuwessedunuun Faaziy
Idanawnasulugud 2.11
VaRUDY >He counter ﬁammmﬁwm"lﬁﬁm’mﬁuqammfh BF, Fudufineuldly

2

= Yo o aa A a
ﬂiﬂWlﬁlENﬂ']ii‘?]ﬁ?’lﬂﬂﬂﬂi%ﬂﬂﬁﬂ’w\lﬁﬂﬁﬂﬂ q

gﬂﬁ 2.10 ¥713@ 3He counter
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RELATIVE
NUMBER COF

GAMMA RAYS
GOUNTS AND NOISE

3Heln.p)
REACTION

EPITHERMAL J

PEAK

J( ELASTIC
SCATTERING
0.765 6rsT T T+0.765

ENERGY (Mev}

JUN 2.11 anasuvuedeyaalwiiesinia *He counter [7]

2.6.3 Fission counters
al LY v & as = A o = _—y
IRURANNIT LN BTHANINTOU (thermal neutron) Tumderu A Aadundnxa
a s . . a:!! 1 oo . e » 4 s 2/ U =
Wy (fission products) @4g1315analiinnig ionization Nam1s0n352939ldm835013
wuuun#
§ L d‘ 1 aaa s I
Lﬁmmnwawﬂwgﬂﬂamﬂaaaaaﬂmmﬂﬂgmmmnmﬁm@mm Usgund 200
MeV Loefidudruntdu (fission fragments) aglasundanus 160 MeV Fatusiinuuuilaa
= a o T T RN P ° 9 v a
mmm‘uaﬂafy,fuu'lm"l,wﬁmaanmqamnmwmamﬁhﬂgn'iml,ruuau 5 IlAnSIUNIUINTIE

Aa o )

background Anansgnutiaaun wagdmiunistdnsratndinseuniisns vy (count rate)

al as

fishan 9 Snadeanunsoadiaisalidvunndidn Lﬁa&mﬂ%udauﬂm%’uqty,mawamuima
N3 ionization lfd1eann

WaTawuv fission counters Taasialufudnazin jonization chamber u1l4
Usznav Tagussudufitndsusioansiialed (fissile material) Wanelu seilidesannla

ansaviissieledegluglansusznevvesfingle

E“U‘ﬁl 2.12 ¥iaLUV fission counters [11]

P v v =4 2 ar % aaa a A e X a
nninaMIt Wil awrulaileendnnisudrufisendandesan q Aldlunisin
fanseugiuu ausatrunldlunisasiadatansoulsa (fast neutrons) laieauadnayil
YaRDYAD A1 Cross sections ALANAIBHINTIALIIRTUATNEINUYDITNASOUTIALTY F99giiy

I991nguil 2.13
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T3

—— He(n.pl'H
"Hinn)'H
=== "Lina)'H
‘He(n,n)'He |
== "B(na)Li

Cross sectiono [ bams ]

10" biad it S PPt T IR T | :.'L....u
10*  10* 10" 100 107 10" 10° 10’
Neutron Energy [ MeV ]

JUA 2.13 n9laERImNENRNETENINAT cross sections Hundauvesianseu [3]

laglanigad1989%1¥e BF, proportional tube WUUSSTUAT F9925AT cross
3 prop
sections NAU1n 3 ansathunldiatanseuliala daumdn 2He counter Huilan cross

sections idautegendn Isanursnldnsiainlinsiansoutuasiinsoulds winseduida

Y= W a4 A a2 a
meslimsUsudsInsUssmaiiafindseansnm

2.7 wrinseduilauia (Gas-filled detector) [7, 8, 9]
dmiunsneseu aliiindsdviinuia (Gasfilled detector) IHuyinnldianasanu
Wazd1IUBYNA FENUITAUBNAIINLANANTENIUSEINYBIITEsavhiuLwA Senunsa

Tanussdunuun wagssdiandlaandy Tailsieazidan A9l

2.7.1 daudsznau

[T

Winafivilaussnig (Gas-filled detector) Usenaufin1vugnsanssuanyin

mealave isidunannumisauasanalanniiun uilaunaulavearulsnely fagufl 2.14

Incident e a a0
° ¥ LSS
s e‘ e‘ =
neutron lgg\.aﬁ_o_a_OEI i
An;rde

I

Cathode E LG _
_I “ oo0 | :'_';f}_,:

JUT 2.14 ddsznouvesinindeduiiouia (Gasfilled detector)

Counter
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A -7} d,, o v o & i
lagntsrpan1gusnsanssvaniasyiniimduualng (cathode) LagdaIUnTs

nanszudumieviviing unelun (anode) Fallmusrsdindlnfingindt cathode nglu

a

naenIzlaniiniagussaianaun Usenausiefinsidu helium neon %38 argon 1uduy
-:ll’tu & A o 2 dl [ . 3 1 " = 5
waNINUGIUTIINMIIMTNLTDUY quenching 16iln bromine %38 chlorine

9

2.7.2 ann1sN19IU

A oA a ' v o o o v o woa Y v oa 1
diesadiaumehudilusuiuluanavesineiivssgluiaiindidudaneliiing

s

= a a P e a Y] P o o e v
Bldnnseudaseivlessy wazdidnnseuinTuazdelufs anode asandng iyl

waeuIaliugulusznitm FafaeviliiAnnis ionization Aediussanielusiaia iie

\lu secondary ionizations snnuny waznatewdudaanailnih (pulse) sanain anode

2.7.3 anuarsfndlufinfisnels electrodes

]
v o A 6 = |

WnfsdviinussameassirauitsdulasTuiuaudrsdndlnidiseln

electrodes éﬁg‘dﬁ 2.15

1o T T

T Geiger-Miller
| counter ]
i 125

Recombinalion

1o10 befare collection Region of

limited
proportianality
lonization  Proportional |
chomber counter

o
-
T
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lopauniintu Fsvunavesdyyinazsiunuelinvessad [9]

- USLIRudl | Recombination region
[ a o a 1 J o [ o Ve W o oal W 5 =t
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Tilaeauund electrode Me@aaAaUT19E) NARIUNSAIRINE1YIHAA 2 antneiiutariy

v

Aensiiglonauazgniagalufl electrode wisosaudaiu Tumneanuiglessuiiiadud
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lemafisznduinsiudfuniendsnoufiszgndulay electrodes fauusaiidshign
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= v aa

dnnldiilesaniiaueniveinusunus @il jizen
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- U315l |l lonization region
_ d 1 u q‘ 1 74 dl =5 1 d‘
Wuusnaunaudnedndluilfiaeld electrodes gufivaneiiazhsdlonsun
WnTuluds electrodes nauiiazsiudtuwarlifinisiinnisuandidnasy inlivuinesa
-:I a Es'; [ o 1 s = [ o = L 1 nl dl'

AszaninduazidudadiulnensanulSunaunasnasnueeesid uwildwasuudailoniny
fredndldeuly seaziulaannnsiwlutisiasdudunsy W inda@nldanuanefn gl

Tuaeiiléiun ionization chamber wag dose calibrator 1Hufu

i 3 d' pu o [ = LY [~

lonization chambers WWaaynanduszgiadouniu azianisuandiiuleseu
994019k chamber Ju dwaliinainszualnyiqla wagdaannsaianszualniadluauiige

a  w o = 1

dui Woustatamauulviiiiuiueu feussianeis q Aussglu chamber Tufudsziny

q

]
== 1 L | (24

194398990 1y ewerineuiiiauaugsldiusedunuu Helalasiauldiuinnsoundenu

g4 @i BF; Tdiuthnseundanue dsui 2.16

Gas enclosure i

W

Electrodes —{ !

il
<

gﬂﬁ 2.16 W1inS98uuv lonization chamber wuunnn [9]

2
= =

1189310 lonization chamber HUSurunseuaminduiludndiulaensaiv

1 2
1% v 1 & LY = =& a

Usnadadviliiauiuusdlagnaes uwateids Aedygradinatullauadnyilvideddssd

v

USunauunnyaginlaseg1aduse@nsaw

- U3k Proportional region uaz IV limited proportional region
sladreanusedndinilly electrodes qqﬁu v liTindanufisswefiaise
Uil electrodes uazdiliglosaudadmmufauindu nnmsiduanudiivilfiaanmsuan
fdnafadiu secondary ionization vilsldgloseuitutuiuanilugud 2.17 Usingnisalil
38071 gas multiplication Sxal#linszualntirvunlng iy wulddndunuglessu

WyudlennuAndndiiuly n13iiia gas multiplication awsaviliinglossuussana

1494A5R
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dugsie 1 UA31 §as1991n ionization chamber 71 1 Uisewinlfiiniiies 1 glosay

I3

fausdagifansvenedaldglossuninue ussnsnsvenefadudadiuiundaueesed

v v v ad

= S v ] aaa 5/ 1 (7 a q‘l’ . 1 -
vseayaan il fnsen idadednldainusrsdndliiruinadlaun proportional

counter fstauldiniinsou

High Voltage (+)

5UN 2.17 n1siiim gas multiplication Tuu3ias proportion

gﬂ“ﬁl 2.18 ¥1ipSadwuY Proportional counter [10]

dl " L2 o 1o L4 s a s
\0991n proportional counter Twdsyyraunfivunlnavinliuseansaimnisia

iy
= o o =S o oo A o 1 S A v ow A & 1 <

g9 Jufumpilenvilavasidniooynals willdeds Aodinvieidlhdenisiuasuwdas
1 ) a0 Y o § v o o o = o v

Y9 AN S el vhliensiaeedugranddouwaie Fadndusieaniugu

mstlasundasvesmnussdndglwiilunisldeu

- USLil V Geiger-Mueller (GM) region
auseAndusuifdvisaynadios 1/ ailiiRanisunndivesdlossu
ag1siollosntusrognafiiiiuly Wunavinlfifansrualwiaflvuinlugdu a1n

Usingmsalivilinszualuirfivuiaasfinazldfuiundanueesisd anusredndlni

Uinutildlumindsduie survey meter wag GM counter 1Hud

High Voltage
GM tube 7[(
R v
Iﬁ— l T O Signal
4
=

1
I
1
1

al 1 = = L3 =
UM 2.19 daudsznevansBidnnseiindves Geiger-Muller counters
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JUN 2.20 7 IA39@UUY Geiger-Muller counters

FIRTIAEUVU Geiger-Mueller counters aanuuuNIiains@oan wan lnens

o = o

ASFEUNULYITUNSNIBINUKTI899R hanilenunliiinddnnsoudy GM counter 1y
o o o P fa & = | ' P @ L . 5 =y .
Tludesliguninidianynsaiinduisianiamnilaudiu ionization chamber #3e proportional
wzddl I| 1 e W as d' o s qya Vo s a:ni::{cn
counter AuuAdidnudsynauiielidudeou dugui 2.20 WlnudetdenldinS@niusum

o = i w Mo - ooy v
wesiilosnndanublumsings wildawisouanedauesivdla

- o . 4
- Ushiun VI Discharge region

pAuAsAnE N8l electrodes gunnawinlidaiaAnnsuandusday

= Y

Lififsdnunyuizen daduanudsdndlihudnatezlignirlulden

2.8 anudulufuiidulsslavidafie [12]

ar = 1 ]

TneluAuazUsznaudenu 3 annuy AediuiltursudwsolilofudeUsznoue us

!

(mineral matter) waga15ouUNIg

as

Mg (organic matter) druniduvesmaiUsznausiiein

(water) dhuiduigusznauiiseime (i) wazlot (water vapor) a1ugui 2.21(a)

Organic Matter N Hygroscopic water

2 Capillary water
(@) (b)

‘g‘dﬁ' 2.21 (a) Three-Phase System of Soil Structure

(b) USuaundvigneyninvesgniugnnly

v & a & B a <, & a a =& g A a = Wy
ﬂﬁuuaqu‘WLUu’ﬂﬂﬂLﬂa']ﬁiaurﬂ,uﬂu’ﬂ5LUU7"VJ']3J°UU1U@IU ﬂﬁ]ﬂiuqmquQﬂﬁ]uﬂ’]ﬂm@ﬁ@u&mlq
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(3

ibmhiunsnBuadlufuinsinsegaudeveaiiou (capillary water) viaiadouduildy
a o o E 1 ] 1 ¥ a %:’ ]
J0UBYNIARY (hygroscopic water) muguhl 2.21(b) dludiuvesdosinluiiofuiiogiiiu
T 1 =i 1 = =P a8 ’u" 2/ 1 1 = elg f:l 1 =l i
LiflanAegiaaiiondn Aundudinen dludesivvesiviiviniuaseineegieiFondy

a M oa w
Aunlddud

2.8.1 gunaveslufu

s o d

a g & o P = o
adInUIduUIRUsENaUNE EUUDINTHATERND LWHImUWU?Uﬂ'I?LNWWU@ﬁ%N

=l

WU uumsduassiasvesiivuazqaunidluiuuiciln Tusuil 2.22 ssuansfisnan
aunavesluiu Tasluaddetuuilanauwn wiedhdldanmsvauseny dauiva
sonUsznouday Thilsuneeenanuihdulaguuiunisaossve (evapotranspiration) 1
Ivavndiiny (runoff) uashdtaslulufu dwszneusmetaiiuinliludu (sol storage)
wserutiluiu uashduan (drainage water or percolation) Tumsnisinwasaysintilua

UIMUIAY waztduinean wazaziansanseauinluAuAlifuanudnvessinite sy

AMNTUYBIAUY = USUaunely — NSANSEMEV9 1Y

‘ Evapotranspiration (; )

* Irrigation

Transpiration

Wy

Rainfall
Infiltration 4
Evaporation Runoff
L3
Bottom of

Percolation
storage root zone

N
>
Deep seepage or drainage

g‘d‘ﬁ ) auaammﬁﬂuﬁu (Soil Water Balance)

i

LA A 4 " & = 0 A g € 1 A
2.8.2 ﬂ‘l’lﬂJﬁlJWUﬁ‘iEW]Nﬂ’ﬁﬂiZ’\]"lElﬂ'ﬁi.l?ﬂﬂ;ﬂﬁm LLﬁSH']WLUHU‘WIEJ‘UUG]EJW"U

]
L2 =

wasaIniuan Auaziseauaaudumindueedum (saturation) WussAudiiilodu
Wulusmei fiseduiiitofuayludaimnizin -’I}'aLﬂum?dwﬁ%zﬁnﬂwaaﬂmﬂaumﬂﬁu Tnens

szmeninay Feesdudnlulufuduansmeusaltuaisveslan Rudelduselovdainsnlu

a S ovow 5 = - & < o ot & Y}
ﬂuﬂ'ﬁxl,ﬂﬂulﬂuaﬂﬂqﬂ LLaxu’mwﬂuu%Fﬁuaﬂ‘lﬂmiaEISL’JE\’]‘WWﬂ%WE{ﬂ%Mﬁﬂ VUTUUIEA

' 2
= L2 =

anudnlufiudaudiensil Sundn anugataauy (field capacity) Aiszfuilfvaiunse
thlldusglanildig Tnsunaglvaluand 4 Tufiu Wisuadeuihiiegils fiazgnanituga
Wlduagargiieannislu (transpiration) uenannilfasemeeenanfantnulalaense

(evaporation) Ma491NUUITAUANNTUILANAUTRY 7 UHI9ALABIN1IT (permanent
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wilting point) Fssnyazgainainaulidladn fvazuansonisiieransmnldla@uiien
sruurauTemuvisedlunnan asiuautulufunduselevddei (Available water) 2

1 i i o v o
agﬂu‘lﬂ 53SWQWQﬂUWN%U'igﬂUﬂQWNQ"ﬁUWN LLa&:’"ﬂ]W LWILWEING

& a aa 1 & 4 & 4 =i
AuduluAudiivsglovdsons = muduianugauu - Anuduigaiieannns

Drainage - }_ Evaporation O @
Evaporation Transpiration @

Rainfall or Too Rainfall or © ©
Much Irrigation Effective Irrigation

) 4 ' .@
@

@@

o®
@
O

NOT PLANT PLANT ®
SATURATION  Z——er2  FIELD CAPACITY Z5———2> WILTING POINT
| 7 VOLUMESN —
Added 0f |~ VOLUME

Removed ;s;:ided of

Removed

| @ o € 1 dil’ a g - L3
EUW 2.253 LLﬂﬂ\‘iﬂT]llﬁiJWUﬁ'ﬁSVi’J'NﬂWiﬂ'iﬁﬁ)”lEJF]'J'IJJ‘U‘IﬂUﬂU LLasu’mnﬂJuUiﬂU‘zju

Y Sl

o&J a =ln| .4 = 17 g I 4"’ = [~ s [
ﬂ’J’lﬁJ‘Zjus{,UﬁmquiSIEJ“UUG\E]W‘HwﬂﬂWiauE]EJ‘U‘UEJ%H‘ULuaﬂumuiﬂaﬂ WU
& a da e i) a P a2 a & = = o a0
rnutuluAunivsslogddefisrestumdsndufiuiloazidvnasiltranineninnusiunas
Aunsy SnleRudufunsenIsliideIUosas AN AUSILLEL AU
&J -y 1 73 dl _—y i 1 -y - Q’:: L2 1 1 =t
ﬂ'a'lmulumu‘u’;auaﬂwmwmﬂu'ﬁagluummxwunﬂuu fI9879Y LARID
AnuamnsalunsduimienadwesdiluAudiiinenmslvaveaiiléifu nslvaveni
AR ﬂ’l'imaﬁfu,l,axizmwaqﬁwaaﬂajmsmmﬁ uardaltasuiemnuainisavesaulunisli
smemswazingiivddinanansiasyiulauasnisegsenvesiiv Snisantymaniglan
Souduihlvigamgiiluemadiugaurlidvagdomududesili Aedymaudy fu
N7 AUZN3T wazNISUEIeMvesuILLAsTudia U FuLsIRNINNTY MSARWIP LT

agluduedaiuaue agibiausafamunansgnuanmsiasuulaanwgiionniani

fonsnensavlunanuls

2.9 Arduino [14]
Arduino \Juuesnlulasaeulnsiaesnsza AVR fillmswawuu Open Source fodl
nsiawedayarisinu Hardware uag Software fuasa Arduino gnesnuuuslildey

ladne Telfsenunsodnulas iy Nauinssennaiivese vsalusunsusdsldsnene
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AMUd18YeIUaTA Arduino Tun1siegunsaltaiunie Aedldaiuaiunsanedsas

Y
!

