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NEUTRON PROBES AND TiE iR USE IN AGRoNomy! b} soil water content by volume 0 (pn? H20/ cm3 of bulk spil)
———— "> A0 THEIR USE_IN AGRONOMY TT——————"0"50L by volume O

valume of water moo-m k
' , O . M e (@) ‘
Klaus Reichardt bulk volume of soil v

where V is che volume of the sample. In thig definition it ig assumed that
the density of water is 1 g/cm and, therefore, (mw - md) is equal to the
volume of water, ' !

It can be shown that
1. INTRODUCTION
il LN

8 = u, 4 e (D) L

Neutron probes were developed to measure goil water contents ]
in agricultural figld soils. Soil water content, élthough being a very where dy is the bulk density of dry soil (g dry soil/co’ of bulk soil), r&
simple soi} physics concept, is very diffjicult to be measured. Estimatives defined by: !
of s0il water content obtained through many methods often deviate o
considerably from the "“true" value, which, anyway, is never known. The main db - —:?— TTTTrtreee L, (8) T
problem lies in sampling procedures, Once a soi) sample is taken from rhe .
field, its soil water content can be estimated with a high degree of precision ) . t'
and accuracy, It is, however, neven known if the sample collected realy Example: In a soil profile, a soil sample was collected at the depth of 20 cm, C
Tepresents the soil ai the desi;ed depth, because of goil variability prublems with a volumetric cylinder of 200 cma, with a weight of 105.3 g, i
and sampling procedures, ) After handling the sample in the laboratory, eliminating a1} excess

of s0il and being sure that the so0il was ocupying the volume v of the

basis. In this work we will use the following simbels and definicions: eylinder, the sample was velghed and the result was 335.6 4. The

sample was then introduced into g ventilated oven at IOSOC, until

a) soil water content by weight u (s H20/g dey soil) constant weight, and the final mass wag 335.7 g.  In this case;

395.6 - 335.7
mass of water m - LR

hud s~ 0.260 g/e or 26.0% weight ne
u = - .— e, Geeraaaa. (1)
- 335.7 - 105.3
mass of dry spil m

. {
. 395.6 - 335,7 3 3 . X
where: m = pagg of wet soil 0=~ . 0.300 en”/fem”® o 30.0% volume ¥
" i 200 ‘ ir
my = mass of dry soil . ‘

h 1

335.7 - 105.3 , ®

T dp < ————— = 1152 elem ﬂ}

200

1Cont£ihution of Center far Nueleap Euergy in Agriculture (CENA)Y, Universicy
of Sao Pauls, Piracicaba, 5P, Brazil,

R B

2Professor of Physies and HvLuurology at LSALQ, Univcrsity of Sao Paulo, and it can be seen thac 0,300 = 1.152 x 0.2¢0.



“There are scveral methods for the determination of soil water
contents and bulk densities. They differ mainly in the form of sampling,
but equatioms 1 to 4 are always applicable when information is available.
The greatest difficulty lies in the measurement of V. Sampling seil with a
gimple auger destroys the structure of the soil and the jnformation about v
is lost. In this text we will not discuss al} these "classical” methods of
soil water measutment. The reader is refered to any basic soil physics
text, or specifically to "Methods of Seil pnalysis”, part I, Mnerican Society

of Agronomy, Monograph n? 9, 1986.

we will, however, discuss some aspects of the classical methads
in order to compare them with the neutron ptobe method, which will be treated
in detail. One great disavantage of the classical methods ig their
destructive feature. We have to gample the goil at each measuring event and
interfere severely in the soil profile. Even sampling with a simple auger,
after several samplings the field or plor will be very disturbed. Another
problem is goil variability. At each sampling event, even collecting soil
at the “same' depth, another locatiomn is sampled. A third problem, which
might. be minor, is the time spent for one meagurement, which is almost never

below 24 hours.

With neutron probes, which we will discuss in detail in the
following pages, We disturbe less the soil profile. Only once an access tube
has to be introduccd into the soil to the desired depth and, therealter,
measurements are takem at any depth and time in a matter of minutes. Of
course, there are also disadvantages in the use of meutron probes. At the ¢nd
of this text we will spend some time discussing advantages and disadvantages

of the use of neutron probes.

2. INSTRUMENT DESCRTETION AND WORKING PRING [PLE

A neutron probe consists ecssentially {rom two parts: {a)
shield with probe, and (b} electronic counting system. In some models

these parts arc separable and jn others not.
(a) $hicld with probe

The probe is 4 sealed metalic cylinder of diameter 3 to 4 em

- Comn ke A em. 16 conlains a Vad el Tve e it emiits Vot

peutrons, 8 slow neutron detector and a pre—amplifier. The signal of the
pre~amp1ifier goes through a 5 to 20 m long cable to the electronic counting

system.

The geomettry of the probe, type and activity of neutron SOUrce,
types of detector and pre-amplifier vary considerably from manufacturer to
manufacturer. Neutron SOUTCES are the mixure of an alfa particle emitter
(like Americium, Radium) and a fine powder of Berilium. Alfa particles
pombard Berilium auclei and the following reaction takes place:

2 9 1 12
hu + 4Be + 0n + GC + energy
The neutrons én, which are a product of the reaction, are

called fast neulromns, having energies of the order of 2 MeV (1e¥= 1l.6x 10—12 erg).

The strength of the sources aré generaly given by the activity
of the alfa emitter, in milicuries (mCi). Most of the sources have an
activity in the range of 5 to 50 mCi. Since the alfa emitter also emitts some
gamma radiation, the sources emitt alfa particles, gamma radiation and fast
neutrons., Therefore, radiation Erotection in an important issue. The shield,
which is a case for the probe, has to be desigped in order Lo protect the user
from the radiation. Manufactured probes that are sold have a shield that
exposes the user to permissible-radiation levels, when in the shield. When
the probe is mot in the protection shield, the user is exposed to gamma
radiation and meutrons. This should be‘terminancely avoided. The design of
the probes is done in such a way that when the probe leaves the shield it goes

jmmediately into the g0il, avoiding any excessive exposure.

Shilding of gamma radiation is most efficiently made by lead and
of fast neutrons by parafin, poliethylene or any other material with high
B centent. Neutron probe shields have,therefore, some metalic shield and some

high Hydrogen content material. .

During measurements, the probe is lowered to the desired
depth in the sail, inside of an aluminum access tube. Aluminum i8
"transparent” to fast peutrons and so they are gecattercd into the soil, not
going further than 30 to 50 cm away from tlhe sOuTCE. This interaction with
the soil {and s0il water) is used to estimate soil watey content, as it will

be seen later.