Sidnvsadadannisuenuddeusaidiuniiun /O vesuada vieiferuagainaunse
\dandafiuuasaiasu (Arduino Shield) Uszinnanaq 19U Arduino XBee Shield, Arduino
Music Shield, Arduino Relay Shield, Arduino Wireless Shield, Arduino GPRS Shield 1¥u

kg = s L4 ¢ . i = s ! 4
AU WAL UNUUDIAUUUDIA Arduino WaITsulusunsuiimiuinelaiae

Q@ -o
£8un B o
3mofn ICSP : dwdu USB interface === g2g =
v @ @
ggg EE % ‘/ anodn VO
- Lol o
-
BA®W NOWMEm N ,\
T 29 b
5 - ¥ DICITAL (Pa~) B B |
poo 2 O@0UNO)__ N
~§ A A
s . s
- W w—.| 5woinICSP: Atmegad2s
vt

SMCU - Atmega328

2541200 scL | IR

8.nofn Power

SU# 2.24 Layout & Pin out Arduino Board (Model: Arduino UNO R3) [14]

Ad412C) SDA

1. USBPort: ltfdwiusanu Computer lieowlvanlusunsaidn MCU wazarelnlvtuuads
. Reset Button: 1Uutla Reset Tdinaifladoanisl MCU Banisvieulnl

. ICSP Port we4 Atmega16U2 iWuwesnfilélusunsy Visual Com port Ui Atmegal6U2

AW N

. I/OPort:Digital /O #ausivn DO fis D13 uanannil uns Pin asviwthiey A Widade
WU Pin 0, 1 WU Tx, Rx Serial, Pin 3, 5, 6, 9, 10 uag 11 tJuw1 PWM

. ICSP Port: Atmega328 unasnfildlusunsu Bootloader

. MCU: Atmega328 1Ju McU #ilduuuesa Arduino

. 1/OPort: uananidu Digital 170 1&7 dadsudutesSudygyiuounden faudu A0 - A5

o ~ O W

. Power Port: IWiAsesueiadledenisineglwliiunasmeuen Ysznousheulndes
£33V, +5V, GND, V,,

9. Power Jack: $UlWa1n Adapter IﬂUﬁLLidﬁu@Qj‘iSWjN 7-12 v

10. MCU w83 Atmega16U2 1fu MCU fivimthfidu USB to Serial Tng Atmega328 axfin

mafu Computer H1UAtmegal6U2

v A

ToAreIueTA Arduino Ao dedensiau dsuuudeiiugiu lddudeumunzd iy

'
= v/

Ji3udu &l Arduino Community nguauisaufuimuifiudeuss Open Hardware vilAgle
aunsaivesaludesanldaulavaleniu s1anluuwe wag Cross Platform @1unsawaun

Tsunsuuu 0S lafle
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2.10 u3Teiiieates
2.10.1 msvageuauiuluiuuinanhilagldithaseu (Field measurement of soil
moisture using neutron probes) [15]
mMsTarutuasinundand Ay ity wazth fetmuaitauduiugiu s

o =

= ] a & a S0 & ' o v v oa = o ' P
N vauANALldudInNILduUnanISIA UIIAUINTDUUNTNRIUININD 40 YA tazeedl

s

@ 1 = =f L L4 < LY = o gi’ =
msiawRallsunauislagty mnmlaauedsslevdinnuiaineiumaidanisiai Fau

s =

dAgunlusesweinsia 9 udlivhatededneiu ynideilaziiueganaiamdn q fe
@ . o a | A am o - a - AL, ok 1
myinlnaimihvesdiu uazglsnwasnuduilideideduiu dnadaununefifatuanl
d { o o w 2 o ' a adoa. e ' = EY) v o
Wenagyindainiauwsnlidnse wazaAranuRanalaiintuasildruiendomuinludafiass

o =)

[N=3 s 2/ v o g v 1 = s o i
wanasageusulaaniIindld Uandduftavvesunaing wilsdemunaninendmans 1a
U553 intlmseulusendng 10 Y quillewinziludygyrutweniuveiai

d' q: ar ﬁ‘ = dll’ = = v
Ialafuiud wazfnaneududivensy @edslalunisvagsumnusuluiuusiunislayls

HInsou

2.10.2 N153A51EMBENEULBINTINA1A T U AN KR T amToU (Numerical
Analysis of Neutron Moisture Probe Measurements) [16]
inmsfigaiuudnivhiadieseuiivssviamszezaniunsnsmasuauiu

vasRulugunuusng q wiimuduiusvesloyaidiedansou (Wu Sruiuduinsew) fu
iy sxlieignaesiu iiuidssiurnwenuens Tnsamed wivauilisum luenanst
wAnwnsieneipuuuuiugudsiaey Wertunguiinsunsnszaieveiingou fignld
Tunmsvhweaumuuduvestiinsoulussuuiiaihnsou wuudaesanasuvemasny
tmsountioandu 7 91 Tﬂaﬁﬂ'ﬂﬁuﬂisﬁwéﬂ'}‘mw%ﬂizmaﬁuaQﬁuwﬁamuuazwwwﬁma‘%
drwiuusazdsromasiu BBdednfinuessnaninsautaunsmsuwsnssaevesiinseu 7
naule ET}JLLamﬂﬁﬁudwamaﬁﬂmmw%uLﬁaulﬁﬁﬁuwamimaaﬂuﬁaqﬂﬁﬁ’ﬁﬂﬁLLaxms
Sammaauy FBnsimguiifeaiunisaeuiisuiriniiaseufiesuglluenasatuiivie
Ussndananlunisvageunazysendanlddeesalidedidniviinsasuiisuuuudai

LLasmaﬁg‘LlLLUUn'ﬁﬁﬂmuﬁm%’umnaauﬁfsaﬁﬁﬂﬁ’miammﬂmj
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A5N15ALHUIUIVY

F%
@ =

nmsadunulunismaaesinm@uaiesaddinseu ANN190ANYINITDBNLUUTEUY

1 2
L B B . J

Pa9i1in3ed uazosnuuuszuUinged Jedlduneunisindiuaused
Fumouil 1 mseenuuumrurdmiUldmiauarurasinddtasou
Fupouil 2 nMsdavisruuTamnutuesiude S inseu
Junaud 3 msimadongunsaiinmutunasiudaefdinseu

) 4 & o & v
VUADUN 4 TURNDUNITNAADUITEUUIALUDIANU

3.1 mseanuuulwsuamsuldidanasinainidindsdiansou
lumseanuuumruzdmivldfinuazivasinindidionsou edldaqduwedioday
Wesannadeduduaisusznaunilalasiau Fetinalndmesiuinnseu faiudaiunsa

annasnuressEinsauldtiuagen

@68 mm

240 mm

5mm 4mm 5mm
| ]| | 5 mm

240 mm

5 mm

U7 3.1 mysanuuunvugdmiuldiianay unasiinidinsou
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4

S

AR

!
i

aiaies
5.
je— 63—={
unit: mm
(a) wuvINaDy (b) AN

3UN 3.2 Insuildlumsveseu

3.2 IAN1TTUUIAAMUTUVDIAUAI8 TIaUINTDU

Access cable

{

Measuring
system

5
&
5
5
5

G554 4040000CCCeEtls
$99509550050003003550456048

=
.

ooy

.

o

B T o vy
mwﬁmﬁmwmwwmmmwmmwwmmwwwa
ooy
.
ooy
Soily
bwrly
bvey

R T
£ Neutron source Z#2aaaa2s
B T T o™ e e P
mﬁmmmwwmwmwwmwmmwmwwmmw
B R N R v T

~ o & a v a
EUW 3.3 38UUIAAINUTUYDIAUAIBUINTDU

gunsalinAmuBuresfuieiidiansaudssnaudieiindansou (neutron probe)

wazszuuludn (measuring system) Turngvinnisnagevsrdeaganay Janguiluuinves

'
=

Wiurgudnans 7 wuiwes 8n 1 wasdgun 3.3 dmsundoulnsunediedauadluludu Tng

Y

v aa

ﬁiwwwaﬁm’%ﬁuﬂsvnaumaLmam'numaammaummmaq mmummﬂuuumsaa uazd
Findmsouaudim ‘s";umawat,muamaggmﬂm (cable) moanidaludesyuutivia Tu
nMsnageusiuAuEna1e  aiinsriaieamnslfuuaisiada (access cable) iile
wdouinasdszsuanudniimuuslifisuinsiala

’mezﬁﬁﬁﬂﬁamauaﬂuﬁu dansoumnuiiguazgnunsinudiluluiunasaa
LLauLﬂﬂﬂ’]i‘dﬁﬂﬂ@vfﬂﬂulaiﬂ‘iLﬁ]ulquLaﬂa‘UENU’IMﬁWEJﬂ'NﬁmﬂEI’IEJLU JansounuEam

afawm‘uaqmmiaummmm%ﬂism&ﬂaumqmm vilmAndumnddeyaadnidy
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Detector 5| Preamplifier 5 Amplifier . SCA
=4 ) model 2025 = model 2030
BF; Serial 1681, EGRG CANBERRA CANBERRA
N
VY
High Voltage Timer .| Counter
del 1770
mczc:;lE :égzn m(;rfBERRA model 875, EG&G

X v 1
U 3.4 vhenlaesunsuvessyuuinanuiy

3.3 m3dnreugunsaifaanuiuveshudeddianseu
3.3.1 Gas Filled detector
v indildlun1smagey fie 9 ¥m BF, proportional counter YUATURIAUENATS
2.5 wufiluns 812 20 1eudluns Jedsiadu A 8098 arudustil 70 cmHg waztoulaad
gealdlaiiiu 2200 v i inelindmngdmiunsatnsoundsnumvdewmestatansey

Widygrusualvginiiuszansamlunisings wilaonswasundasuesaiusg

17
o =

Y o 1 v oo W ' ) v o gy

dndlaii el Jedasmunnarmdisdndlnialunisldeny dailfidnvuydugy
P & = g g t

nnszuenineueniuim cathode warmoluununaniiduanvuiniiniiy anode af

g‘d'ﬁ' 3.5 W39 BF; proportional counter

3.3.2 Neutron source
Y o a a i S o al o o .
auniatiinseunlslunisnadau Ao 2'Am-Be fA1UWSISIE 300 mGi lelalny
Mulfunsed 'am szaanedlagnisuanudesoyniadan veyniatdazluiugise

tediesiu Be iliinasuau wazsidihnsoundsanuaie q senun feaunis

q 9 12 1,
,He + ,Be — ,C + ,n + Q (3.1)

A ke ] = =
3UN 3.6 sunliniinseu **'Am-Be
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3.3.3 wadlasau(Polyethylene, PE)
Tunsnegou 4.1 Sududeddudunediefaunitisanndsruvesdedingou s
Tunsvngoud sglduiunadiofaug 5 udu vuianiie 32 wufiues 917 32 lwuRues g 1
uRns fgul 3.7 (@) lunadeu 4.2 sgesnuuuilunsurdmivldiriatuiusiuie

o ol o o [ = = ] s U s L]
TWaUINTDU Lwamz’maahﬂumu LUUﬂWi‘U’]EJH@WEN’]U.’U@G‘iﬂﬁu’l@'i'eJULLﬂ%‘l’jﬂ\‘iﬂUﬂWiL‘U‘Sag

dy 1

Weuveshinduauiiinied Aszun 3.7 (b)

= (] = aa
3UN 3.7 (@) uHuwedlesay

(b) Augdmsulaminnuauniinssd@tiinsou

3.3.4. Preamplifier (serial number 1681, rev.15, EGRG company)

- Preamplifier ¥viNsU50UsER0 109 3R

gﬂﬁ 3.8 Preamplifier

3.3.5 gUnsaididnmseiing (NIM, High Voltage, Amplifire, SCA, Counter, Timer)
- Nuclear Instrumentation Module, NIM (model 1000, serial number

03936930, CANBERRA Industries, 220 volts)

- High Voltage (model3102D, serial number 08940356, CANBERRA Industries)
14 Hv. ogil 1500 V Fudueniildann Plateau curve lumsvpaeui 4.1
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- Amplifire (model 2025, serial number 08940192, CANBERRA Industries) 11
v o ar vy o P & a 2 . T ow

nihnveedyaradviisueiviingay Feasauasosli coarse gain Winfiu 200

- SCA (model 2030, serial number 12036694, CANBERRA Industries) Vit
LADNTWNANIU LANSIIURE?

- Counter (model 875, serial number 167, rev.02, EG&G company) {Juiiu
Syasdiinseuiiiangviaia uasd discriminator tenl3fadayaasuniu

- Timer (model 1770, serial number 127422, CANBERRA Industries) {{uddu

na UM TIALAazATS

< £ a
JUN 3.9 gunsaldidnvseiind

3.3.6 A3 N5I97A daoy sy 1l (Agilent Technologies model DSO5052 A

Qs

Oscilloscope , MEGA ZOOM) siwihitindayanailwin savaidngunsel

5UM 3.10 1n3eseeadlaalay

3.3.7 1A3093ANLST9E
- 1A583TAAI L WIIS98LNNNT (model radiagem2000, serial number 4012,

CANBERRA Industries) #1115 UinAnUnsaua9s@unuunusiiaaynisvaaay
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CJ 4 af o =
‘E‘U‘W 3.11 ISavinAnuLseSadunan

- e sinmnuLseSediansey (Model 2241-4, Serial number 310923, Ludlum

measurements, INC)

= 4 o v e
E‘UV] 3.12 nserinALsISsElansou

3.3.8 ﬁa‘u (Heraeus D-6450 Hanau, Type : T 6030, Bestell-Nr : 51000547, Fabrik-Nr

: 92101398, Nenntemp : 300°C) Tunmsnaaeunssilagligeunaninsanvaugamgiling

o

U 3.13 gauanuiu
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3.3.9 1A30e%e (METTLER AT201, MAX 205¢, d=0.01mg) dmudanseios uaziu

JUR 3.14 \A30aF

3.3.10 nesillsadlivas (Vernier Calipers)

Iddwmiviavueaunsalsing q lunmmessu

gﬂﬁ 3.15 vesilga1duilas (Vernier Calipers)

3.3.11 vielavisuazvioogiiiley

Tgdwiuihsesiu auaduhguenas 7 wufiwms €13 130 fu 170 [wuiuns

~ | a A
JUW 3.16 vieagiiiilyy



o1

3.3.12 933U

v g a ) I oA Y ¥ A A o o
Tdwsuiiudadanu luldmiudusswmgesn Weazdunynsnaday

SUT1 3.17 993y

3.3.13 nyzdedlddu
l¥dwsuidunisurldiu vuin 9 soud Wurugudnais 5 wuiwnes ge ¢

- A o &/ ¥
\wuRlns wevinseulugaupinuay

Uit 3.18 nsztetldau

3.3.10 D1ALAETOUANAU

= v a
JUN 3.19 aauavdausingiu
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3.3.15 X-ray fluorescence : XRF (SERIAL NO. 543125, MODEL DPO-2000, DATE of
MFG : Aug 2016, INNOV-X, OLYMPUS) ldlunisneilauasu3unamesinluaisiiesi

Eﬂ‘ﬁ 3.20 X-ray fluorescence

3.4 FunpUNNTNAEOUSTULSALTDed
3.4.1 38579 Plateau curve \Wianmaeum Operating voltage fmnzauvasiia
N3 uLTa fuMA LA IFnEA A 400 V AUl 2200 V SuiinAsasiiiu
famseuiiusinguucouter waennsa mduTuSTEInumasrLdnlih (V) fudasitu
fhnseu (cpm) a¢ldiliu Plateau Curve Tuna Auangaadl 30% Fasvialdle voltage 7
wnaufuT Al unsvnaeut
3.4.2 NAFOUNINOUAUBIYBISIAULNLIABITI IR
yhnssassuuia seuiirlduvdsiiingedifu Co-60 dunedyaalnihvsesed
wnuanldainunevesseadlaalay dwsrinlinsauii Sdununinansuausinesiainils

Tunsvegaunntauiiiele

3.5 nagauluniaguy

3.5.1 Ma@UIMANENTUS s iU TmsauiuUSinunutuwesiuiistesdn
A 9 Ansimuduiudseninsiiuiutuinseutiuuiunanutuvesiu Taonisifu
Fog1AuiszaEnn q 5 lwuflunsanAafu 9uda 100 wuRiuas difedsiuluaud
gaumgdl 105 ssrwaldea Wunan 24 s s linmuvinaanuduianadadiiu
wadian1s iU TumInse JasuausidianseulaenisvdeuTnsunediedau
ussyiiauazunasiuiinfsdionseu lHnarinsseras 30 il waztuiinnanisveass

.

afnamanuduiussenindrwuivionseuduSnanmuduvesiufissesdnae q ag

Induaunsdunssy = mx + ¢



Cic ]

3.5.2 AinwiesAusznousiglufuininadenisaandeuassidinsoulagld X-ray

fluorescence : XRF uarilsmailanaunsavsuanisnisuenvasiuiaazdu

3.6 NM1sImingunsaldmiuliuinded uazuanwwalaeldlusunsy
3.6.1 WanunlusunsuamsulsiuinSadtonseu LaslanNaAInIuIY

Tuns@eulusunsuussunanaaszldlusinsy Arduino 1.8.1 Weauidslsen 2 Suen

L4

Fuihnsaundygyrauevinauedn’osdinTsRdygiuLuuteien (single channel

L1

I [ v

analyzer : sca) Baludgauiinea irduuiinseumiulaliiduniieg cps deddn

em_

= 1

. o o § ' o et = o = dy o ]
E‘Ti.lfﬂimlﬂﬁ]"lﬂﬂ')'lilﬁ?JW“LAﬁ‘i%W'J'Nf\]']U'JUUUUQﬁ]‘i@uﬂUU'ﬁNWmﬂ'ﬂﬁJ“ﬁUWﬂﬂﬂuﬁiS SENFAN 9

MNUUdIANIINsUSEINaNaRa lULansaIaa LCD azladuuSinuanuduaanunyiuf

[ LS4 ]
A 4

/ SUAIRNUNIULUTIRTaU N1 2 /

~
l

LEANIUINUIN S \

JA\ S AN >29 s
dule 30 s

¥ cps = WA / 30

v

y = (0.0066 * (x) ) + 4.2757

Y

LAANIUSUIUANUTY (%)

)

gﬂ‘ﬁ 3.21 wuamsyauweA3as Neutron moisture model 2017 (NMM)




3.6.2 Yavingesdmiuussqaunsalidnnsedind

34

= ma‘l,uﬂaqm'%"aq Neutron moisture model 2017 (NMM)

494 power jack

UpsA Arduino
34 UNO R3

voialivan
(perfboard)

FoUeaAINg LCD

YU 16 x 2

wasm USB

BNC @iy

nNaDY

alunUszand

anga-Un

EU‘?{ 3.22 Neutron moisture model 2017 (NMM)

- ﬂ’l?_luaﬂ‘ua\‘im%ia\‘l Neutron moisture model 2017 (NMM)

(@) fuvin

(b) AuUNaa

gﬂﬁl 3.23 (a) ﬁ'mwﬁwmm‘%m Neutron moisture model 2017 (NMM)

(b) MUVdIveaLAS DS Neutron moisture model 2017 (NMM)
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NanN152v8uazaAusIeNa

nan1sAaaUInANLTUlUAUA8TIETInSU Fasddne Plateau curve Wanaaauy

Operating voltage MnuNzaLU9IHI TR NAADUNIIABUAUBWBISHLALLIADTIYR NAdaY

nM3soenuuussuuInieliiinUsednsningegn uasfnwasdusenavvessigluiuisss

AMUENA 7 lnensltvatiaes X-ray fluorescence FailsneaziBunsiadl

4.1 138514 Plateau curve LiWanagdaunl Operating voltage MyuLaUYa2 A

o o A 1 @ ar = - v I 2 ar
L‘LJENT\]"IﬂLLﬂEWIEJqﬂ']811.1%’]’1(5]ﬂ%uﬂﬂiLﬁ@NﬂmﬂTW\lﬂm'\NﬂﬁﬁL’Jfﬂ AMEMES voltage IWH‘U

winuniiuld Aerwildergnisldauvesiiinduas §131e voltage douiiulufionaay

dwanuaAivasnmanaaaudune 9 1l Asuddudufiesdnism voltage Mvanzauues

virin el iiAndsedniningaan

Jangunsal

1. suniindsdidonsausiln 2 Am-Be 111aAALLTISIE 300 MG

. ¥ BF; proportional counter

2
3. JagmUsidiansey
a

. gUnsaiBianvsetind (Preamp, Amplifier, SCA/DISC, Counter, Timer, H.V. suppy

wag Nuclear Instrumentation module ;: NIM)

5. Wodledau IUIANIN 32 cm 8713 32 cmad L em 99U 5 W

6. YavIssazuAaNUdu

YUADUNITNAFDU

1. yinmsAnnsgUnsal Aaguv 4.1

Stand & Clamp

BF; tube PREAMP > AMPLIFIER
Polyethylene{ i \

T H.V. SUPPLY SCA/DISC.
Shielding———=

| v
Neutron COUNTER € TIMER

source
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v a

2. 3uyinsiinliasisuann 400 V Wndufiaz 100 V 9uds 2200 V waginssdtinseou

Taedn 5 A%a AS9az 60 Fu?l

M5NN 4.1 Negeumanuduiussewiunasiulalniny) fusesniuiinseucpm)

wrasAdalniln nsuilingau (cpm)

(V) aSei 1 | a2 | efiils | edia | eded s \nde

400 17 11 17 12 11 13.60

500 20 11 16 19 13 15.80

600 46 45 38 51 33 42.60

700 86 87 106 120 108 101.40
800 279 193 180 212 238 210.40
900 386 379 389 366 421 388.20
1000 562 560 625 583 565 579.00
1100 770 700 758 744 703 735.00
1200 828 795 786 803 789 800.20
1300 849 821 903 806 863 848.40
1400 900 879 877 861 906 884.60
1500 878 861 905 861 950 891.00
1600 1023 861 1011 944 926 953.00
1700 954 950 996 953 950 960.60
1800 o’ 942 1005 978 969 961.00
1900 975 995 1008 948 968 978.80
2000 1022 939 977 1019 921 975.60
2100 956 953 1044 995 980 985.60
2200 993 975 975 1104 984 1006.20

Amplifier ; coarse gain = 200 , shaping time = 1usec
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3. dtayailaninensng 4.1 wdsunsimuaniauduiusseninaunasiudalui (v)

o W

Ausasiutiinseu (com) agladu Plateau Curve Juan

nIMKEnIANFURUS sz IrumasAlialwiln (V) Audasitiuiiansay (cpm)

1200 -
1100
1000 4
900 A
800
700 A
600 4

(cpm)

s

aRs1tuigTou

500
400
300

200
100 4
0

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

uvasindnlndd (v)

UM 4.2 nsmnaannuduiussewinaumasiudaluda (V) Audnsniviinsou (cpm)

o U - o:l LY
4. MUIUMIAT Operating voltage NULZANVBINIIN

N3 M9zl ; Lower Knee = 1200 V uag Upper Knee = 2100 V

ASn1sA1ua

Lower Knee - Upper Knee = 2100 - 1200 = 900

aal b,
AT8IN 1 900 x — = 225V : 1200 + 225 = 1425V

100

~ 30
NS 2 900 x — = 270V : 1200 + 270 = 1470 V

100

Fatfu 25% 9dadld Hich voltage aguiﬁ' 1425 V uay 30% awsedld High voltage ot
fi 1470 V Fenrsmaaevluduneude q luasidenld High voltage 987 1500 V ifipsann
9

Unsad High Volt Alelumsnegeviiliaunsalsvasidenldviniians
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4.2 NAEaUNISAVEUDIVDISIALNNNUIRADIIIA

d' d: at 2/ 1 o et d' %) } 73 = E P

\Wesnnudledifedunuudigiie Aawrsafiszasisgoudyyraldnnesadlaalay i
= = o = ] (=3 s 5 o = o = v
FaEwnuugIuuLInwazdauialng Counternazdunessdunusnsinluiuiinseula lu
nsnagdauANLTuluAuilfoInsTuLAtiinseu S dudosllnnsvagauni1sneuaLD B
o = 1 a s 1 = $ 74 = ¥ o o o s ai al L 7N
Fidunuurseiiiainduindeaiiesle aglavinnsusSudnduaud SCA Wisliiin
Usvandnngegn

of

Yanaunsal

1. puniiindsdunumn Co-60

2. ¥17 BF; proportional counter (A 8098)

3. gUnIniBidnwisalind (Preamp, Amplifier, SCA/DISC, Counter, Timer, H.V. supply
wag Nuclear Instrumentation Module : NIM)

4. ip3osmsatadnyanailitih (Oscilloscope model DSO5052A, MEGA ZOOM)

5. A3aeTaAIuus s SeauANA (Radiagem model 2000, CANBERRA)

ar

JUT 4.3 naspunseuaueaTesiidunun UM 4.4 dyanailvivihiiusinguuniihae

»aIn BF; proportional counter LAs0InTIvindnya Il

nwanmadeuaziiuldfidyyrugumidveddunuunyngiuuningiae
{ L2 U L 5 =€ ¥ ar s a A
wiewnTindyyraluily dedudaagulainiada BF; proportional counter #ildlunns

nadaUillUnauaLDIRaSIFLNNLNYS DR OUALDIR DS IFLANN YoYU ATULDY
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4.3 nedsunisoanuuuszuuinanutulufudesedtansou
4.3.1 AnwnaruduiussendnssuauiudnseufuUinaanutuveshu
Tunisvaaeuiiasgaudiiusserinensudufusunuiuihnseufissiunnudn
f19 q anuduiithuniieususiuutuiinseussld3inseu F08Ereudhausiusunnly
nsmeaL ndnduiidunsdeuiisuiuitefazanunsomensduiilinguldan

AUNTLEUATI Y = MX + ¢ TULDY

3

9

anaunsal
- Aumaseddanseusda 2Am-Be YUIAANLLTISIE 300 mCi

. %79@ BF3 proportional counter

W N P WD

! Qﬂﬂifﬁ&ﬁﬂmaﬁﬂﬁ (Preamp, Amplifier, SCA/DISC, Counter, Timer, H.V. suppy
kaz Nuclear Instrumentation module : NIM)

4. \n3osmsraindnyaallnih (Oscilloscope model DSO5052A, MEGA ZOOM)
5. iA3aainp1uusesed (Radiagem model 2000, CANBERRA)
6. wadedau dwmsuldviauasduiidnssdinsou
7. gavrinanasiaautdy
8. 933U dmFuifiudetaediy, nazdn, gunsaidngiu
9. Founuty

10. st aimein

11, viowdndulazem wiushuaudnans 2 {7 873130 1wuRans AU 170 wuiwns
SunaunTVAdaY

1. \denfiuiviinvageu wazsogunInidiannsolindliniouy

JUN 4.5 fuivimsvegeuuiianseu JUN 4.6 nM3inegunsalinanuiy

aoniumAlulad tedssuviani YRUAIESIETIRTIU
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2. lgvienafu IﬁL{‘Jugmmmé’uv\huquéﬂma 7 WwURIAS 80 1 AT Lazviinisiiu

MedrsaufudsEey 5,10,15,20,..,100 lwufiwng adlugaduinenimeenlvivun

] =l = = s 1 = ] =
JUN 4.7 viquilvuinauan 100 cm JUN 4.8 L iuaeganuldgdy

= | n’: ! 1 o e s A
3. Waeses AsAgUnsalnawinsvageuinliansay fm1s1ei 4.2

M50 4.2 nsnsAaunsalmsiadiuauiianseu

data Setting
High Voltage 1500 V
Amplifire, coarse gain 200
SCA, lower level 200
Timer 30s

4. ynnsngeuain BF; proportional counter aslulunquaudisses 5 cm Juiingn

'
s = 1 =

Ut ulInsaunszey 5 cm laaldiiania 30 Juif JufinAifnieulaain Counter si9

AN 4.3

Access cable

Probe

Preamplifier

JUN 4.9 nsudeniiinasiuluvauiu



a1

5. vnedle 4 ey 4, 5, 10, 15, 20 Ui 100 cm waztufinuafansned 4.3
Y I e ol | + & T @ o o a v o &
6. iinedwauilauldlunszles uazdaiwinneuiingyiniseufiudisdouninudu

(Fanszdaufusnagnsfunauniazlddegrsiie)

JUN 4.11 Fadmindiegnehiu

1

7. hleumedouanutu Meamall 105 ssmwaidea Wuan 24 Falus Wenr i

a4 v do S v al &
AVILLAINUIUIVIUIKUN DAY

U7 4.12 sushedniumegeunudu



8. AUIAMUSUIUAMLATY (%) AINI5197 4.3

ASNsAuane ;. UStneuenutu (%) =

ol 1 o = ﬂg) A
AIBENNNTANTWIAMUIUUANUTUNTEUE 2 cm

USuaumnuau

USutuanuau

Aulden —

AL

x 100

fullen —  diutnnseles

23.8587 — 233593

100

238587 — 155715

6.0262 %

42

AIUUAINANNTENE 2 cm Ay d3auiutviiansouindu 17523.67 cpm wazil

USunauinuiuey 6.0262 %

-z: s & 1 = dly s [ o e P
M5 4.3 LAAIANUANNUTTEMINNYILUANUTY (%) NUIUIUUUUINTDU (cpm) nIgye

= =
AITUENAN ¢] VBINGUN 1

mman | Swoutufiansey | thwinnsedes | auden | fuusks | YSinaenudu
(cm) (cpm) (g) (9) (e) (%)
5 20211.00 U5 <HEP 259257 | 24.9866 8.8816
10 34343.67 15.3648 34.3753 30.81471 18.7328
15 54764.67 15.2869 32.4060 | 29.3880 17.6294
20 74660.67 15.5107 41.1710 | 36.0685 19.8848
25 85060.00 15.3634 37.0310 | 32.4499 21.1426
30 89243.00 15.3517 41,0488 | 35.5318 21.4693
35 86460.33 15.2548 42.0035 | 36.2637 21.4582
40 81928.33 15.7996 37.4575 | 32.6504 22.1956
45 81049.00 15.1981 41.5342 | 35.5500 22.7224
50 82445.67 15,5035 44.0136 | 37.4491 23.0252
55 81211.67 15.2275 40.6688 | 36.4527 16.5719
60 77383.00 15.4930 46.2225 | 42.1430 13.2755
65 75096.00 15.6335 37.2973 | 35.3773 8.8627
70 79681.33 15.5381 339871 | 32.4420 8.3750
75 83628.00 15.3859 41.2662 | 36.4770 18.5052
80 87268.67 15.6392 49.3556 | 40.9333 24,9798