Noxt to the source is a slow neutron detector. T™his detector

does not count fast neutrons, it derects only slow neut rons which are a result



of the interaction of the fast heutrons with the s0il, There are severul
slow neutron detectors available, €.g. Boron tri-fluoride detectors, Helium-3
detectors, ang scintillation detectors, Each manufacturer makes its chuice

because all have advantages and disadvantages. .

The pulses conming from the detector are firse pPreamplifjed,
which also occurs in the prohe, Only these, slighrly amplified pPulses, are
8ent ¢o the electronic counting System, through the cable whieh connects parts
(a) and (b) of the nestron probe,

(b) Electronic counting system
————==founting system

The electronie counting systenm varies a lot from typé of probe
to type of probe. In simple words, it constitutes of amplifief, high voltage
source, counter, timer, rechargeable bateries, microprocessor, etc.  Since
counting time ig important for Statistics, most probes have severs) options,

€.g- 0.5, 1 ana 4 min counting time, The microprocessor Processes datg

feed the equations of calxbratiqn for several soils, and the results arc given
directly in soi} water content (%, elg, cmalcma) Or even in terms of 4 wvater
Btorage in a given soil layer (mm/10 cm, inches/foot),

Each manufacturer giveg details of the operation of thejr probe
and, therefore, we will not discuss thig matter here, Figure 1 is a schumatie
diagram of 5 depth neutyon probe, in the field, in a Measurement position ar
depth 1., Figure 2 jg g schematic diagram of a surface neutron pProbe, alsp jp
Measurement position, These probes are made only for surface (0-15 cm depth)
measurements and do not need accesg tubesg, They are placed, between rows,

on the gpjl] surface,

The working principle of feutron probes is vcrylsimplu and
straightforward, The neutron source emitts fagt neutrons (of (he order of
2 MeV) which interact wigl the matter wijcl Sourounds the probe, Since
eutrons have no charpe, there are o electrie fields Lo counteract thej,
movement, Three Processes occur during thig interaction: heutron absorptiog

by nuclei, neutron Sealtering througl cullisions, ang neutron desintegratiyyg,

Neutron absorhtion by nuclei depends very much on its eltergy

and of the type of target nucleus, The "prohability" of this process §.

cable
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7

and lead :
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" FIGURE 2 = Surface neutron probe
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measured through the cross section of the reaction, which in general, for most
of the elements present in soils, is very low. 1f the reaction OCCULS, one

peutron is absorbed by 2 nucleus ix according te:

0 z z
1 A LA

where the new nucleus Af%x ig, in some cases, unstable and desintegrates
emitting radiation. This is the same principle of neutron activation, The
process, however, occurs only with a few nuclei present in the soil, @.8.

Ag, Au, In, Fe, Al, Mn, etc, most of them having a very low concentration in
goil. Also the neutron flux emitted by the gource has a very low intensity

po that the probability of a neutron capture is extremely low. In many

cases A+§x ig stable (e.8., 12c +n +2&13C; 1AN +n * 5N) and in the cases
it is radioactive (e.g-y AL+ 7 Al, half life of 2.3 min) its half-life
ig very short. Due to these facts there is virtually no activation of soil
material when a peutron probe is placed into the soil. Also the Aluminum

access tubes, Jhich might become slightly active during one measurcment , decay

in a few minutes. .

Neutron scatteriong by collisions (elastic or non-clastic) is the
most important Process, on which the working principle of the neutron probe is
based. Through collisions East~neﬁtrons (high energy, about 2 MeV) loose
energy (moderation} and might become alow or thermal neutrons (low energy,
about 0.025 evy. If collisions are elastic, the heavier the target nucleus,

the less energy is lost by the neufron. Table 1 illustrates this fact.

TARLE 1 - Number of elastic collisions necessary to reduce the cnergy of a

neutron from 2 MeV to 0.025 eV.

e ———

Target Isotope Number of Collisions
1H 18
2“ 25
t‘]le ) 43
i 68
12 115
160 152
238 2172

it can be seen that 1“ is the most esfficient target ato® for
reducing neutron energy. It is said that Hydrogen is a good neutron moderator.
since Hydrogen is a constituint of water, water is also a good neutron
moderator. 50, in a given soil, the wetter it is, the more slow neutrons
will be present when a fast neutron source is introduced. Other soil
materials also have Hydrogen as & constituint but, in this case, its Hydrogen

content is constant, and is taken into account during calibration.

Neutrons when free are unstable, they desintegrate with a half-
life of 13 seconds. S50, if a neutron is not captured it will, after some time,

desintegrate.

pue to these processes, afrer few fractions of second, a stable
"eloud” of slaw neutrons is developed around the source, having & spherical
ghape, with a variable diameter of 15 to 30 cm. The pumber of slow neutrons
per unit volume at each point of the cloud remains constant and is proportiunal
to the water content in the soil within the cloud. Since the slow meutron
detector is placed inside the cloud volume, the count rate (cpm ot cps) is
prnportioual to the soi{ water content € of the same volume, The instrument
is then calibrated with samples of known 0. More details about neutron
moisture meter theory can be found in Greacen (1981} and 1AEA (1970) .

;

3. SAFETY AND MANTATNANCE

As already stated, neutron probes available in the marked are
tested for radiation exposure and the opperator is exposed Lo radiation levels
below the international permissible dosis. Attention has, however, to be
given to!

a) Neutron probes, like any other activity with radioactive
material, should not be opperated by people with less than 18 years of age of
not well instructed people- .

pb) Duriung uscC opperator has to use a dosimeter for neutrons
and pgamma radiation.

&) Special attention fo radiation cxposure ghould be given when
the prube is not in its shiceld. This shauld be avoided to 2 minimum aud, when

nccessary, a radiation protection expert should be around.
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4) Repair of problems in the probe (e.g., preamplifier, Tube length depends on Reasurement depths whic), depends on the

changing detector, fixing cable connection) shouyld only be done by avthorized objectives of the experiment. Access tube should alvays be 10 ¢o 20 cm

people, longer than the Breatest measurement depth because the "active center” of the

e) Probes should be stored in special dry Places, designed for probe is never at irg end,  Tubes should algo extend 20 to 40 cm bove suil

radicactive material sturage, far from the circulation of other personnel, surface, in order to avoid entrance of sail materia] and to facilitgre the

f) For mantainance, each manufacturer gives detuils for their installation of the shield case op top of the tube, Top end of the tube

probe, but ir ig very important to mantain the probe jin continuous use, should be covered with rubber stoper or an inverted Alvminum beer can, to [

Charging of batreries is very important. Therefore, even ip pPeriods when no . avoid water ang dirt entrance. The botten of the access tube has also to be

experimental work jg being developed, probes should be scrviced once a week sealed (with rubper stoper or other material) if water table level g high.

by an authorized technician, making at least g fey standard counts, For very deep gojl profiles this is not necessary.