M1399 4.3(8) UaneAnuduRussEnIUSInamIAY (%) fustuuiuiimseu (cpm)

NFLHLAMURNFAN 9 VOINaUN 1

43

anudn | Swsuiuiieseu | thwdnnsedes | duden | Auwk | Usinaenutu
(cm) (cpm) (0) (g) (@) (%)
85 90891.33 15.3963 454611 | 36.9121 28.4352
90 95043.00 15.1623 46.0980 | 37.9694 26.2758
95 100393.00 15.5477 46.2088 | 38.4246 25.3879
100 105444.00 155169 46.6417 | 38.2425 26.9856

9. ihdeyanldanmsni 4.3 unTeuniiauduiusseninnuSuimnudu (%) fu

Fnutiuihnseu (cps) Nsgzarwaneing 9

as o g 1 .i' ot o o a
ATLERIAINFINUS ST T IIMAINAU(%) AudruutuTiansau(cps/50)
< =2 o
NILBSAUANAN 9 Yaavauh 1
0 10 20 30 40 50 60 70 80
0 1 1 | 1 1 1 1 I
¢ ©
L 2 @
20
0§ ® " X
€ -0 | % °®
)
< )
= ‘ @
G L 2 ®
= 60 4 & ®
= ? ©
& * o
-80 4 * ®
L 2 ®
S ® e
-100 * @
-120
< water content (%) ®  JuUUTInTau (cps/50)

JUT 4.13 nsmianuduiusseninuiunanuaiu (%) fuswautiuiimseu (cps/50)

AUEN 10 D9 100 WURWAT NNSAZWILIE@NsaLUsRueanlady 3 919 fe 9797 1

NsgygANUANAN 9 Yeavaud 1

NNFUN 4.13 wananmsilFeuiisuySinumuduluiuiuiuutuinseuis

we|e
w U

]
=1

ANEN 10 D9 25 WwuRlunSg, 91991 2 AUEN 30 B9 80 LWURIAT waaen 3 NN 85

09100 LWURLUAT FINUIIAMUANY9N 1 92THENTENUADNITTATIUIUTURINT DU

Wesnnuilefulivuuiuiazensasiinisgadedanseululuussennia Faavdwmaiuuiinu
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amuuluAy Aududaudni 25 wufuesaddasaunsaindinseudiliediagnies

= 1 d I = - ﬂy v = 1 ldl A n' J =
ANANY N 2 WUIUUSUIUANUIUUDYAY LATAMUANTIN 3 UIDAINIT 85 LUURALLAT

& = 1 ﬂg‘, =a‘ g U 3/ 1 A
PNNUAU NUIATTUVUILENUYUAD UL INADLUBN

10. waennTMLan M NALRUS SEIne S1uautudnseulcps) fuuSunamuduoe)

30 -

25 4

(%)

20 4

ar a [ 1] o i ot é’
ASINLEIIAMIUANAUTTERIN IUIUUUTINTDU(Cps) NUUTUIUAUTU(%)

5 =
T
2 15 .
=
&
g TN y = 0.0066x + 4.2757
= R2 = 0.9705
5 | @
O T T T T T 1
0 500 1000 1500 2500 3000 3500 4000

uutiuiinsau (cps)

JUN 4.14 nswluanspnuduiussemindnnuiuinseucps) NUU3uIAuTu%)

NNFUN 4.14 nsmiianspnUduRusTEnI 1 uutuiinnsau(cps) Audsuim

ANTU(%) VRIBEWAUATEAUANANTdAY 100 wuRwns Iaiduannisidunse y =

0.0066x + 4.2757 &1RIUMIATUTUIUATINTUVDIRULGIEY 9

4.3.2 Wnszvisnludulaeld X-ray fluorescence : XRF

NFUN 4.3 audn 55 3 75 wuRlung azuiuinuiuianuiiuanasunn Jail

MINTINFBUNIBIAUTENBUVDIT N UAUIINAIDIMAUNGUN 1 UABBEA UALATIVABUTT

luAundaiisiglanauisaduiinseulad uenanlalasiaudnuiold Feavld Xray
fluorescence (MODEL DPO-2000, OLYMPUS) {usviinsizsh uanedannseil 4.4

M5N 4.4 uanaduIusIAUsENaUTeIEIg lUAY

Element

avg. concentration

Element

avg. concentration

Light elements

57.20% = 60.13%

Light elements

56.66 - 58.81%

Si

22.97% - 28.06%

Si

1515 -2297 %
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A7 4.4(r8) WA IUINBIAUTENBUTEIE I LUAY

Element avg. concentration Element avg. concentration
Al 6.63% - 7.99% Al 503-722%
Fe 3.37% - 7.68% Fe 347-522%
K 1.16%-1.51% K 077-131%
Ti 3619 - 4610 pe/e Ti 3210 - 4190 pe/e
Ca 684 - 1.34% Ca 4.21 - 16.61 %
Mn 375 - 941 pg/e Mn 645 - 1458 pe/g
Zr 168 - 232 pg/e Zr 100 - 168 pg/g
Rb 130 - 158 peg/e Rb 66 — 138 ug/g
Zn 73 - 147 pg/e Zn 113 - 170 pg/g
Sr 62 - 106 ug/e it 106 - 295 pg/e
Y 31-48 pe/e Y 23 — 32 pe/g
Ni 27 - 43 pg/e Ni 23 - 32 pg/g
Pb 23 - 46 ug/e Pb 19 - 35 pg/e
Th 15 - 30 pe/s Th 14 — 16 ug/g
Nb 21 - 30 pg/s Nb 11 - 26 pg/g
Cu 20 - 34 pg/g Cu 32 - 72 pg/g
As q-22 pg/s As 19 - 32 pg/g

A15199 4.4 (F18) wanadauesAUsznausluAunnIzey enliussay 55 0 75 lwuRlung

A15199 4.4 (371) meiﬁmuaqﬁﬂizﬂaUﬁwﬂuﬁu'ﬁ‘ﬁzaz 55 09 75 MURLIng

— 1 [~ (3 =N = i = 1 5 o

AN 4.4 wuin Ca WiugmesAvsenavlufuiiausawvnenaunsazsule

@ 1 a d‘ [ =3 = 1 l@aa 10 al' @ ] :i’
Mg nAuTIiuNITEEY 55 Ta 75 Wwudues dulnghiituyunausgsuauann Mldugull
WHoeanInanmvasiunfvinn1snegay Wenauvsnunsslweduluaouy uazidiovnnis
aTRdeunIsInesRUsenavlufuniinadentsanndsuaesionsau wurdnlngluiud

lalasiaunduinnseudundniieaudsinies

4.4 ANSAAUITZUUINANTULRIRUAeTETInsaulae 19U sunTud Y18 Tudruaes

ANALLEANKE

\Wesanvaud 1 waun1sidunse y = 0.0066x + 4.2757 annauduiuseesdiuiutiy

ihmseunulBinaumnuburesiuiszerandne 4 Jahaumsannvgud 1 Tudwmmn
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ANTUMANN 2 wazlSsuidisuAianuduiildannniseu fuanuduildanaunisnld
TUSUNTU UG RARINAAITUTUUULATDS Neutron moisture monitor model 2017

(NMM) fia$1s3ulnglduasmarduino Su UNO R3 dewdniuseuansia LCD wunm 16 x 2

A o g 2/ L2 1 = 1 = Lo
1. wquyl 2 vidte 1-8 (veshte 4.3.1) usagyaviaudnadluud 70 wuduns Tuiinwa

Tupnsed 4.4

(@) (b)
UM 4.15 (@) inainvihmsieauddlufuwagiadauiussdionsouromgui 2

£ - o o o ala s <
(b) gunIeiBidnvselindluntsiudusdianseutuiedas NMM

AN 4.5 LARANUEURUSTENINUSUIUNALTLIINNMTIU (%) fudiunutiuinseu

(cpm) Ms8zAUENAN 9 veanaud 2

mudn | Sunufudaeseu | dhwinnssUes | Auden fuwie | USunasmandy
(cm) (cpm) (9) () () (%)
5 18797.33 15.3521 40.8901 40.3812 1.99
10 36286.67 15.3648 46.8309 41.7705 16.08
1.5 53142.00 15.2869 45.0475 40.2914 15.98
20 62666.00 15.5107 49.1668 43,8275 15.86
25 66601.33 15.3634 47.2324 41.7126 17.32
30 66186.00 15.3517 46.6838 41,5342 16.44
35 64834.33 15.2548 46.6833 41.5708 16.27
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2. daun1s y = 0.0066x + 4.2757 Nlaanuguil 1 uvinenuduvauil 2 Tnen1silvu
Y ¥ y . .
TsunsuliinanenananuduuuaIas Neutron moisture monitor model 2017 (NMM) Laas

RIBNSMN 4.6

= & = v < . .
UM 417 wamNTuTeiU (%) waRInI8LASDY Neutron moisture monitor model 2017

AN 4.6 ANNEUNUSSEMIUSUIANAMLAUIINLATES Neutron moisture monitor

model 2017 (%) Audrwautiuiingeu (cpm) NsvezaNUANAN 9 VoWguil 2

Neutron moisture monitor model 2017 (NMM) \,
Luae
ANLEN } ¢

sl ji’ﬂmu ﬂ?m;u j}'mu ﬂ‘%m::J :i"}mu ﬂ?m;u
thnsau AT fmsau AN sy ALY

(cpm) (%) (cpm) (%) (cpm) (%)

5 18906 8.43 18873 8.43 18889.50 8.43
10 35934 12.18 36605 12.23 36269.50 12.26
15 52882 159 53534 16.05 53208.00 15.98
20 62827 18.1 62658 18.06 62742.50 18.08
25 66328 18.86 66637 18.93 66482.50 18.90
30 66108 18.82 66060 18.81 66084.00 18.82
35 64970 18.56 64902 18.55 64936.00 18.56
40 65033 18.58 64285 18.41 64659.00 18.50
45 61980 17.91 59412 17.34 60696.00 17.63
50 63633 18.27 63936 18.34 63784.50 18.31
55 57746 16.97 61324 17.77 59535.00 17.37
60 67150 19.05 67072 19.03 67111.00 19.04
65 68558 19.36 69266 19:51 68912.00 19.44
70 77428 213 70684 19.83 74056.00 20.57
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TAnlusnsy Arduino

#include <LiquidCrystal 12C.h>
#include <Wire.h>
LiquidCrystal [2C lcd(0x3F, 16, 2) ;
int pinIN =0
int Button = 0 ;
long firstPulseTime ;
long lastPulseTime ;
long numPulses ;
long Value=0 ;
int Count =0 ;
double Aveg ;
double WaterC=0 ;
void isr() {
unsigned long now = micros() ;
if (numPulses == 0)
{
firstPulseTime = now ;
}
else {
lastPulseTime = now ;
}
++numPulses :
}
void setup() {
lcd.begin() ;
lcd.setCursor (4,0) ;
led.print ("WELCOME") ;
delay (2000) ;
lcd.clear () ;
lcd.setCursor (1,0) ;
led.print ("SOIL MOISTURE") ;



lcd.setCursor (4,1) ;
lcd.print ("MONITOR") ;
delay (5000) ;
lcd.clear () ;
}
unsigned int readFrequency(unsigned int sampleTime)
{
numPulses = 0 ;
attachinterrupt(0, isr, RISING) ;
delay(sampleTime) ;
detachinterrupt(0) ;
return (numPulses < 2) 2 0: (1000000UL * (numPulses - 1))/(lastPulseTime -
firstPulseTime) ;
}
void loop() {
if(Count >29) {
Aveg=Value/30 ;
WaterC=(0.0066*(Ave))+4.2757 ;
lcd.clear() ;
lcd.setCursor(1,0) ;
led.print("WATER CONTENT") ;
led.setCursor(10,1) ;
lcd.print(WaterC) ;
lcd.setCursor(15,1) ;
led.print("%") ;
Count=0 ;
Value=0 ;
delay(7000) ;
}
else {
unsigned int freq = readFrequency(1000) ;
//NValue2+=Value ;

Value+=freq ;



Count++ ;
lcd.clear() ;
lcd.setCursor(2,0) ;
lcd.print("TOTAL COUNTS") ;
lcd.setCursor(0,1) ;
led.print("t=") ;
lcd.print(Count) ;
lcd.print("s") ;
lcd.setCursor(7,1) ;
led.print(Value) ;
lcd.setCursor (14,1) 5
led.print("c") ;

delay(1000) ;
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Field measurement of soil moisture using neutron probes

D. S. Chanasyk and M. A. Naeth

Department of Renewable Resources, University of Alberta, Edmonton, Alberta, Canada T6G 2H1.

Chanasyk, D. S. and Naeth, M. A. 1996. Field measurement of soil moisture using neutron probes. Can. J. Seil Sci. 76:
117323, Soil moisture measurements are critical to all field studies of soil-plant-water relationships. Dependable and reliable
techniques are required to provide such measurements. Neutron probes were developed more than 40 years ago and continue to be
used today. They offer many advantages as a measurement technique, the most important of which is non-destructive, repetitive
measurements of soil moisture. Much research has been focused on overcoming the two major limitations of neutron probes: mea-
suring near-surface soil moisture and a smoothing of moisture data at sharp moisture discontinuities in the soil. Various techniques
have been devised to overcome the first limitation and the error associated with the second is acceptable by probe users. The dra-
matic decline in the number of articles in the scientific literature related to neutron probes during the past decade is likely an indi-
cation that neutron probe technology has matured and that neutron probes have become accepted as a reliable and dependable field

technique for soil moisture measurement.

Key words: Neutron probe, soil moisture, water budget

Chanasvk, D. S. et Naeth, M. A. 1996, Mesure de la teneur en eau du sol a Iaide de la sonde i neutrons. Can. J. Soil Sci. 76:
317-323. La mesure de la teneur en eau du sol est essentielle aux études sur les relations sol-plante-eau. Des techniques fiables
sont nécessaires a Pobtention de telles mesures. Les sondes a neutrons ont été développées il y a plus de quarante ans et sont encore
utilisées. Elles offrent plusieurs avantages dont les plus importants sont d’étre non destructifs et de permetire la répétition des
mesures. Plusicurs travaux ont cherché & surmonter les deux principales faiblesses de la sonde a neutrons: la difficulté de mesur-
er la teneur en eau prés de la surface du sol et la faible résolution verticale pour la mesure des profils de teneur en eau. Plusieurs
techniques ont ¢té congues pour palier la premiére et la seconde est généralement acceptée par les usagers. La baisse importante
du nombre de publications scientifiques pertant sur la sonde & neutrons durant la derniére décennie est une indication que cette
technique est maintenant & point et acceptée comme une méthode fiable de mesure au champ de la teneur en cau du sol.

Mots clés: Sonde A neutrons, teneur en eau du sol, bilan hydrique

Accurate measurement of soil moisture is a common
requirement of field-based hydrological or ecological
research. The measurement technique should be reliable,
dependable, simple, cost-effective and non-destructive.
Schmugge et al. (1980) identified three general require-
ments of soil moisture measurements: frequent measure-
ments, an estimate of moisture within the upper 1 to 2 m of
the soil, and generally, a deseription of moisture variations
over large study areas. The neutron probe meets all of these
requirements. The requirement for measurement over large
areas often limits other measurement techniques. No one
technique that is “best” under all applications has been iden-
tified in comparisons among the different techniques avail-
able for the measurement of soil moisture; “favouritism™
among researchers for a specific technique is common. The
precision of measurements possible with neutron probes has
always been high and satisfactory for soil water investiga-
tions (Evett and Steiner 1995). Evett and Steiner (1995) con-
cluded from their good results with neutron probes that this
technique of soil moisture measurement was useful. The
terms for soil moisture measuring instruments which use
neutron scattering methods include: neutron moisture meter,
neutron probe, neutron-scattering moisture meter, neutron
depth probe and neutron meter. Soil moisture data collected
using neutron probes can be used in several ways: (1) to
determine the soil moisture content at a given depth, (2) to
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determine the total amount of soil moisture to a given depth;
e.g. 0.50 m and (3) to determine changes in soil moisture
during time at a given depth or to a given depth. Use of neu-
tron probes for this Jatter purpose is fundamental to hydro-
logic water balance studies or determination of
evapotranspiration at a site (e.g. Naeth and Chanasyk 1996),
and is made possible by the calibration of neutron probes to
volumetric moisture content.

History and Principles of Operation of Neutron
Probes

Neutron probe technology was developed more than forty
years ago (Belcher et al. 1950). In neutron scattering, soil
moisture is measured indirectly. 1t is estimated from the
thermal or slow neutron density (Schmugge et al. 1980).
Neutron probes consist of a probe and an electronic count-
ing scaler which are connected together by an electric cable.
Measurements with depth are made by lowering the probe
down an access tube, usually made of either aluminum or
steel, to the required depth(s) of measurement. Access tubes
are generally installed by placement in snug-fitting holes,
pre-drilled by soil tube or auger which are either hand or
machine-operated, Ideal tubes have minimal wall thickness,
just large enough for the probe to fit without an air gap. and
are of material that will not thermalize neutrons. Other fac-
tors such as cost, durability and availability are important in
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choice of access tube material. Aluminum is generally the
material of choice, although brass, steel and stainless steel
have also been used successfully (Nixon and Lawless 1960).
The method of placing tubes in an over-sized hole and back-
filling is not recommended because it may create voids adja-
cent to the tube. The underlying principles of neutron probe
operation were discussed by Gardner and Kirkham (1952).
Neutrons with a high energy are emitted by a radioactive
source into the soil and are slowed by elastic collisions with
nuclei of atoms (this process is called thermalization). The
average energy loss is much greater with neutrons colliding
with atoms of low atomic weight than from collisions with
heavier atoms. In soils, this is primarily hydrogen and, as a
result, hydrogen can slow fast neutrons much more effec-
tively than can any other element present in the soils. The
density of the resultant cloud of slow neutrons is a function
of the soil moisture content. Slow neutrons returning to the
detector per unit time are counted. The moisture content is
determined from previously determined calibration curves
relating volumetric water content with counts or count ratios
(ratio of counts at a given depth to the standard count)
(Schmugge et al. 1980). Beryllium has the highest neutron
yield of all elements, and thus has been used almost exclu-
sively as the target material in radioactive neutron sources
(McHenry 1963). By using the ratio of field count divided
by standard count, effects of changing meter performance
with time can be minimized (Hauser 1984). Standard counts
are usually taken with the probe in its shield and located on
top of its carrying case so that the probe is not resting on the
ground during this time. The reader is referred to Greacen
(1981) and Gardner (1986) for a more complete discussion
of the theory of operation of neutron probes.

Dramatic design improvements have made neutron probes
lighter and more portable. With improvements in electron-
ics, both the counting and probe units can be part of one
unit. The advent of more efficient detectors has resulted in
use of smaller and thus safer radioactive sources (Evett and
Steiner 1995).

Calibration of Neutron Probes

Calibration curves for neutron probes are the relationships
between counts per minute and per cent moisture by vol-
ume. This is generally a linear relationship through the com-
mon range of soil moisture (Merriam and Knoerr 1961).
Rawls and Asmussen (1973) found that the manufacturer’s
calibration curve could not measure absolute soil water or
changes in soil water within acceptable ranges. Their field
calibration curve relating the ratio of neutron probe counts
and standard counts to velumetric soil water was linear
between 4 and 40% soil water by volume with this calibra-
tion curve independent of soil depths and soil types.
Manufacturers generally supply calibration curves with the
neutron probes they sell. Babalola (1978) found that cali-
bration curves obtained under controlled laboratory condi-
tions were parallel to the factory calibration curves and
postulated that any departure stems from experimental error,
particularly spatial variability of the field soils. However, he
also found that in all cases, the factory calibration curves
were inadequate to menitor absolute moisture content in the

field. Nakayama and Reginato (1982) recommended cali-
brating neutron probes by comparing them directly with a
master reference probe.

Hauser (1984) commented that where soil chemistry,
geologic origin and morphology are similar, one calibration
curve may be valid for several soils. The elements boron,
chlorine and iron are strong absorbers of neutrons, but they
occur in small quantities in most soils and thus cause few
calibration problems (Hauser 1984). Calibration equations
for dolomitic limestone, limestone, sand and terra rossa
were parallel in spite of large differences in chemical con-
tent of these geologic materials (Cotecchia et al. 1968).
Douglas (1966) found identical calibration curves for four
soils while Rawls and Asmussen (1973) did likewise for 11
soils.

An increase in bulk density increases the number of neu-
tron-absorbing elements per unit volume of soils, thus
reducing the count rate and affecting probe calibration.
However, in the presence of organic matter or bound water,
increasing density may increase count rate (Hauser 1984),
Thus it is not surprising that the literature is divided on the
effect of bulk density on calibration of neutron probes. Non-
uniform soil moisture conditions during collection of cali-
bration data may have a greater influence than bulk density
on the uncertainty in the relationship between soil moisture
content and count ratio (Parkes and Siam 1979). Cannell and
Asbell (1974) also found that bulk density effects were
small compared to errors from limited depth resolution at
sub-surface interfaces. Hauser (1984) indicated that temper-
ature differences between the counting unit and probe could
lead to errors, althongh the temperature range used
(0-53°C) was large.

Marais and de V. Smit (1962) found that hydrogen pre-
sent in organic matter increased the count rate for a given
water content, but Visvalingam and Tandy (1972) conclud-
ed that the effect of organic matter is negligible.

Sphere of Influence

The volume of soil sensed during measurement is an impor-
tant parameter in soil moisture measurement. The sphere of
influence of the neutron probe is the volume from which an
average moisture content is calculated and depends on the
amount of moisture at the measurement location. The sphere
of influence concept was proposed by van Bavel (1956);
namely the sphere around the source that contains 95% of
all thermal neutrons. Mortier et al. (1960) and Olgaard
(1965), both as cited by Visvalingam and Tandy 1972), crit-
icized this concept and suggested that the sphere of impor-
tance is the one which, if all the soil and water outside the
sphere were removed, would yield a neutron flux at the
source that is 95% of the flux obtained in an infinite medi-
um. Kristensen (1973) offered the following equation for
predicting the sphere of importance (influence):

R=100/(14+0.1 W)
where R is the radius (¢cm) and ¥ is the volumetric water

content {%). Hence the sphere’s radius is a strong function
of moisture content, decreasing as ¥ increases.
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Advantages of Neutron Probes Compared to
Gravimetric Sampling

The advantages of the neutron probe are: (1) soil moisture
can be measured regardless of its physical state, (2) average
moisture contents can be determined with depth. (3) probes
can be interfaced for automatic downloading of stored data,
(4) temporal soil moisture changes through seasons can be
easily monitored, (5) rapid changes in soil moisture can be
detected, (6) readings are related directly to soil moisture
and (7) measurements can be made repeatedly and non-
destructively at the same site (Schmugge et al. 1980). The
large volume of soil sensed by neutron probes provides
more reliable measurements of soil moisture than can be
obtained from generally smaller gravimetric samples (Nixon
and Lawless 1960), In addition, depth of measurement with
the neutron probe is limited only by the depth of the access
tube and the length of the cable; gravimetric sampling at
depth can only be accomplished with great expenditure of
time, effort and money. The length of time required 1o make
a moisture measurement with a neutron probe is the same
regardless of depth, while progressively more time is
required as depths increase in gravimetric sampling (Nixon
and Lawless 1960). Neutron probes are capable of measur-
ing soil moisture even under frozen soil conditions.
Advantage (3) offered by Schmugge et al. (1980} is a rela-
tive one: neutron probes can be used to monitor the advance
of wetting fronts in soils but often several days must pass
before changes in soil moisture due to evapotranspiration
are large enough to be sensed by the probes.

Disadvantages of Neutron Probes

Schmugge et al. (1980) listed the following disadvantages
of neutren probes: (1) inadequate depth resolution makes
measurement of absolute moisture content difficult, espe-
cially in layered soils, (2) the moisture measurement may
depend on physical and chemical properties of the soil
which are in themselves difficult to measure, (3) care must
be taken to minimize health risks since the probes contain a
radioactive source and (4) accurate measurements of soil
water at or near the soil surface cannot be made because of
the neutron probe’s sphere of influence. Measurements of
soil moisture by the neutron scattering method may be inac-
curate when made in the presence of abrupt moisture
changes due to the large sphere of influence of the probes.
Individual neutron probe readings taken near a horizontal
wet-dry interface located at depth are in error; however, the
errors from one side of the interface compensate, (0 a vary-
ing degree, those from the other side. Stone et al. (1955)
showed that probe discrimination between varying moisture
regions in the soil profile is higher if all but the centre part
of the detector tube were made less sensitive to slow neu-
trons by partially shielding the non-centre portions with cad-
mium, which absorbs slow neutrons. Van Bavel et al. (1963)
stated that the errors caused by steep soil moisture gradients
can be ignored where differences in water content are the
desired data. Errors in determining moisture content of soil
zones containing wet-dry interfaces or wet layers were not
serious and could be neglected in many practical applica-
tions (Lawless et al. 1963).

When the sphere of influence extends above the soil, neu-
trons that pass out of the soil into the air are not deflected
back in significant amounts by the air. This loss results ina
lower meter reading than is characteristic for the particular
moisture content (Nixon and Lawless 1960). Chanasyk and
Naeth (1988) determined the depth of influence for their
CPN 503 Depthprabes to be approximately 20 ¢cm by com-
paring near-surface neutron probe readings without and with
bags of water placed on the soil surface adjacent to the
access tubes. Interestingly this depth did not vary greatly
under moisture conditions that varied from 16 to 32% (vol-
ume).

A health hazard is posed by the use of neutron probes due
to their radioactive source. However, exposure to this radia-
tion was within acceptable limits as monitored with film
badges. The method is without hazard to personal health
(Visvalingam and Tandy 1972), especially when users arc
properly trained and use simple precautions. That remains
true today. The time of greatest hazard in probe use occurs
when the probe is first being lowered from its shield down
the access tube. Efficient probe users can minimize this time
and thus minimize hazards associated with the use of the
probe. Accidents with the use of neutron probes can be eas-
ily dealt with provided the sealed source remains intact.
Users of the probe must be trained for emergency measures
whether or not the sealed source has been broken. Enhanced
safety requirements for the transportation of neutron probes
assure safety of the general public and can generally be met
easily with proper training and vigilance of personnel using
the probes. Owners of probes that are no longer functional
are, however, faced with the task, and associated cost, of
safe disposal of the radioactive source.

Sources of Measurement Error

Hewlett et al. (1964) identified the following sources of
error in the use of neutron probes (excluding human errors
in reading scaler counts and timing intervals): (1) instrument
error (irregular timing counts of returning ncutrons and
noise in the equipment); (2) timing error (random errors in
measurement of the time interval during which counts are
accumulated for a single observation) and (3) location error
(reflecting the difference in soil moisture content and soil
physical properties from place to place). They found that the
instrument and timing errors were negligible compared to
location error in a single moisture estimate but became a
measurable percentage of the total variance in estimates of
moisture change over two dates.

They concluded there was little advantage in increasing
the timing interval or accumulated time of reading regard-
less of the number of measurement points. They suggested
that the shortest timing interval was between 10 and 30 s
(Hewlett et al. 1964).

Haverkamp et al. (1984), through an analysis of errors
involved in the determination of an individual water content
value when using neutron scattering, showed that the esti-
mation variance is composed of two terms: instrument and
calibration components. They found that for application to a
specific data set, the calibration component represents the
major contribution to total variance of an individual water
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content estimate. Instrumental variance can be reduced by
increasing the number of replications at each sampling point
or the counting time. The loss of precision due to using neu-
tron count ratios rather than counts rates can be minimized
by increasing the number of replications in the standard
medium or the counting time. They found that for heteroge-
neous water profiles, determination of profile soil moisture
using Simpson’s rule was more accurate than was the use of
trapezoidal rule. These two techniques are available in some
current computer graphics packages and are described in
calculus textbooks.

To compare methods for determining total profile soil
moisture. data were selected for a date and location where
the profile of soil moisture with depth was not uniform but
was characterized by a decrease, then an increase. with
depth (Table 1). Two techniques of analysis for determining
the total soil water to a given depth werc compared: one
assuming that the moisture measurement at a given depth is
valid from 0.05 m above the measurement depth t0 0.05 m
below; the other using trapezoids. Both techniques gave
similar total soil water at all depths, differing by only 2 mm
to a depth of 0.90 m. Perhaps the result is not surprising.
given that a difference of 2% soil moisture over a 0.20-m
depth interval would result in only a 4-mm difference in soil
moisture over the depth interval. Determining soil moisture
in this manner for profiles that often extend to at least I m
smooths out differences in soil moisture at given depths.

The influence of rocks or air gaps around access tubes
lowers moisture content somewhat since each has few, if
any, hydrogen atoms, and hence no thermalization occurs
within the volume of the rock or the air space (McHenry
1963). If the soil were to become saturated at the depth of
the gaps, inordinately high and unrepresentative soil mois-
ture contents would be determined. Air gaps around the
access tube at the ground surface must be plugged to prevent
infiltrating water from flowing down along the tube side.

Depth Intervals of Measurement
Gornat and Goldberg (1972) determined that the permissible
depth increment by which a neutron probe may be lowered
between two consecutive soil moisture determinations with-
out losing accuracy is influenced by soil texture. Tn 0.60-m
increments of a relatively homogeneous sandy soll, the aver-
age moisture content for the profile was the same as for
0.15-m increments, although soil moisture was uniform with
depth in the profile. Under such moisture uniformity, depth
interval of measurement would not matter. Kristensen
(1973) stated that the depth increment chosen for a given
soil depends on water content and the purpose of the inves-
tigation; e.g. if the purpose is to examine root development,
a smaller value depth increment may be used than if a deter-
mination of water balance is the goal. He concluded that for
non-layered soils, 0.20-m intervals for soils with low water
holding capacities was sufficient for most investigations but
for soils with higher water holding capacities 0.10- or 0.15-
m intervals may be advisable,

There is no way of judging a priori what this increment
should be unless the moisture distribution with depth is
known. Visual observation of the soil as it is being removed

Table 1. Total soil water in a soil profile determined using different
techniques

Total soil water

Depth VYMC? Tech. AY Tech. B~
(m) (m? m) (mm) (mm)
0.15 0.422 64
0.20 84

0.25 0.421 106
0.30 126

0.35 0.383 146
0.40 164

0.45 0.364 183
0.50 200

0.55 0.402 221
0.60 240

0.65 0.432 263
0.70 283

0.75 0.458 308
0.80 329

0.85 0475 355
0.90 3 379

*VMC = volumetric moisture content.

*Technique A: Assumes 0.15-m reading valid to a depth of 0.20 m, there-
after a given depth reading valid 0.05 m above and below the depth of read-
ing: e.g. reading at (.85 m valid from 0.80 ro 0.90 m.

*Teciinique B: Trapezoidal rule, assumes 0.15-m reading valid to a depth
of 0.15 m and reading at (.85 m valid to a depth of 0.90 m and trapezoidal
calculation for all measurements in between.

during access tube installation, or during laboratory analysis
of it, can be useful in this regard. The extra time required to
take neutron probe readings at a smaller interval is general-
ly small relative to the time required to carry the probe
between tubes and set it up; hence use of smaller depth inter-
vals may be warranted given the extra confidence in soil
moisture data gained through the use of smaller intervals. To
illustrate this point, consider Table 2, with soil moisture data
on two dates for a ficld reclaimed after coal strip mining
characterized by 0.20 m of clay loam topsoil underlain by
sandy loam soil to depth. If Technique A, described in Table
L, is used to compare total soil water to a depth of 1.60 m
calculated using depth intervals of 0.10 and 0.20 m, the
totals differ by only 5 mm (total soil meisture of 438 versus
433 mm. data not shown). Given these data, a 0.20-m depth
interval of measurement likely would have been acceptable
for this field. Doubling the depth interval to 0.20 m from
0.10 m would have resulted in a saving of 3.7 minutes/tube.
In most research applications, this added time would have
been offset by greater confidence in the data.

If the soil moisture data from Table | are used to calcu-
late total soil moisture with 0.10-m (using all data) and 0.20-
m intervals (using measurements at depths of 0.15, 0.35,
0.55 and 0.75 m only), the totals are identical (data not
shown). Hence, if the sole purpose of the soil moisture mea-
surements in this case was to determine total profile soil
moisture, then 0.20-m intervals would be sufficient.