There are several methods of installation of access tubes
. (Greacen, 1981) but essentially "they all consige in drilling ag auger hole

into which the access tube is driven down to the desired depth. The majp point P

in this procedure is to avoid an air-gap between the s0il and the tube, Thig
4. ACCESS TUBES ARD THEIR INSTALLATION : . .

T T = ALIATION might be achjeved by uging an auger with a smallep diameter thap the outside
diameter of the dcces tube. In thig case, the tube jig introduced wiph

. . L. . . difficulty jnto the s0il and some s0il might enter inside the tube, With a
Probe in use, cogt and availability of Cubing, Unfortunately diameters of . .

Probes have not heen Atandardized internatinnﬂlly by mantfacturers se thar

. - . . . tube, the soil that entered inside the tube ig removed. Some pep le prefere
Practically each probe has his diameter and requires a specific tubing size, * people p

, By s . . . . 3
and then eliminate the soil ingide the tube with ap appropriate auger. ip this '

Deutrons. Only in a fey 80ils aluminum cap corrode and be a problem for case, there is very good contact between 80il and access tube,

long term experiments. Other materials can algo be uged, €.g. steel, iron, i

. 3 i 8, h ' b i .
brass, and also polyethilene and other plastics, pp has only to be In special c4ses, hovever, many problems might occur As an

; . . . t i h : : b
recognized that thesge different materials have different behaviour with example we refer to stony soils, eavy swelling soils and extremely layered ;

. . . . §0ils. 1In each case, the researcher has to use hig own experience and do his
respect to neutron Interaction and count rates will be dltered. Once one kind ’ P

. . . . . . best. s 1d 1 ed that the installarj u
of tubing is chosen, calibration and all experimental work have to be done with 8 1t should on ¥ be remenbered hat ¢ inatallation of an access tube

. is done only once for g Biven experiment and, therefore, it has to be done
the same material,
with much care, even if it takes a few hours. 4 badly installed access tube

Tt is known that stecl ang brass tubings affect slightly the will compromise a1l measurements made in futyre, It should also be remenbered

eIt ivs ; . sreator s i g ; frun ¢ ; i

sefsitivity of probes due to the sreater absorbtion of ncutrons by fron and that one of the great advantages of the neutron moderation method is the fact
thi 2 g . i ari i '-'-'~.|‘_-1 1 : P . : +

Gopper.  Polyethilene and orher plastic waterials contain stenificant amouni s that the only disturbance made on the soii ig during access tube installation

sen and, therefore, give a higher count rate, . .
of Hydrogen ar » therefore, k BDe 8 and that, thereafter, quick measurement can be made over leng Periods, always
Tube size iy normally specified by cach wanufacturer Lhrough "sampling" the samc "point" in the field,
inside . si i . should keep the clesest possible (o these . , . . )
tneide and outside dianecer.  Onc outd keep the sest poss Kepeating, time should therefore be spent to install in the best ‘-
veifi lons i insj Lameter, b shoud not enter \ , . . ¥
Speeifications, malnly to the inside dlameter. Prohe o ¢ way possible egeh dccess tube. More details about access tube installatcfion i*

e i ing A BrCal air-e Ptwee *aud tube wall aifeces .
tightly into tubing and a Breal air-gap between Prove aud tube w 5 can also be foung in IAEA (197g).
sensitivity, . ﬁ

L



-11-

5. CALIBRATION

The calibration of a neutron probe consists in finding 3
relation between probe output: cpm (counts per minute) and soil waker content
0 (cm3 of water Per cm3 of bulk soil). To do this, samples of a given soil
having & wide range ift moisture are used to measure CPT with the probe and O
in the clagsical way- It is a simple procedure in theory but it might be
difficult and tedious depending on the choosen experimental design and of
the properties of the seil profile. First we will 4iscuss an easy case of
the construction of the calibration curve for one depth of a homogeneous

goil, and then extend it to moTe difficult gituations.

Gampling is the mwainm problem in calibration. In theory, the
same sample should be "exposed” to the neutrom probe to obtain cpm, and €0
the classical soil moisture method to obtain ©. This is very difficult in
practice. mainly because the neutrod method ngaes" a great yolume which is
not well defined (assumed to be a sphere of 20 to 30 cm diameter, se€ page 1)
and the classical soil moisture methods use small samples (20 to 50 times
smaller). This problem 1s minimized by taking geveral soil samples for 0
determination around the access tube in which cpm was obtained. In any C38€,
we are never sure that both methods gampled the same total volume of soil.

This becomes WOTSE in heterogeneous soils, like jayered of stony soils.

Another problem is findiog the same goil in 2 wide soil moisture
content range: By wetting (itrigation|or rainfall} and drying (evaporation oF
drainage) 8 good Tange can be obtained, but always over 2 1ong period of rime
and wide range of space, and with tedious oppcrations. gince the neutron
probe vexplores” 8 great sample, during wotting and during drying, we€ never
know if the whole sphere of influence was submitted to the game intensity
of drying oY wetting.

Assuming W did our best and we have & good coliection of *
paits of cpm and O we can start constructiﬁg our calibration curve. First,
in order toO avoid electronic drifts, temperature and other effacts on the
electronics of the neutron probe, We 4o not use cpm obtained in soil directly,
put use the count ratio CR defined as:
cpm in soil

CR = ___;_,_,_._.__.___+_‘___ I (5)
cpm in standard material

—-12-

Every time the neutron probe is used, it is checked for
stability naking a counting in a grandard material which in most cases is
taken with the probe inside its protection shield, sitting on the wooden
probe case to mantain standard condition, Others recommend 3 standard count
in water. In this case a sealed access tube is placed in the center of &
large water container. The standard count Cs (total number of counts takemn
over a time ts) should be constant over long periods of time, oscilating
only within the statistical deviations, npormally taken as + JE; (Poisson’s
distribution}. Each manufacturer gives details for these procedures for

their probes.

Table 2 shows field data obtained for the calibration of a8

probe for the 20 cm depth,

TABLE 2 - Calibration data for probe 010 25 (made in France) with a 40 mCi

Am/Be source. Soil: Terra Roxa Estruturada (Alfisol) of

piracicaba, 5P, Brazil. Depth: 20 cm pelow soil surface.

n@ Points ® 2] (cm3.cm 3) %2:;; CounEREatxo

1 0.424 79,650 0.507

2 0.413 75,541 0.481

3 0.393 76,169 0.485

[ 0.387 ' 71,143 0.453

5 0.378 67,846 0.432

L] 0.375 69,259 0.441

1 0.306 59,208 0.377

8 0.287 57,637 0.367

9 0.291 62,035 0.395

10 0.283 58,109 0.370 .
._.___;_#_...__A—,____;______.__..__ﬂ__._,__._._f______;_,__._.___;_4____,__

*
Count in water N, = 157,050 cpm taken as standard.