Near-surface Measurement of Scil Moisture

Methods to overcome problems related to the measurement
of near-surface soil moisture with neutron probes (underes-
timation of moisture content at the air/soil interface incurred
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Table 2. Volumetric soil moisture in a reclaimed field

17 Apr. 1991 7 Sept. 1991
Depth Mean SE? Mean SE
(m) (m* m3)
0.15 0.352 0.015 0.230 0.024
0.25 0351 0.012 0.258 0.015
0.35 0.280 0.009 0.233 0.014
0.45 0.263 0.015 0.238 0.013
055 0.259 0.015 0.254 0.010
0.65 0.258 0.016 0.273 0.008
0.75 0.254 0.012 0.277 0.012
0.85 0.261 0.009 0.291 0.013
0.95 0.272 0.017 0.299 0.009
1.05 0.263 0.016 0.300 0.009
115 0.252 0.017 0.295 0.008
i.25 0.252 0.011 0.303 0.008
1.35 0.246 0.019 0.32] 0.016
1.45 0.245 0.019 0.302 0.014
1:55 0.222 0.005 0.289 0.022
*SE = standard error.
n=9.

by the direct application of the probe calibration curve)
include those where the probe is retained within the access
tube and those where it is taken out and placed horizontally
upon the ground surface (Visvalingam and Tandy 1972). In
the former method, a surface shield can be placed so that the
sphere of influence does not encounter an air interface.
Ideally the shield should be constructed of a material that
has the same hydrogen content as the near-surface soil layer
(Visvalingam and Tandy 1972). Pierpoint (1966) proposed
to cover the soil surface around the access tube with a mate-
rial high in hydrogen to reduce the escape of fast neutrons
from the soil. This method is limited in dense vegetation and
counts rose as the probe approached the soil surface. Parkes
and Siam (1979) described a physical technique involving
the use of a surface tray of either aluminum or fibreglass
(low neutron thermalizers) which contains soil identical to
that around the desired measurement location. At the time of
measurement, the tray is lowered onto the measurement
access tube so that when probe measurements are being
made near the surface, the sphere of influence remains with-
in soil and does not extend into the air. Hanna and Siam
(1980) used aluminum trays 0.50 x 0.50 x 0.20 m made of
expanded aluminum mesh with a central tube to fit over the
top of an access tube. The tray was filled with turf from the
vicinity of the access tube, and when not in use, was placed
in a hole 2 to 3 m away from the access tube. They reported
these trays were an improvement on previously reported
fibreglass trays and could be used for all readings to a depth
of 0.20 m without need for correction. This technique is
likely impractical in many settings and would have obvious
limitations in areas with significant amounts of vegetation.
Use of a neutron probe at all depths eliminates the neces-
sity to use additional instruments for determining soil mois-
ture in the topsoil (Karsten and van der Vyver 1979), but
does require special calibration for the near-surface mea-
surements. Black and Mitchell (1968) shielded part of the
sphere by placing cadmium around the top of the detector in

conjunction with a surface shield, resulting in a decrease in
the sensitivity of the probe in measuring soil water.

Sharma and Tunny (1972) used a cadmium sheet under-
neath a hydrogenous polyethylene shicld enabling measure-
ments at depths below 0.05 to 0.10 m, without affecting the
overall sensitivity of the probe and eliminating the danger
from the radioactive source. They also reported on the
importance of careful probe placement, citing errors of 4%
moisture by volume at a depth of 100 mm through a probe
misplacement of only 10 mm. This error decreased to only
0.2% at a depth of 250 mm.

Chanasyk and Naeth (1988) developed a hydrogenous
surface shield within which the neutron probe is placed prior
to being placed horizontally on the ground. This method was
calibrated to volumetric soil samples and a separate calibra-
tion curve derived. It was linear over the range of 1 to 47%
soil moisture (volume), with an #2 value of 0.91. The authors
calculated total soil moisture to a depth of 0.50 m under two
different moisture conditions using two techniques: one
using the surface measurement obtained with their shielded
neutron probe and the other assuming that the measurement
taken at a depth of 0.15 m was valid to the surface. Soil
moisture measurements were made within access tubes at
depths of 0.15, 0.25, 0.35 and 0.45 m. In one condition,
water contents differed by only 2 mm but by 19 mm in the
other. The latter value represented over a 10% (relative)
error in soil moisture. This shielded method of measuring
near-surface soil moisture has the added advantage that it
can be used solely for the determination of near-surface soil
moisture, a critical hydrologic parameter. Normally two
measurements are taken at each sample location, one on
cach side of the access tube being measured. Many mea-
surements can be made in a given area, facilitating statisti-
cal comparisons. The method is limited in areas of tall or
lush vegetation.

A different method for determining near-surface moisture
measurements with neutron probes involves empirical cor-
rections for counts made at specific depths in the surface
layer (Parkes and Siam 1979). Luebs et al. (1968) suggested
making a special calibration for the upper soil layers. In the
technique proposed by Harris (1973), empirical coefficients
are derived from measurements of the changes of count ratio
(count at a given depth/standard count) with depth both for
soil at a known uniform moisture content and for water.
These values are used to calculate measures of the extent to
which the true count ratio would be reduced at particular
moisture contents. The reciprocals of these estimates are the
factors by which an observed count ratio must be multiplied
to give the correct ratio. Since moisture content is unknown
for measurements requiring correction, tabulated values of
observed count ratio must be used to back-calculate the
original true count ratios. Exact values of true count ratio
must be interpolated between those values initially used to
calculate the correction factors (Parkes and Siam 1979).
Grant (1975) proposed another empirical technique where-
by the surface measurements of count ratio are repeated
once a 10-cm layer of soil surrounding the access tube has
been removed. From the comparison of readings taken
before and after removal of the top layer, a series of correc-
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Table 3. Total soil water in a soil profile with and without surface
measurement

Total soil water

Depth VMC? Tech. AY Tech. BY
(m) (m? m™3) (mn1)

Surface 0.159 12

0.15 0.299

0.20 49 60
0.25 0.347

0.30 84 95
0.35 0.302

0.40 114 125
0.45 0.317

0.50 146 157
0.55 0.377

0.60 184 195
0.65 0.406

0.70 225 236
0.75 0.388

0.80 264 7718

*VMC = volumetric moisture content.

*Technigue A: Assumes 0.15-m reading valid to a depth of 0.20 m. there-
after a given depth reading valid 0.05 m above and below the depth of read-
ing: e.g. reading at 0.85 m valid from 0.80 10 0.90 m.

*Technigue B: As in Technique A except surface reading assumed valid to
a depth of 0.075 m and 0.15-m reading assumed valid from 0.075 10 0.20
m.

tions for individual depths can be derived. Again, the cor-
rection factors are functions of soil moisture (Parkes and
Siam 1979), a reflection of varying sphere of influence.
Parkes and Siam (1979) compared these latter two empirical
correction methods for near-surface count ratios, and found
that the Grant technique appeared more useful for general
purposes given its good agreement with values obtained
with the surface tray technique. However, the good agree-
ment of this technique with that of surface trays should not
be surprising given they both use the same principle for
compensation for sphere of influence retention within the
soil. Correction techniques such as these would be reliable
only when soil moisture and organic matter do not vary with
depth in the near-surface zone (Hanna and Siam 1980). Such
assumptiens are likely poor, given that this zone is general-
ly the most dynamic for both these parameters.

The importance of correct measurement of surface soil
moisture is illustrated with the data from Table 3. For this
soil profile, assumption that the 0.15-m reading was valid
for the uppermost 0.20 m resulted in an 11-mm overestima-
tion of total water within the profile compared to incorpora-
tion of the surface moisture measurement of soil water using
the technique of Chanasyk and Naeth (1988) described
above. As deeper profiles are considered, this “error” in
measurement becomes smaller as a percent error. This
observation also explains why it is often difficult to obtain
statistical differences in total soil moisture among treat-
ments if the profile depth considered is large.
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Introduction

The neutron-scattering method is widely used in agriculture, for-
estry, hydrology, and civil engineering, for measuring the water
content of soil. The main advantages of the neutron method com-
pared to the gravimetric method are (1) it is nondestructive, (2) it
is fast, and (3) repeated measurements can be carried out in situ.

Although the neutron probe has proven to be a convenient and
effective means for monitoring long-term in situ soil moisture
variations (Schmugge et al. 1980; Silvestri et al. 1991), the ex-
perimental correlation of neutron probe data (i.e., neutron counts)
with moisture contents to give accurate absolute values of mois-
ture content is a difficult task, particularly for clay soils. Neutron
probe counts in moist soils are influenced by the moisture content,
soil elemental composition, soil density, and proximity of the
probe to the water table and soil surface (Dickey 1990). Neutron
counts are also influenced by the strength of the neutron source,
the size and type of the neutron detector, the position of the de-
tector relative to the source, and the size and type of access tube
(Schmugge et al. 1980; Stone 1990). It has been shown that fac-
tory calibrations are often inaccurate (see, for example, Bell and
McCulloch 1969; Rawls and Asmussen 1973; Vachaud et al.
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1977; Cameiro and Jong 1985; Chanasyk and Naeth 1996). For
example, Silvestri et al. (1991) found that the factory calibration
curve supplied by the manufacturer was only applicable for sandy
soil (with no significant amount of absorbing elements or organic
materials), and only for volumetric water contents ranging from 0
to 33%. Calibration is thercfore necessary for each type of soil,
different types of access tube, and different measuring locations
with respect to the soil surface and water table.

Calibration of a neutron probe involves correlating neutron
counts with known volumetric water contents of the soil. Two
experimental approaches are commonly employed: laboratory
drum calibration, and in situ or field calibration. Laboratory cali-
brations are made by packing a drum of suitable dimensions with
the soil having a range of known moisture contents, installing an
access tube as used in the field, and measuring the neutron probe
counts. The radius of the drum must be larger than the radius of
influence of the neutron probe to prevent neutron leakage. The
soil used in laboratory calibrations should have the same elemen-
tal composition and bulk density as the soil in the field. However,
it is usually difficult to reproduce in a drum the soil fabric found
in situ (IAEA 1970).

Field calibrations are accomplished by correlating the probe
readings in an access tube installed in the field, with the estimated
volumetric moisture contents of the soil along the tube (or possi-
bly immediately adjacent to the tube). These comparisons have to
be repeated at different times of the year, so as to sample the soil
at different moisture contents. The volumetric moisture contents
are usually estimated from gravimetric soil moisture content and
soil density. However, it is often difficult to obtain representative
soil samples from heterogeneous soil profiles. In addition, the soil
moisture content in the field may vary rapidly with depth, signifi-
cantly complicating the interpretation of neutron readings. De-
tailed descriptions of the laboratory and field calibrations can be
found in Greacen (1981) and IAEA (1970).

Even though both laboratory and field calibrations are time
consuming and labor-intensive, the results are not always satis-
factory, especially for clay soils. Greacen (1981) indicated that
early “calibration curves for clay soils” in the literature were
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“almost invariably wrong.” The problem is further complicated
for unsaturated expansive clay soils, due to the fact that both soil
volume and density change as the in situ soil moisture content
changes. Experimental investigations on various types of soil
have shown that, in addition to the moisture content, the neutron
probe reading depends mainly upon the dry bulk density of the
soil (IAEA 1970).

In some circumstances, it is nearly impossible to obtain an
experimental calibration. Morris and Williams (1990) discussed
the attempted neutron probe calibration of fine-grained coal mine
tailings first deposited as a slurry, and then sedimented and finally
consolidated. They found that it was impractical to directly mea-
sure density profiles with depth as the majority of the tailings
were too soft to sample. In another example, Elder and Rasmus-
sen (1994) reported that the experimental calibrations were un-
suitable for some geologic media, such as unsaturated tuff, due to
the difficulty of extracting undisturbed samples for volumetric
moisture content measurement.

Because the neutron probes can be so difficult to calibrate by
experimental methods, it is desirable to develop an alternative and
more reliable calibration method. The purpose of this study is to
develop a generalized calibration method from first principles that
can be used for all media. The method is based on a numerical
model of the neutron probe system and on the elemental compo-
sition of the medium in which the neutron probe is used. The
theory behind the model is known as “multigroup neutron diffu-
sion theory™ (Isbin 1963; Zweifel 1973; lliffe 1982; Stacey 2001).
The numerical model predicts the count rate for a neutron probe
based on dry density, moisture content, and elemental composi-
tion of the soil, and the known geometry and size of the neutron
detector and source, and strength of the neutron source.

Theoretical Background

Physical Phenomena Involved in Neutron Moisture
Gauges

The neutron moisture gauge consists of a probe containing a
source of fast (high-energy) neutrons that move radially outward
from the source, a thermal neutron detector, and the associated
electronic equipment necessary to supply power for the detector
and to display the results. A gauge is illustrated in Fig. 1. Mea-
surements with depth are made by lowering the probe down an
access tube, usually made of either stainless steel or aluminum, to
the required depths of measurement. Aluminum is generally the
material of choice because it has the low absorption cross section
for slow (thermalized) neutrons. Stainless steel tubes may have to
be used if the soil is corrosive.

The neutron scattering method for measuring soil water con-
tent exploits neutron ‘“‘thermalization behavior.” When the neu-
tron probe is in the borehole, fast neutrons emitted by the source
collide with the atomic nuclei of the surrounding medium. Each
collision between a neutron and a nucleus results in a transfer of
energy from the neutron to the nucleus. The average energy dec-
rement per collision (£) is defined as (Glasstone and Edlund 1957;
Weinberg and Wigner 1958)

L (A-1P2 4-1 1
=t g M

where A= atomic mass of the impacted nucleus.
It can be seen from Eq. (1) that £ is dependent only on the

atomic mass of the impacted nucleus, and is independent of the
initial energy of the neutrons. In other words, after each collision,
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Fig. 1. Schematic of neutron gauge

the neutron always loses the same fraction of its energy. This
fraction decreases with increasing atomic mass of the impacted
nucleus. Using £, the average number of collisions required to
convert fast neutrons with initial energy of £, say, two million
electron volts (MeV), to the thermal value of £=0.025 electron
volts (eV), can be calculated as follows (Glasstone and Edlund
1957; Gibson 1980):

Average number of collisions to thermalize
fast neutrons (from 2 MeV to 0.025 eV)

; E, 2% 108
TP 0wy 182
\\V/ a3 &

The results of a set of these calculations for a number of selected
elements are given in Table 1. From the table, it can be seen that

Table 1. Number of Collisions Required to Thermalize a Fast
Neutron for Selected Elements

Element Atomic mass 13 Number of collisions
Hydrogen 1.008 1.00000 18
Deuterium 2.000 0.72500 25
Helium 4.003 0.42500 43
Lithium 6.940 0.26200 69
Beryllium 9.013 0.20600 88
Carbon 12.011 0.15800 115
Oxygen 16.000 0.12000 152
Sodium 22,991 0.08500 215
Iron 22.850 0.35400 514
Uranium 238.070 0.00838 2,172
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hydrogen nuclei have a much greater thermalizing effect on fast
neutrons than any other element. Since neutrons and hydrogen
atoms have the same mass, fast neutrons are slowed down most
effectively by collisions with hydrogen atoms, much like a bil-
liard ball hitting a stationary ball of the same size and each mov-
ing away with equal speeds (one slowing down and the other
speeding up). This is the fundamental reason why a neutron gauge
can be employed to detect the proportion of water molecules
present in a soil.

Neutron Sources

The radioisotope most commonly employed in moisture gauges is
Americium-241. Americium undergoes decay to Neptunium,
ejecting an alpha particle in the process. Beryllium, which is in-
corporated in the source, is bombarded by « particles and con-
verted into carbon and “fast neutrons,” according to the reaction

4Bet+3H,—in+C ®)

Most neutron probes also emit a low level of +y radiation. -y rays
may arise from the radioisotope itself or from [°C left in the
excited state after conversion from beryllium (IAEA 1970). At
present, the most widely used neutron source is **!Am-Be be-
cause it produces a much lower level of vy radiation than a
26Ra-Be source, and so needs very little shielding. With a half
life of approximately 460 years, the ! Am-Be source can be per-
manently sealed in a shielded container and maintain an effec-
tively constant neutron production rate for many years.

Neutron Energy Spectrum

The fast neutrons from the radioactive source in a neutron probe
possess a range of velocities and energies. For example, fast neu-
trons emitted from an Americium-241-Beryllium source have an
initial energy of approximately 4.5 MeV. As the fast neutrons
diffuse in the soil medium, they are slowed down and lose energy,
mainly by elastic collisions with hydrogen nuclei (and to a lesser
extent by absorption), and finally become *thermalized.” Ther-
malization is the process whereby neutrons are slowed to the
point where further collisions with hydrogen and other materials
do not continue to slow the neutrons further (i.e., they are just as
likely to gain energy as lose energy in collisions once thermali-
zed).

It is important to note that neutron transport involves a spec-
trum of energy levels, scattering collisions, and absorption reac-
tions (see next section). Fast neutrons are defined here as those
having kinetic energies in excess of 2 eV, while slow neutrons are
defined as those with kinetic energy below 2 eV. It should be
noted that the slow neutrons may be further divided into two
groups: “‘thermal neutrons” having energies from 0 to 0.5 eV, and
so-called “epithermal neutrons” with energies between 0.5 and
2.0 eV (IAEA 1970).

Neutron Interactions and Cross Sections

Neutron interactions with the surrounding material can be classi-
fied as either absorption reactions or scattering interactions. Ab-
sorption is the process where a neutron enters a nucleus, thereby
forming a new isotope in an excited state, which usually rapidly
relaxes by emitting gamma radiation. Absorption reactions are
strongly dependent on the neutron energy level. The absorption of
fast neutrons can usually be neglected in ordinary soils since ab-
sorption rapidly decreases for energies above the thermal range.

In scattering interactions, the kinetic energy of a neutron is
partially or completely transferred to the impacted nuclei in suc-
cessive collisions through elastic or inelastic scattering. Reactions
due to elastic scattering are by far the dominant mode of interac-
tion of fast neutrons in soils (IAEA 1970).

Neutron interactions with atomic nuclei (whether scattering or
absorption), can be quantitatively described through the use of the
concept of nuclear cross sections. A cross section is defined as the
probability of occurrence of a given type of nuclear interaction.
The experimental determination of cross sections is based on the
attenuation of a collimated neutron beam passing through a slab
of material of finite thickness. Defining o as the distance through
the slab in the direction of the beam, the number of neutrons
varies with distance through the slab according to

I=Ije 3 )

where [;=initial neutron intensity; /=neutron intensity at dis-
tance d; and % is called the “macroscopic cross section.” The
units of 3, are inverse length (usually cm™'), because the expo-
nent (Xd) has no dimension. The “microscopic cross section’
denoted (a) is obtained by dividing ¥ by the number of element
nuclei per unit volume, so ¢ has units of area. The unit usually
used to describe nuclear reaction cross sections is the barm; one
barn defined as 1072 cm?.

The general equation describing the macroscopic cross section
for a soil containing » different elements is

n
2 =N10'1+N20'2+“':2 Nio; (5)

where N;=number of atoms of element i per cm® of the medium
and o;=its microscopic cross section at the specified energy level
(and for the specified interaction; the designations o, and o, are
used for scattering and absorption interactions, respectively).
With Avogadro’s number (N,=6.02% 10%*), Eq. (5) can be re-
written more conveniently as

n

> =6.02%1073p > % (6)
I

i=1

where 4;=atomic weight of the ith element (sce Table 2); w;
=percentage weight of the ith element; and p=density of the
medivm in g/cm’.

In practically every case known, the microscopic cross section
(o) depends on the energy level of the neutrons. To illustrate this,
the microscopic elastic scattering cross sections for hydrogen and
oxygen are shown in Fig. 2. For these elements, clastic scattering
cross sections are almost constant over the middle energy levels,
but decrease at higher neutron energies (and may vary irregularly;
see for example, oxygen), while at low energies scattering usually
increases.

As noted previously, the absorption of fast neutrons can usu-
ally be neglected in ordinary soils since absorption rapidly de-
creases for energies above the thermal range. At low energy lev-
els, absorption is approximately inversely related to the neutron
velocity (i.e., o, is proportional to 1/v). This behavior is often
referred to as the “1/v law” (Iliffe 1982).

The theoretical determination of nuclear cross sections for
scattering and absorption interactions is a complex problem, and
so the cross sections are usually measured experimentally. A list
of microscopic thermal absorption and microscopic scattering
cross sections of the 20 most common elements in most soils is
shown in Table 2 [data for other elements can be found in Stacey

INTERNATIONAL JOURNAL OF GEOMECHANICS © ASCE / SEPTEMBER 2003 /13

Int. J. Geomech., 2003, 3(1): 11-20



Downloaded from ascelibrary.org by King Mongkut's Institute of Technology, Ladkrabang on 03/27/17. Copyright ASCE. For personal use only; all rights reserved.

Table 2. Microscopic Thermal Cross Sections (from Stacey 2001)

Element Atomic mass A 022 bam o, barn
H 1.008 0.33200 20.49*
Li 6.940 71.00000 1.40
B 10.820 755.00000 4.00
C 12,011 0.00373 4.80
N 14.008 1.88000 10.00
0 16.000 0.00020 4.20
Na 22.990 0.50500 4.00
Mg 24320 0.06900 3.60
Al 26.980 0.24100 1.40
Si 28.090 0.16000 1.70
P 30.975 0.20000 5.00
S 32.066 0.52000 1.10
Cl 35.457 33.80000 16.00
K 39.100 2.07000 1.50
Ca 40.080 0.44000 3.00
Ti 47.900 5.80000 4.00
Mn 54.940 13.20000 230
Fe 55.850 2.62000 11.00
Co 58.940 38.00000 7.00
Cd 112,410 2,450.00000 7.00
H,0 18.016 0.66400 —

*From Mughabghab et al. (1981).

(2001)]. The 2,200 superscript represents the neutron velocity (v)
when thermalized (i.e., at 0.025 eV, v=2,200 m/s).

Neutron Flux

The “neutron flux™ ¢ is a very significant quantity in all studies
concerning neutrons. For a prescribed energy level it is defined as
(Glasstone and Edlund 1957)

$b=nv @

where n=neutron density (i.e., the number of neutrons per cubic
centimeter) and v = neutron velocity (e.g., cm/s). Hence the units
of neutron flux are (neutrons)(cm)/(cm’)(s), that is,
neutrons/cm’-s (as is suggested by the name ‘“‘neutron flux™).
However, one should not be misled by the usual interpretation
that the flux represents the number of neutrons crossing a unit
area per unit time. This interpretation is correct only for a colli-
mated beam (all neutrons traveling in one direction) with the unit
area taken normal to the travel direction. Tn a neutron gauge sys-
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Fig. 2. Elastic scattering cross section of 'H, and '®Oy as function of
neutron energy after Stacey (2001)

tem, the neutrons may travel in all directions. The general inter-
pretation of the flux is that the product, #v, represents the sum of
the distances traveled by all the neutrons in one second in a unit
volume. This interpretation is independent of neutron direction.

Since neutron cross sections are energy-dependent, the neutron
flux is often expressed as a function of energy. The total flux over
the energy range E; to E, is then

E, £y
¢n=j£ n(EYW(E)dE= Ji&‘ G(E)dE (8)

where n(E) defines the number of neutrons per unit volume per
unit energy interval. Hence n(E)dE is the number of neutrons per
unit volume in the energy interval from E to E+dE.

Neutron Current

Another important quantity for describing neutron behavior is the
neutron current J (also known as neutron current density). Using
Fick’s law of diffusion, the net current of monoenergetic neutrons
(i.e., neutrons of uniform energy) can be written as (Isbin 1963;
Stacey 2001)

J=—D grad ¢ ©)]

where the neutron current vector J=mnet number of neutrons flow-
ing in a given direction in unit time through a unit area normal to
the direction of flow and D= diffusion coefficient.

It should be noted that the units of neutron flux and neutron
current are the same (neutrons per square centimeter per second),
but the neutron current is a vector quantity, while the neutron flux
is a scalar quantity. Eq. (9) then implies that the diffusion coeffi-
cient has units of length (cm). When the energy spectrum of the
neutrons is considered, the neutron current becomes a function of
the energy, as does the neutron flux (¢) and neutron density (n).

Neutron Diffusion Equation

When neutrons have slowed to thermal energies, their spatial
movement is quite similar to the diffusion of gases, except that
their lifetime is limited by absorption (IAEA 1970). After high-
energy neutrons are emitted by the source and diffuse outward
through the soil, a fraction of the slow neutrons rebound back
towards the probe and are absorbed by the nucleus of the gas in
the detector, giving rise to a signal that, after processing, is known
as the “neutron count.” The detector only measures slow neu-
trons.

It can be summarized that in a neutron moisture probe the fast,
high-energy neutrons emitted from the source undergo simulta-
neously the processes of transport (diffusion) and slowing-down
(themalization). Therefore a model describing neutron moisture
probe behaviors must take into account the complete energy spec-
trum of neutrons, from their initial fast state to their thermalized
state. A straightforward and practical approach is to subdivide the
continuous energy spectrum of all neutrons into a number of dis-
crete energy groups so that each energy group can, to reasonable
approximation, be treated as monoenergetic with constant param-
eters. A set of simultancous diffusion equations then covers the
whole neutron spectrum from fast down to thermal, a representa-
tion known as “multigroup diffusion theory™ (Iliffe 1982).

For a given neutron energy group, the neutron balance (or
conservation) equation under steady-state conditions is expressed
as:

Leakage Sink Source
—,

(_VJ)+(zslj¢i+Ea'.¢i):(rS or Es]i,,¢i—13 (10)
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From this neutron balance, the neutron diffusion equation for an
n-group diffusion model can be written in the form

D1V2¢]_2511¢|_201¢1+S=0 E\=E>E,
D,V +35g d1—2g 02— 20,$2=0 E,=E>E,
D3V2h3 42,0, 34 b3~ 2, 03=0 E;=E>E,

Dnv2¢’n+zsl”_l¢n—l_zar__d)n:O E =FE

n

an

where S=high-energy neutron source term; D;= diffusion coeffi-
cient for the ith energy group; % =slow-down cross section;
> a,= macroscopic absorption cross section; and E;=energy inter-
val. The unknown quantities ¢, are the neutron flux fields to be
found [defined in Eq. (8)]. The groups are numbered from 1, for
the highest energy, to n, for the lowest (i.e., thermal) energy.
Clearly the larger the number of energy groups, the greater the
accuracy, since one is attempting to represent the actual continu-
ous energy distribution in a material by a finite number of discrete
groups. In an index notation, Egs. (11) are denoted

d ady

o, ( Di!ﬁé;f‘) —apbp==f (12)
where the standard summation convention applies. a;,= matrix of
the slow-down and absorption cross sections. It is noted that the
diffusion coefficient in Eq. (12) represents a constant (i.e., for an
isotropic material), and is not a second order tensor quantity.

In its crudest approximation, “multigroup diffusion theory”
reduces to a single group. Single group theory assumes that all
diffusion and absorption of neutrons occur in a single energy, that
is, at the thermal energy. Obviously, this model is not a good
model for neutron probe analysis. The two-group diffusion model
breaks the energy spectrum of neutrons into two separate groups
(i.e., fast and thermal groups), while for the three-group theory,
the fast neutrons are further split into an upper and lower fast
groups. Analytical solutions to Eq. (11) or (12) are available for
one-, two- and three-group diffusion theory, assuming a point
source situated in an infinite homogeneous medium.

Two-group theory was used by Haahr and Olgaard (1965) to
determine a so-called “sphere of importance.” Olgaard (1965)
also used three-group diffusion theory as an improvement on the
two-group theory calculations and achieved reasonable agreement
with some experimental measurements in various soil types.
Based on the three-group model developed by Olgaard (1965),
Elder and Rasmussen (1994) obtained a calibration equation be-
tween neutron counts and water content in an unsaturated tuff.
The three-group approximation was also applied by Morris and
William (1990) to develop a moisture content calibration for coal
mine tailings.

While these solutions have served to assist in neutron probe
calibration, the assumptions made in deriving the analytic solu-
tions clearly ignore the access tube geometry, probe and detector
geometry, the spatially variable soil composition, and the bound-
ary conditions encountered in practice.

In this study, a numerical model based on seven-group diffu-
sion theory has been developed to give a better physical descrip-
tion of the problem and to improve upon previous results. Seven-
group diffusion theory (whose upper and lower energy limits are
given in Table 3), was found to be sufficiently accurate to de-
scribe neutron slowing down and diffusion in a neutron gauge. As

Table 3. Upper and Lower Energy Limits £; Used in Numerical
Model

Group Upper limit Lower limit
1 4.5 MeV 4.0 MeV
2 4.0 MeV 3.0 MeV
3 3.0 MeV 2.0 MeV
4 2.0 MeV 1.0 MeV
5 1.0 MeV 0.1 MeV
6 0.1 MeV 1.44 eV
7 1.44 eV 5kT, eV

T, is the neutron temperature.

far as the writers are aware, this is the first time a seven-group
diffusion theory has been applied to a neutron probe analysis.

Calculation of Diffusion Coefficient, Slow-down, and
Absorption Cross Sections

To solve the neutron diffusion Eq. (11), the diffusion coefficients
Dy, the slow-down cross sections %, and the absorption cross
section E,,j have to be first estimated. As mentioned previously,
absorption rapidly decreases for energies above the thermal en-
ergy. Therefore absorption of fast neutrons can be neglected in
moisture gauge studies with little loss in accuracy.

By assuming that the thermal neutrons are distributed accord-
ing to the Maxwell-Boltzmann distribution law (because the ther-
mal neutrons behave like an ideal gas) and that all absorbers
follow the “1/v law,” then the absorption cross section for the
thermal neutrons is found to be (Olgaard 1965)

\/; 2,200 293
D LBy et (13)

n

where 32%% and T, = total macroscopic absorption cross section
of the medium corresponding to a neutron velocity of 2,200 m/sec
and the neutron temperature, respectively. 7, is obtained from the
following relation (Weinberg and Wigner 1958):

22,200 \/Eﬁ
T,,=Tm(1+0.92m T_m) (14)

It can be seen that the neutron temperature is always higher than
the physical temperature, 7,, (in °K), of the medium in which
neutrons diffuse, and this difference is dependent on the macro-
scopic absorption cross section of the medium. 2% may be
calculated based on the experimentally estimated microscopic
cross sections given in Table 2, viz,

n
2,200 _ 2,200 2,200
3 _”HZO"a,H20+§]‘4 P (15)
where n; and ny,o=number of atoms of a specific chemical ele-

ment and the number of water molecules per cubic centimeter
respectively. »; is defined as

6.02x 102 W;
M;=Txstm (16)

where p;=dry density of the soil and 4;=atomic mass given in
Table 2. The mass percentage of the ith element w; is usually
determined from the chemical analysis of the soil material. If the
volume fraction of water in the soil (in percent of the total vol-
ume) is equal to V,,, ny,0 is given by (Olgaard 1965)
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The density of water p,, shown in Eq. (17) is a function of water
temperature £, in degrees centigrade. This relationship is taken to
be

P, =0.9998+6.296> 1077, —8.201X 1076/2 +4.826 X 1073¢],
(18)

For the calculation of the thermal neutron temperature [Eq. (14)],

a value of %, /4 may be estimated using the following formula

n

3 IA=ny o260, glAy+T, 0/Ado)+ 2 s l4; (19)
N 1

For thermalized neutrons, both the macroscopic scattering and
absorption cross sections are important. The macroscopic thermal
scattering cross sections of the soil elements are calculated with
the assumption that the microscopic scattering cross sections of
all elements in the material are independent of neutron energy;
but the contribution to % (1—p) from water is assumed to be
dependent on the neutron temperature [see Eq. (20)]. This is ex-

pressedby
JJ’I 00

+zncr”(1 ;4) (20)

Once the macroscopic absorption and scattering cross sections
have been determined, the macroscopic transport cross section of
the medium 3 and the thermal diffusion coefficient Dy, are cal-
culated using (IAEA 1970)

er=zs(l_m+za (21)
1
33,

For fast neutrons, the scattering interaction is of primary impor-
tance (i.e., absorption is small and so neglected). The slow-down
cross sections are determined using (Iliffe 1982)

(gzs)f
25~ (B Eray) 23

35, (1—E)=2.156%

Dy= (22)

The product £%, is called the *“macroscopic slowing down
power” and given by

n

(E20);= o[ 2(80 )iyt (E0)o, 1+ 2 milkon);s (4)

where X = macroscopic cross section for scattering. Considering
i
the forward biases from the “center of mass correction™ and the

anisotropic scattering, the energy-dependent expressions for gand
1. are taken to be (Weinberg and Wigner 1958)
for 0.074%3=<0.2

=2 07423E 17i (25)
Vi 542
§=§—0.21A2f35><(§—0.5) (26)

for 0.074*3>0.2

. B 3
= +02 1- @7

E=£—06x

3
7 0.5) (28)

Fast group constants %, and D; are now obtained from
Etrz [23( I= D]F”HZO{z[O}(I = D]H,I‘F [Us( F= m]o,i}

+jE nfo(1—i)];, (29)

1
32

The fast microscopic scattering cross sections (o) for each en-
ergy group, can be estimated using the figures in Hughes and
Schwartz (1958) or Mughabghab et al. (1981). As noted previ-
ously and from the cross-section curves given in Hughes and
Schwartz (1958), it can be seen that the cross sections for fast
neutrons may vary in a highly irregular way with energy level,
having many high sharp peaks. If required, more accurate cross-
section data can be obtained from the MIRANDA code developed
by the Australian Nuclear Science and Technology Organization
(Robinson and Harrington 1998), which contains the cross-
section library for all elements over the 200 energy groups (cov-
ering the range 15.5 MeV to 1 X 1077 eV) based on the U.S. data
file ENDF/B-VI.