Figure 3 shows the linear graph of o versus CR. The solid
1ine follows the equation g = -0.0954 ¢ 1.0424CR obtained rhrough classical
lincar regrcssinn. using O as the dependen('variahle ¥ and CR as the

independent variable x. The Lineat regression coefficicut was R = 0.9644.
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FIGURE 3 - Example of calibration curve (data of Table 2)

In the following chapter, on error analysis, we will have ro

use all variances envolved in the establishment of the linear regression

equation y = 8, ¥ 8,% and, therefore, we list below the respective equations,

We use the symbol g (a) for the expected variance of @, and other well known
Statistical symbols, also used by Havercamp et al. (1984):

1. Variance of Stochastic disturbance therm sz(eo)

sz(eo) = MSE R ceieees (6)

- . 2
2. Variance of intersept (ao)

2 ;2
H (uo) = MSE | — & — et e, (7
n Ix

3. Variance of slope sz(al)

2 . OMsE
B (al) - — Crerea. it aanercnaa Creeiene, (8)
¥x

~14-

4. Covariance of linear regression szfao.al)

- 2
s(ao,al) = -X 5 (al) '"""'"""'f""""" (9)

given by:

MSE = SSE/ (n-2) B 10)

and

2 2 [E(x-y) - (Ex . Zy)/n] :
SSE = | Iy® - @y)*/ni - 3 3 (11)
[ Ix® ~ (Tx) /n]

For the data of Table 1 the following results were obtained:

Ix = 4.3080 X = 0,4310 SSE = 1.8099 x 102

Ix? = 1.8797 ¥ = 0.3537 MSE = 2.2624 x 104 - az(eo)
Ey = 1,5370 n =10 _ sz(ao) = 1.7884 x 1073

ty? = 1.2788 a, = ~0.0954 nz(al) = 9.506 x 1073

I,y = 1.5486 a; = 1.0624 s(a ,a)) =~4.0970 x 10”3

As will be seen in next chapter, the variances of a, and a;
and the covariance s(ao,al) will contribute to 4 calibration error. This is
one of the main errors in the use of neutron probes and, therefore, have to be
minimized. In general, the closer ro 1.0000 the value of R, the lower are
these variances. This can be achieved by increasing the number of calibration
points n, but they have to be "goad points", that is, they should follow g
straigh line behaviour, The best way ig increasing n with points that widen
the water content range, taking very wet (close to or at saturation) and
very dry points. '

The intersept a, of a calibration curve varies from soil to
5011 and from probe to probe. It has not to be zero or close to zero. Sipce
it is an extrapolated value, out of the calibration range, mo strong .

theoretical meaning should - be given to a .

The slope a also varies from soil to soil and from probe to
Probe. It represcuts the sensitivity of the Prabe, being the derivative

of the calibration line ¥y ®a,*ax, that is, 4 = dy/dx. It is thereforp

i
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the change in water content (dy = d0) per unit change in count ratio
(dx = dCR}. The lower its value, the more sensitive is the probe. It
means that for small changes in water content we have grcat changes in

count ratio, which is the variable we measure.

Because of the processes of meutron interaction in the soil,
geometTy of the probe, type of neutren detector, electronics, etc: each
goil has & specific calibration relation for 38 given neutron probe. Soil
characteristics algo affect the calibration relation, mainly soil chemical
composition and souil bulk density. fherefore, for & specific soil,
calibration curves are related to differentraoil bulk densities db (Eigure 4).
1n general, the calibration 1ines for different bulk densities of the same
goil are paralel, having the same slope a,- For very layered soils, with
1ayers of different composition, 1ike some alluvxal soils, the slopes for

each layer might be different.

$O0IL WATER CONTENT (&)

COUNT RATIO (CR)

FIGURE & - Calibration relations for different soil bulk densitics db

Stony OF gravely goils are a special problom. To bepin with,
access tube installatien is difficult. The definition ol O is also difficul,
gome authors usc as pulk volume the total sample yolume, including nrnvpl,

others exclude the volume occupied by gravel sjnce it is A “gead" volume

-16- v

Every case is a different case and the neutron probe user
will have to find out by himself details of the calibration curves. The
necessity of different calibration curves for slightly different soils or
for sliphtly different bulk densities will depend on the objectives of
each experiment. The accuracy needed for the determination of O will the

wost important eriterium for judgement.

In a very broad sense we can divide all calibratich

methodologies in three groups: laboratory, field and theoretical calibration.

Laboratory calibration envolves the use of packed soil samples
with descrete jevels of soil water tontent 0 and soil pulk density d . For
this great amounts of soil are packed into drums of 80 to 120 cm
djameter and 100 to 150 cm height. Packing should be done carefuly in oyder
to obtain a homogeneous sample in © and 4, This is a very dlffxcult task.

The access tube is placed in the center of the drum.

Many neutron probe manufacturers have a collection of these
gealed drums in order to calibrate each new probe. This data is given to
the user and, normally; it is called factory calibration curve. jts use is
very limited since it is done for one given soil. However it gives useful
information to the user, when comparing this calibration relation to his

wn for a given gsoil, Comonly the slope 23, of these calibration curves is
yery similar. Because of this fact, many times one can use the factory
calibration curve when the interest islonly in measuring soil water conient

changes 40, and not absolute values of 0.

Field calibration envolves the installation of access tubes
directly in the field and, at a certain soil water content gitnations,
measurements of cpm are made with the probe and iwmediately after this seil
samples are collected, at the same depths, around the access tube, to measure
O by any classical method. This procedure is repeated to obtain the desiered
aumber of replicates, and repeated with the soil at different moisture )
conditions. Under gield conditions it is difficule te find the soil in a
wide range of goil molsture. To obtain very wet gituations irrigation
is the best measwie. " pry points aré gore difficule to obtain; it might
take several wocks for the soil to become dry and, if it rains, onc has to
wait for another dry spel- The great problem lies in the fact that soils do
pot dry at a sawe rate at every depth and, a8 goil dries out jt becomes
heteropuneous with respect te molsture. This introduces an error in the

calibration.
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Theorctical models have also been developed in order to

establish calibration relations, based on neutron diffusion theory. One of
the most recent models (Couchat et al., 1975) is based on the measuremont of
Reutren absorbtion and diffusion cross sections in a graphite pile, Soil
samples have to be sent to a specialized laboratory that has a graphite pile
and that will establish a linear calibration equation as a function of ©
and db' . )

Another great problem ig establishing a calibration relation
for the top surface layers. Many People recommend not to use the depth
neutron probe for measurements close to soil surface, and use any other
classical method. There are surface neutron probes, as shown in figure 2,

which are specially designed for surface measurements.

Another approach is to obtain separate calibrations for
shallow depths, which would take into account the escape of neutrons to the
atmosphere. Some authors Bugpest to use neutron teflector/absorbers, which
are parafin or poliethylene bloca, in the form of discs with 2 central whole,
which are placed through the access tube on top of soil surface.
Calibration is performéd with the reflector. The use of these reflectors in
routine measurements has, however, showcd to be impractical in many situativas.

’

6. "“SPHERE OF INFLUENCE"

The slow neutron cloud which is formed immediatly after the
probe is placed at a desired depth (see page B8 ) defines a sphere which is -
the volume of soil that the probe “sees". This sphere is called "sphere of
influence" or “sphere of importance” of the Probe. Unfortunately this
sphere is not constant, not even for the same soil using a given probe.
Theoretical studies (TAEA, 1970) show that its diameter is a function of
the Hydrogen content (soil water content) of the wedium. It is minimum in
high Hydrogen content materials, like pure water, wherc it can take valuycs
of the order of 10 to 15 em. In very dry soiis, iu which ltydrogen content
is very low, the diameter of the "sphere of influence™ can po up to 80 cm
or more. Olgaard's (1969) theorotical model suggests that for values of

0 =0,1 cmafcmj (which are vxtremely low for agronomic purposes) the diamceer

~18-

of the sphere is not greater than 90 cm,

This fact indicateg 8 great sampling problem for every

Measurement made and also for calibration, 7t means that for each soil water

content O, the probe "seeg" a different volume of soil, Thig is a problenm
we have to live with, and be careful, mainly when working a shallow depths
in dry soils. It ig therefore recommenéed to know the diameter of the
"sphere of influence" as g function of ©, and then, place the probe ac the
correct depth not to iooge neutrons to the atmosphere,

drums. If a field soil ig faily homogeneous (algo in 0) the measurement

can also be done in the field. The experimental Procedure is very simple,
The probe is lowered to a depth much greater than the radius of influence R,
Since R is not known, and it shoulq not be greater than 45 to 50 cm, we lower
the probe down to 100 em. Count rates are taken in very short depth
intervals (if possible ¢m to cm, if not each S cm} bringing the probe up to
soil surface. While the probe is at Breat depths, the sphere of influcnce

(* #ﬁ-, Poissons diatribution). As the active center of the probe reaches
soil surface, some neutrons start to escape to the atmosphere and the

count Tate starts to decrease. Tﬁe decrease is first slow but soon goes
exponentially close to zero, when most,of the sphere is in the air, Due to
this escape of neutrons the operator should take care of his pProtection,
standing as far s possible from the Probe. From the grﬁph of the count
rate as a function of depth it is posgible to estimate the radius of the
sphere of importance, At the depth where the count rate starts to decrease,
the sphere starts to Come out of the goil, Thig depth is its radiug.

Figure 5 and Table 3 ilustrate the procedure,

LY
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TABLE 3 - Count rate as & function of depth (counted from soil gurface)

for two homogenmeous media: water and soil with 0 =0.35 cmzlcm .

*20 . depth count rate (cpm) ,
(cm) water soil
+10 100 . 157,230 67,100
90 157,110 67,030
. 80 157,130 66,880
0 z R 70 157,020 66,950
) " - 60 " 156,890 67,230
50 157,150 67,310
ﬁ[ 40 156,970 68,910
g 30 157,080 68,370
+ 20 157,160 67,250
. 15 157,020 68,630
=3 12.5 157,240 66,670
10 - 157,000 64,150
7.5 156,540 59,800
5 145,230 $4,360
2.5 o 125,810 42,550
0 75,480 29,120
+5 30,770 26,670
+10 15,300 14,590
+20 5,110 5,670

Ry

FIGURE 5 ~ Count rates as 2 function of depth, chowing the radius of the

sphere of influence for LwO homogeneous modia (data from Table )
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7. ERROR ANALYSIS
e T ALTate

Figure 6 shows schematically a depth neutron probe, in 4

medsurement position, The "active" center of measurement ig located at a
P

point A, ac a depth z (cm) measured from goil surface. If a goi) water content

3 -3 . . .
0 (em”,cm ) measurement 1s made at thig point, several sources of error

contribute to the final. result. These are (without Priority):

a) counting time T (min)
al) for measurement Tc (min)

8’2) for standard Ts {min)
b) calibration
¢) instrument performance
d) active center depth

e) sphere of influence of slow neutrons
el) effect of diameter

ez) effect of Proximity of ggil surface
£} access tube instailation
E) relative locatioq in the field
h) others

Some of these sources of error aye inter-related and an
analysis can only be made in g global fbrm. We will discuss them separately
88 much as possible, but our final error analygis wil] lump some together

Or even neglect some,

Conting time error arise due to the Physical processes by
which neutrons are produced by the radioactive source, by which they are
diffused ang slowed down in the medium and by which they are detected.

Here is an overlaping with instrument performance, due to geometry of tlhe'
probe, source strength, electronics, ete. For a matter of simplicity, the
whole counting process jg assumed to follow Poisson's distribution, mosLy
the neutron emission Process, and ss, in a general sense, the longer we
count, the smaller the standard deviations of the measurenents, In practice,
howevvr, times greater thap § minetes are seldomly used, The most common
counting times Tc are 1 or 0.5 mip, For the standard count Ts it is common
to use longer times, from 3 to 5 minutes, 1If the true count rate is N, N one
estimate and § e average of several estimates, then we can say for the

standavd cowuny s
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@)y = — - P R et Y3}
8 T.
[
and for the measurement count:
2= 1 R
SRy = — 2. U PPT TR RSk
[+]
P T,

where 52 stands for variance, P and q number of replicates raken for counting
times T and T s respect1ve1y We should be aware that N is a count rate

(cpm or cps). obtalned dividing the total count C by the counting rime T.