D= (30)

Material Interface and Boundary Conditions

In order to solve the general governing Eq. (11) or (12), the
following material interface and boundary conditions need to be
specified.

Interface Between Two Different Mediums

At an interface between two media with different diffusion prop-
erties (for example, between the detector and soil or between two
different soils), both neutron flux and neutron net current must be
continuous across the interface. If two media are denoted by the
symbols A and B, then the required boundary conditions for neu-
trons with a particular energy range are simply,

by=dp (€3))
Jy=Jp (32)

Soil-Atmosphere Boundary

At the top surface of a soil profile, there is a flow of neutrons out
of the surface but there is practically no flow from the atmosphere
back into the surface. The correct boundary condition is clearly
that there are no neutrons returned from the atmosphere to the soil
(Fig. 3). Generally, the net neutron current J represents the bal-
ance between the currents in the positive (outward) and negative
(inward) directions; according to neutron diffusion theory these
are defined as

I =

out

d; 1
730 in-(D;V;) (33)

In= i 57-(D;iV;) (34

where ¢; and D;=neutron flux and the diffusion coefficient for
the ith energy group, respectively. The difference between these
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Fig. 3. Interface between soil and atmosphere

two components gives the net neutron current, in agreement with
Eq. (9). Since there is no scattering back of neutrons from the air
into the soil medium, the negative component of the neutron cur-
rent for all seven energy groups is zero and so

i #1
ﬁ=%+5ﬁ-(DfV¢;):0 (35)
Since the flux ¢; at the boundary is positive, the flux gradient
(Vd;) must be negative, as indicated schematically in Fig. 3.
Therefore if the neutron flux is extrapolated into the air, as shown
in Fig. 3, it will vanish at some distance e beyond the boundary.
It can be seen that modeling the response of a neutron gauge is a
complex problem. Analytical solutions are possible only for the
very simplest cases, and consequently numerical methods need to
be adopted. Given that the problem geometry may be irregular,
that there may be multiple materials with varying properties, and
a range of different types of boundary conditions, it is apparent
that solving the neutron diffusion equations is ideally suited to the
finite element method.

Numerical Model

Finite Element Formulation

The governing differential equation for multigroup neutron diffu-
sion with boundary conditions can be written as
d dy .
~ 5 (DM 7% )+ﬂm¢.ﬁ—f.’ in

by
(ka T ) tandi=g on a€}

h;k(bﬁ.=r,, on a{} (36)

where = domain and 4{) = boundary of the domain. The second
equation is referred to as a generalized Neumann boundary con-
dition, and the third equation as a Dirichlet boundary condition.
For two-dimensional or axisymmetric problems the space index i
ranges from 1 to 2. The component indices & and / range from 1
to N; where N is the number of coupled second-order partial
differential equations; and »; is the ith component of the outward
normal vector.

Eq. (36) is solved using the finite element spatial discretization
procedure. Without restricting the generality, we assume general-

ized Neumann conditions on the whole boundary. Multiplying an
arbitrary test function v by Eq. (36) and applying Gauss’s theo-
rem, we find

av
%, ——tagdy

b,
(DH: By

dx+ f gubrvds
a0

=ff;vdx+J gds 37
Q af

This equation defines the weak or variational form of the govern-
ing differential equation. Obviously, any solution of the differen-
tial equation is also a solution of the variational problem. In order
to obtain the weak solution of Eq. (37), we need to project the
weak form of the differential equation onto a finite dimensional
function space (i.e., a set of continuous, piecewise linear func-
tions on a triangulation 7 of the domain (). Introducing the space
discretization

Np

cbk(x)»-vgl ) (38)

where N;=shape functions; {i; ;=nodal values of the unknown;
and N,=number of nodes in an element. By setting the test func-
tions v equal to the shape function N, in Eq. (37), we obtain a

system of equations in matrix form as

(C+A+Q)=F+G (39)
where
Cunp= 2 j Dy Zifj Z]:J dx (40)
Aunan= A fTaIkNINde 41)
Gun,un= = LTfIJkNINJdS (42)
Fun=2 JTf 1N ydix (43)
Gun=2 f aTgINJdS (44)

The sign X indicates the summation over all elements, and \s is an
N,N-vector containing the numbers s, ;

=Lyl RZRLIEL il T S Yyl (45)

The solution of Eq. (39) results in a set of nodal flux values for
each neutron energy group in the domain of interest.

Two-Dimensional Model

The source, detector and surrounding soils were modeled in an
axisymmetric geometry as shown in Fig. 4. This geometry is a
reasonable representation of the physical arrangement of modem
neutron moisture gauges. The volume of the soil shown in Fig. 4
exceeds the radius of influence of the neutron probe since the
effective volume “sensed” by a neutron probe is approximately a
sphere of radius 20 to 70 cm, increasing with decreasing moisture
content (because at low water contents, the fast neutrons have to
travel greater distances to undergo scattering interactions and so
become thermalized).
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Fig. 4. Cylindrical system used for numerical analysis (not to scale)

The two-dimensional axisymmetric finite element analysis was
carried out to calculate the thermal flux distribution in the system.
A total of 4,073 three-node triangular elements were used in the
analysis.

In order to include the effect of the detector in the analysis, the
detector was treated as a separate region, The detector is usually a
gas with a very large absorption cross section. The most widely
used detector gasses are *He and '®BF;. Their thermal absorpticn
cross sections may be estimated from the following equation:

E =R 2" “uF NV Y2200
& 2241x10° 760 T, 100 2 4

X 10724\1293 (em™Y) (46)
Ty

where p=pressure of the gas in the detector (in mm Hg); Tp
=detector temperature (in degrees kelvin); £ = percentage of the
detector gas in the detector; and T, = neutron temperature. For the
19BF,filled and *He-filled proportional counters, o>>% may be
taken as 3,813 and 5,330 barns, respectively.

It should be noted that the effects of the access tube and ab-
sorption in the neutron source are not taken into account in this
study. Although the numerical approach described here could in-
clude these effects, it is believed that their influences on neutron
flux at the detector are insignificant (at least for the aluminum
access tubes considered here).

Once the distribution of the thermal neutron flux, &y, in the
neutron detector (as shown in Fig. 4) is known, the gauge re-
sponse (i.e., the number of counts or neutrons detected in a given
time) can be obtained by integrating ¢, X, 5 over the volume of
the detector. That is, by evaluating

CR:j¢th'Ea!D‘T‘dv 47

where CR=count rate and 7= count period in seconds.
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Fig. 5. Count rate as function of water volume percent for Borris

soil—comparison of results predicted by numerical model with ex-
perimental results

Verification of Numerical Model Using Laboratory
Experimental Results

In order to verify the validity of the seven-group neutron diffusion
model, the numerical results were first checked against laboratory
experimental results available in the literature.

The experimental data used for verification purposes were ex-
tracted from Olgaard (1965). Neutron probe experiments were
conducted on different types of Danish soil by the Agricultural
Department at the Riso Establishment, Roskilde, Denmark. Mea-
surements were performed in a steel drum that was 80 cm in
diameter and 100 cm in height. For each soil type, measurements
were carried out at different water contents. Using the soil el-
emental composition given in Olgaard (1965), the count rates as
function of water volume percent for Borris soil were predicted
by the numerical model. It is noted that Borris soil is described as
a “loamy sand” type of soil. The actual source-detector geometry
of the Danish study (i.e., a source situated at the midline and just
outside the detector) was used in the analysis. The source strength
was 79,000 neutrons per second. The results are plotted against
the experimental data in Fig. 5. As can be seen from Fig. 5, when
the radius of the cylindrical system in the numerical model (see
Fig. 4) was reduced from 150 to 40 cm, the predicted count rates
agreed very well with the measured values. It is interesting to
note that for water contents less than approximately 8%, the cal-
culated count rates are larger than the experimental values. The
reason for the discrepancy is that the size of the drum container
used in the experiments was too small to prevent neutron leakage
out of the container. Similar conclusions about neutron leakage in
small-diameter containers at low water contents have been also
reported by other researchers (Olgaard 1965; Olgaard and Haahr
1967; Elder and Rasmussen 1994),

Verification of Numerical Model Using Field
Experimental Results

Soil and Site Description

The site selected for a field study is located on grassed rangeland
some 10 km west of the city of Newcastle, Australia. The soil
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Table 4. Composition of Dried Maryland Soils by Mass Percent

Element Depth=0.45m Depth=1.25m
H 0.30000 0.38000
Li 0.00166 0.00167
B 0.00600 0.00480
C 0.64000 0.41000
N 0.09000 0.12000
(6] 54.17000 52.51000
Na 0.32000 0.56000
Mg 0.50000 0.55000
Al 8.26000 8.64000
Si 30.87000 30.20000
P 0.01300 0.01300
S 0.09000 0.09000
Cl 0.00500 0.04600
K 1.21000 2.06000
Ca 0.04000 0.03000
Ti 0.37000 0.37000
Mn 0.00500 0.00500
Fe 3.10000 4.10000
Co ~0.00000 ~0.00000
Cd ~0.00000 ~0.00000

profile across the site is relatively uniform and can be generally
described as 250 mm silty clay topsoil underlain by high plastic-
ity clay to a depth of approximately 1.2 m, then a medium plastic
silty clay to approximately 1.8 m, where highly weathered silt-
stone is encountered. The Maryland site classification for reactiv-
ity following the Australian Standard for Residential Slab and
Footings (AS 2870 1996) is H (i.e., highly reactive, with a pre-
dicted open uncovered ground movement ranging between 40 and
70 mm). The instrumentation installed at the site includes: auto-
matic weather station, surface movement probes, subsurface
movement probes, neutron probe, gypsum blocks, in situ filter
paper devices, thermocouples, and piezometers, Detailed descrip-
tion of the testing site can be found in Fityus et al. (2003).

Chemical Composition of Maryland Soils

In order to carry out the numerical analysis, it is necessary to first
know the elemental composition of the soil with depth. A total of
14 chemical analyses of the soils at different depths over a 3 m
interval were carried out. Before the analysis, the soil samples
were dried at 105°C. Typical results of the chemical analyses for
two depths are listed in Table 4. The list shows the mass percent
of each element. It should be noted that the oxygen content in
Table 4 was estimated by subtracting the sum of the percentages
of all other elements from 100.

As can be seen from Table 4, about half the elemental weight
is oxygen (which occurs as metal and silicon oxides). Oxygen is
thus the main contributor to the scattering cross section (other
major contributors are Si, Al, and Fe).

The macroscopic scattering and absorption cross sections are
calculated from the elemental composition of the soil. The calcu-
lation involves a summation of microscopic cross sections over
all elements in the soil.

Neutron Instruments

The neutron probe used in this study is a Campbell Pacific
Nuclear Model 503 Hydroprobe. Fast neutrons are generated by

the probe using a 50 mCi (1.85 GBq) Americium-241-Beryllium
source, with a strength of 111,000 neutrons per second. A
helium-3 filled proportional counter detector of 13.2 ¢m in length
and 2.54 cm in diameter is used to detect thermalized neutrons.
The neutron source is situated 3 cm below the detector. The com-
mercial neutron probe was not modified in any way for the re-
search work described herein.

Access Tubes

Aluminum access tubes of 53 mum external diameter and 1.9 mm
wall thickness were used in this study. Because of the low thermal
cross section of aluminum (o,=0.23b and o,=1.4 b, see Table
2), it was considered that aluminum casings would have little
effect on the neutron flux. All access tubes are sealed at the bot-
tom. When not in use, the top end of the tube is covered with a
cap to prevent the ingress of rain and debris.

Field Measurement

In order to calibrate the neutron probe readings with volumetric
moisture contents, the soil moisture contents need to be measured
independently. To do this, thin-walled steel tubes, 120 mm in
length and 48 mm in diameter, were used to obtain soil samples
from the experimental site. Each tube had a sharpened outward-
facing edge to allow easy penetration of the soil. To minimize
disturbance, the thin-walled steel tubes were pushed into the soil
at a constant penetration rate. After being removed from the
ground, the ends of the thin-walled sample tube were wax sealed,
and then immediately sealed in an air tight jar to maintain the soil
moisture content. The soil volumetric and gravimetric moisture
contents and the soil density were determined on each soil sample
following standard geotechnical practices.

After the last sample was obtained, an aluminum access tube
was installed in the center of the core. The neutron probe was
then lowered in the tube and count rates were measured at the
same depths where the soil samples had been recovered.

The neutron counts of 16-s duration were taken in this study.
The counting time interval of 16-s was chosen because it gave
sufficiently precise readings in acceptable period of time after
comparison with 32-, 64-, and 256-s counts.

Comparison of Numerical and Field Experimental
Results

The results predicted by the numerical model were compared with
the field observations at the Maryland site. The test site, approxi-
mately 80 mX25m, was divided into five distinct zones for
study: an open area, a naturally grassed, tree affected area, a
10 mxX 10 m area with an unloaded flexible cover, and a 10m
X 10m area covered by a loaded reinforced concrete slab. Since
1994, the soil moisture content has been monitored at these zones
by the neutron probe method.

The numerical model was used to predict the neutron counts
with depth for the open area, based on the system geometry de-
fined in Fig. 4 and the chemical analysis of the soils at different
depths. The soil bulk density and volumetric moisture contents
were determined from the field measurement by the thin-walled
steel tube method. The calculated count rate variation with depth
is plotted in Fig. 6. It can be seen that very good agreement is
obtained between the numerical analyses and the field measure-
ments.
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Fig. 6. Count rate variation with depth—comparison of results pre-
dicted by numerical model and Maryland field measurements

Conclusions

In this study, a numerical model based on multigroup diffusion
theory has been developed to predict the neutron flux distribution
in a neutron probe system, Neutron counts predicted by the neu-
tron diffusion model are found to agrec favorably with the mea-
sured data at a field site. The numerical results also compare very
well with the experimental results available in the literature. It is
believed that a calibration between neutron counts and moisture
content for soils (including unsaturated expansive soil) can be
accurately estimated using the proposed numerical model with a
minimum of experimental effort. The establishment of a calibra-
tion relationship requires that the chemical composition of the soil
be determined, and the geometry of the source-detector system be
known. The numerical analysis also indicates that large containers
are necessary for laboratory calibration to prevent neutrons leak-
ing into the air surrounding the container, and so may be of as-
sistance for laboratory calibration procedures.

An apparent disadvantage of the numerical model is the re-
quirement of a complete elemental analysis of the soil. However,
this analysis is now comparatively straightforward using modern
analytical chemical methods (e.g., using high-resolution induc-
tively coupled plasma mass spectrometry, HR-ICPMS), and is
much easier than performing an experimental calibration on soils.

This research has shown that the proposed numerical model is
capable of describing the response of a neutron moisture gauge to
a degree of sophistication that has not been achieved previously.
It is believed that the utilization of a model such as the one
described here can lead to a much better understanding of the
distribution of neutron flux in a neutron probe system for any
geometry and soil type under a variety of environmental condi-
tions. This greater capacity for interpretation of probe data may
open up new applications for the neutron probe. For example, it
may be possible to use the neutron probe to monitor rising salt
(i.e., sodium chloride) in a groundwater system.
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