So, if five measurements of ﬁo are made in 2 soil at the same

aucess tube and at the same depth, for counting times of 2 min, we have:

TABLE 4
Replicate count (L) count Rate (V)
1 30,003 15,002
2 30,105 15,053
3 30,152 15,076
4 29,906 14,953
5 29,817 14,909
ave 29,997 14,999
_________._______.,_,_____._d___._.____._._‘___d____..._..._...__f_._f_ﬁ_
_ 29,997
R = — 14,999 cpm
o
2
) < 1 14,999
Ry = — T =« 1,500 cpm
° 5 2

s(ﬁ) = 38.7 cpm
o

In order Lo diminish electronlc and other instrumuntal drifus,
it is common 1O use count ratios- The count ratio CR ig piven by the ratio
between the mean count rate ﬁ (cpm) of P erllcatxun% recorded at the same
goil depth during 1c' and R (cpm) of 1 replications rocorded in @ gtandard

constant ahsorber {water, pﬂfa[l“ shield, etc.) during Ts:

R o=
e fi

8-

The variance of the count ratio

s2(CR ) = %
S

~2h-

is given by the variance of a ratio, which is:

sz(ﬁo) sz(ﬁs)
—_—t - ... (19
=2 7

W © .

aAlang with the five measurements of the previous example, one measurement

Cs was taken for 5 minutes and the result was: 90,875 counts.

90,875
s = s . = 18,175 cpm
5
2 = 1 18,175
N .
8 s) - ———y ——— = 3,635 (equation 12)
1 5
sﬁis) a 60 cpm
14,999
o —— = 0.825
18,175 ;
" , 1,500 3,635
s (R} = 0.825° (——5* 2 y=1,2%10 (equation 15)

s(CR ) = 0.0035
o

1t is easy t¢ be

variance of CRO decreases.

seen that jncreasing T, and/fot T, that the

Y

1n order to measure soil water contents with a neutron probe,

the instrument has to be calibrated. There are several procedures to make

the calibration of 2 neutron probe, which we have discussed in a previous

section. In any case, however,
volumelric water content data 0

methods sampling within the volu

a set of Dand CRD data is obtained. The
are obtaincd through classical soil physics

me of "sphere of influence” of the neutron

probe, in which also the value of ﬂ is measured.

Tu wast Casesy th

a “ealibrad fon et it abdis

e relation between D and CRO is lincar, and

daed throneh linear ropression, with an
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equation of the form:

8 = & +acR Crresesciiiiian, (16)
which is the neutron probe calibratiop curve, where the parameters 50 and 51

are respectively, intersept and slope of the Btraight jine

The variances assoeciated to ;o and 31 which are obtained
directly from the regression analysis, depend on how well the Bo measurcment
represents the soil volume &t which Cko is measured (sphere of influence)
and depend on type of soil, goi} stratification, gojt variability, acegg
tube installation, ete. Therefore a careful gampling by clagsical soil

physics methods to measure Gu is recommended.

For the calibration and for any soil water content measurement
it ig alse important thar the "active center” of the probe is located at the

desired depth z, Thig is also a source of error, We call "active center",

neutrons diffuse in the 80il and therefore Teépresents the s0il volume "sampled”

by the probe in each measurement, The catalogues of some probes are very

the levelling of spil surface will ajso introduce errorg of a few centimeters.l

It has, however, to be recognized that these small BILTOrs are not of very
great importance since heutron probe Measurements are not punctual
Teasurements, they are average values over the volume of the sphere of

influence, which is relatively large, of the order of a soccer ball,

For a given access tube the error of the position of the active
center iz mainly g systematic errar, and if we are careful it can be minimjzed
easily. From access tube to accesg tube, however, we Beb again a random

variation, which should be minimjzed,

Further problems are related to the sphere of influence itself,

This sphere of influence ig a function of 01 water content, The hipher the

o
=%
-

e

=26~

water content the smaller the sphere, jtg smallest value being in Pure water.
It varies alsg from probe to probe due mainly to Source strength and varies
slightly froy s0il to soil, even at the same water content. There are areat

problems, intimately related to the calibration,

These two aspects vary a lot from soil o soil, Again, for g given access
tube we will have mainly g Systematic error. From access tupe to access tube,
however, a Tandom variation will be 6btained.

This wasg very well done by Havercamp et a1, (1984). we will assume thac we
make no systematie errora in the position of the probe and that the sphere of
influence ig completely ingide the sojil,

given by equation (17), which we go not know re
Fd

0 = a + aICR +e trersesiiaai, (17) . 11

%

where e ig 4 stochastie disturbance tepm such that ity expected value E{e} i

Since the determination of © and CR ig bound to experimental

measurement errors, only estimates of true values are obtained:

9 = eo * ui

[
. '
- N
D = n + vy,
o o i ' "
and using thege values in the linear Iggression we obtain estimates of ao i'
3

and 41s8iven in equation (16) as Eo and ;1' ';

By subtracting equations (16) and (17) we obtain the difference
between the true value of 00 and the estimateq GD, and an error anialysig é%
can be done. Detailg of this procedure are given in Havercam et al. (1984}, 1%
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which shows thatl the total variance of Oo' equal to § (0 ) 1s cumposed of
two parts, one which we will call "instrument component s (G } since it
is related to the counting p:ocedurc and related errors, and anothcr, which
we will call "ealibration component”’ s, (O ) since it takes into account

the variances of the regressxon between 9 and CR . 1In equation {18) we

define:
2 R x? 1
SRR -Gy -2 js—= (18a2)
T qT fl
P 5 s
3 2~ 2 2.~ - = 2
sc(Go)- ? (ao)i-CRos (al)+ deos(ao.al) + 8 (eo) ..... (18H)

-~

The parameters a » Bps 32(3 Y, 92(5 3, 8{3 ,a ) and & (c y are
obtained directly from the 11near rcbressxon on 0 and Ck data An example
is given in page 14 - For this set of data, applyxng equatlon (18b) we obtain
the calibration variance of B which is assumed constant for all subgaquent
measurements of D with this probe in this seil. if s, (9 ) is too hxgh,
additional callbtatlon data has to be obtained im ordet to decrease S (a )
and mainly 38 (a ), which are the main contributers to &, (0 y. It can also
be seen from equatlon (18b) that 8 (D ) depends om CR whxch means that
variance is different for dLEferent 1evela of soll mothure For the above
data, let us calculate the variance for ﬁR0=0 431, which 18 the average value
err the soil moisture range found during calibration, 5ot

13

szc(oo) - L7884 x 10+ 0.411° . 9. 506x10 v 2. 0.431 (-4.097%10 3y .
+ z.zazxm"‘ = 2.&.62:10"“
s 0 - 0.0157
In our calibration cquation we can see that fer n = 0.43)

3 -3
corresponds 4 00 of 0,154 cm.am and so we can caleulate a ra]LhraLsun

cocfficient of variation (v7, which will Lot

~28~-

0,0157
N o= — % 100 - 4.7
0.3§4

The above ealibrated probe was used in a field {same soil of
calibratiun) and at the same depth (20 cm) in the same access tube and five
measurements of 2 wminutes each were made. Also one meagurement of the

gtandard was made for 2 mitutes:

//L““,/
Meagurement ¢ (count) T (min) A (cpm) CR,
1 soil 140,800 2 70,400 0.444
2 soil 138,200 2 69,100 0.436
3 soil 140,500 2 70,250 0,443
4 soil 139,900 2 _ 69,950 0. 441
5 soil 139,100 2 69,550 0.439
6 water 317,000 2 158,500 -
. 0.4406
Using equation (18a) we cat estimate the instrumental vyariance

si(O): ‘

2 -3
{rom page 14 ay " 1.04243 s (al) = 9.506 x 10

p=>s q=1 r =T, = 2win

kR = 0.4406 i = 158,500
o 8

) 3 0.4406 0.4406
52 o = (1.04247 - 9,506 % 10 yeof — y — | 158,500 =
L ’ 5 x 2 1 x 2

5.59 x 107

g (0) = 0.00098
170

which is EWC arders of magnitude smaller lthan 8. (O y. The instrumentnl
coefficient of variatien will be (9.8 X 10 ! 0. 36&) x 100 = Q.3%7. This
cxample shows Lne relative importance of the instrumental and calibrarion

crrors in relation ta the total error in egtimating 00. For Lhis case:
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S(Bo) = 0,00098 * 0.0157 = 0,p167

What we have just geen is the variance involved in the
measurement of @ gt ope depth in one access tube. In mogp cases, howevér,
we are interested in 4 mean value < CL> of k measurements of Bo made in
k different access tubes (replicates), This mean value is now also
affected by the "location” of the access tube, which depends on the spacial
variability of the soil itgelf, Vauclin et al, (1984) trear thig problem.
They show that making the Proper statigtical analysis, equation (18)
receives ap additional term which takes into account the location and whiech

can be expressed as;

8 (L )
BE(< Go >) '[ Ef- 52(3) ] -0 creesny. (18¢)

1t should be noted that in the case of geveral access tubes,
also in equationg (18), (18a) ang (18b), Oo should be substituted by < Oo >,

variance, Vauclin et al, (1984) Suggest it should be calculated by difference:

sf(< 8 > = 4% B, > - sf(< 8 > - sf(< 8> ... a9

where sz(< GD >) is the total variance, given by:
2 -2 2 .- 2 2 - 2 2. -~
5°(< 8, ») [al-s (al)J- 87(<CR >) + ¢ (a°)+<(fk°> s (dl)+2<C'RD> s(a,,a))
Comparing equations (18) and (20} we sec that the last eye

2 PN . . .
does not have the term g (eo). This is because €quation (20) is the variance

of a mean and the expected value of o is zero. Therefore 52(<(z>) = 0.

veriability, estimated by;

1 1 - . .
sz(<Ck >) = SZ(CR Yy = — sz(ﬂ Yo+ <’y sz(ﬂ y o — saae (20a)
o N o o’ 7 o s

i
._30-.

To illustrate the use of equations(l&c), (19), (20) and {20a),
30 measurcments of CRo were made in.30 access tubes, radomly distributed ip
the same fielq, All measurementg were taken at the gape depth of 20 cm.
The data is given in Tapie 6. - '

locations (z = 29 em),

Tube no ck Tube n¢ . ckR

o L]
1 0.476 , T 16 0.464
2 0.507 17 . 0.511
3 0.508 18 0.450
4 0.515 19 0.488
5 0.515 20 0.486
6 0.535 31 0.489
7 0.528 22 0.497
8 0.513 23 ‘ 0.479
9 0.494 24 0.467
10 0.504 25 0.485
11 0.46% , 26 0.452
12 0.497 . 27 0.487
13 0.484 28 0.485
14 0.487 ' 29 0.478
15 0.477 30 0.475

Using the data of Table 6 we wil] demonstrate that the larger
k (number of locétions) the lower is the local variance, given by equation
(L8Be). First we give a complete example for k=35, taking at random §
measurenents out of (he 30 given {n Table 6; They are from access tubes 6,
14, 26, 29 gnd 30. In this case we have:

[y

<CR > = g,4854
[+

sz(CkO) = 5.2768 x 10_4, using classical statisites assuming that the S

measurements are independent and normally distributed

sz(<CR0>) - (l/S)x 52768 x 107 = 1 0554 o 1074 (equation 20a)
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3y Byt 5 (ao), 3 (al) and s(ao,al) as before (page 14) g % 3 2 % =
R 23
r o=1; T, =L p = 5 q =1 N = 157,050 . '*.":"‘."‘.'"."1
l; -] 5 8 : T o~ el - —
g (< 00 5} = 16,4446 & 10 {equation 20) P A )
2 " |o |o |c ID ‘D lo
51(‘90’) -« 2.2817 x 10 (equation 18a) 9o R 4% R
! - 2 ' 28828 -
sc(<Bo>) - 5.0771 % 190 (equation 18b, without 3 (eD)) s 4 © o o
2 -5 o w © © ¥ ©
s (<6 = 10.7720 % 190 (by difference) Lole e g 2 2
— - ~ Lo Led -t
» » é ] ¥ *
CEE- -
Table 7 shows how the variances change as the aumber of . o R -
i » + o
replicates increase, from 5 to 30, 10 steps of 5. ) w7 A Y w1
2 5 'e e 2.9 %
Figure 6 also shows the variance change as @ function of o - k-] 5 k3 ._3
M = P | ] A
number of replicates {or access tubes). IF should not pe forgotten that S :‘_,‘ o - -~
e .
these values are specific for this peutron probe and this soil. From these Lad - L 1 E
. : . . oo ! ! ! ! ) !
results it can be seen that instrumental variance is Very small with resprct L) =1 = E % ?;e o';:
. [} . El = . . : » we
to the otherss calibration wariance 18 relatively constant sincé it is ] = a2 = jad o 5
not affected by k; and that the total and local variances decreast - A -
exponentially with k, having the tendency to become constant for very larg® R b 2 E 3 E:_.\ }3 a
- [ <]
values of k. . u =R a2 R
el o o [=] o o o
N . I} 3 -
Figure 7 18 extremely jmportant 1 order to help us to° answer & ®
a I3 H
the basic question: "how many access tubes do W€ need for each treatment of - o
R I -] ~
an exgenment 7" For the data of Table 6, <CR > = 0.4913, which corresponds -
3 -3 o g e
to a value of <O°> = 0.417 cm .c® 1f we would like that this value of —‘é o4 .
~
<B°‘> would be measured with a v of 3%, we would have: o I
N - ~
: °
o o
3(<0_*) g e
vt = ——— * 100 - =
<E)°> -~
© - 0
o~
3 4 0=
3 % 0.417 w5
s® > = T = 0.0125 -
o &
100 g o~ .
N - o
and o~ — — —
P - @
) . - - ™ E
- o N
s<0>-15.65x105 g g 2 7 - :
Q o =}
o N T
o~ - o e’- ‘3
. . —
From Figure 7 we see that to have a total yariance of Lhis 5 - - % %
o [al ™
order, we need b access tubes. 1f the desired v is 5%, 3 across rubes T oon . N o~
o
would be necded, and if CV i 2%, more than 30 access tubes are aecded. A o & o~ L
oV of 1% can not be obtained because of the inLrinsic variability af <00’.
as mentioned pefore. w o v g w ©
— — =] ™
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) The anly way to reduce the number of needed access tubeg
-33- . . . . . .
would he by reducing the calibratiop variance, better calibratign

relation, with more points apd over a wider tange, will give lower
ealibratiop variance, '
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8. APLICATTONS
—— i NS

8.1. Soi1l Water Storg as
———"L Storages

The watar Stored in 4 goig layer at depths L1 and Lz, at
time t, §g defined as:

- Lz
]0. AL 1. (t) = Q dz (21)
2 7L
L1 .
. where 0 ig the volumetric goij water contept Biven by equation 2, and
calibration

is the vertical position coordinate, measured downwardg from sejl surface,

Using 0 in cm3 of éatet per cm3 of 80il, and 2 in cm, the
result of A jg 4 height of water, given in om, Each em of Btored water
corresponds to a volume of 10 liters of water per Bquare meter of goij
surface, down to the integrated depth., The BOSt common cage is when Ll- 0 &

n

(soil surface) and the integration ig made over the whole goil pProfile,

down to depth Lz. éi

Since ip genergl the function 0(z) that describeg the . &
variation of @ along z ig por known, one hag to uge numerical schemeg of ‘%

- ‘

integration. Havercamp et a1. (1984) ang Vauclin et a1, {1984) discussg .

(o) Y Py the use of the trapezoidal apgd Simpson's rules, For most agronomicai :
5 10 15 20 25 30 k Purposes, the simple trapezoidal ruie is very adequate and , therefore, our "

f example will coyer this rule only,
According to the trapezoidal rule, equatigp (21) is 8lmplified i;
FIGURE 6 ~ Variances as a function of number of replicates in the fiold, to: é
L ) = § (LZ—LI) (21a)

where § is the average value of @ in the interval I,
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Table 8 shows necutron moisture data collected at an access
tube installed in a corn field. The neutron probe is the same as the one

used for the calibration example in Figure 3.

TABLE 8 - Count ratios and soil water contents as a function of depth, for
a corn crop, on September 7, 1988, Alfisol, Piracicaba, 5P, Brazil.

v

Depth Count Ratio Soil wWater Content
(cm) (CR) (cma.cm-a)
25 0.494 0,420
50 0.485 0.410
75 0.503 0.429
100 ’ 0.473 0.398
125 0.465 0.389
150 0.471 0.396

Using quation (21a) it is easy to caiculate the following

goil water storages!

Ao_lso(na/as) e 0.407 (150-0) = 61,1 cu = 611 mm
Ao-75 (7/9/88) = 0.420 (75-0) = 3.5cm = 315 m
ASD__mO(?lBIBS) = 0.412 (mod;m = 206 = 206 mm

As already discussed in item 6, it is important to know the
"gphere of influence” of the probe. This is specially true for the
measurements close to soil surface. In the present case, the "sphere of
influence"” has a diameter of the order of 30 cm. This means that when the
probe is placed at the depth of 25 cm, we are making a measurement from 10
to 40 cm depth; so we are loosing the top 10 cm. This introduces an error
in our storage calculations that start at soil surface. on the other hand,
it is good because we are gure that neutrons did not escape from soil surface,
which also introduces errors. Therefore many times we take gravimetric

samples at soil surface.

It is also impertant to note that the measurements of the
probes are not puactual but, in actual fact, arc averagis over a soil layer
of the thickness of the sphere of influencc. Figure 7 illustrates this for
the data of Table 8. This fact has advantages wheo calculating soil water

etoragcs because, as shown by equation (21a), the calculation is based on
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averages. Fven the averlaping of spheres does no harm, on the contrary, it
jmproves the sampling of the profite.
. 3 -3
soiL WATER CONTENT 6 (f-m-o‘m)
0.3 035 04 0.45
1 1 I

AD ——mpnf = m @ mmm m =T
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25 {---—-

1504~ 1=

FIGURE 7 - Seil water content profile in & corn crop (7/9/88) showing

"sampling volumes" of the neutron probe.

in our example, if measurements would have been taken in 10 cm
intervals, the overlaping would be preater and the estimative of soil water
storage, better. pttention must enly be taken at soil surface. 1f we
srart measuring at the depth of 10 cm, part of the “gphere of influence"

would be outside the soil.
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Modern models of neutron probes haye microprocessors that
calculate automatically the sojil water storage, giving results ig mm of
water. Others, more sophysticated, move up and down in the access tube,
At a constant rate, making an excellent integration of the soil water

profile,

Very important are also 80il water content changes in time.
As s0il gains water by rainfall or irrigation or as sofl loeses water by
evapotranspiration or internal drainage, soil water storage changes in
time. For the sane corn crop illustrated in Table § and Figure 7, neutron

Probe measurements made at different dates gave the following storages:
Ay 1sg (14/9/88) = 579.5 um
AO-ISO (21/9/38) = 543,8 mm
AO-ISO (28/9/88) = 575,8 m

From 7 to 21/9 there was no rain or irrigation, The average

rates of water loss were:

A Ao150(24/9) - A (7/9)
. o150 0-150 " 4.5 mo/day
at - 14 - 7

ETY ] Ag_ygl21/9) - Ag-150€14/9)

= =5.1 mm/day
ot 21 - 14

It is however impossible to partition these logses into
evapotranspiration and drainage below 150 cm, If the soil was at the
beginning at field capacity, we can be sure that 1007 of the losses were
evapotranspiration., Above field capacity, this is not trye and fair

amounts of water can be lost by deep drainage,

In the period 21 to 28/9 there was rain, therefore soil

water storage increased.

N
8.2. Field soil water retention curves

Combining ncutron Probe readings with tensiometer readings,
at the same depth, it is Poasible to establish soil water retention curves,
that is, relations 0 versus ¢m. Tensiometers should be installed as close
as possible to neutron access tubes but not within the "sphere of influence”

of the probe, because the tensiometer cup, being ful) of water, can interfere
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significantly in the readings of the probe. 4 distance of 20 - 3¢ cm should
be ideal to avoid the interference. Ian many soils, however, bulk densities
and water contents may vary gignificantly over these short distances. This
was observed by Creminger et al. (1985) and Villagra e al, (1988) that
obtained very scattered pointe in their field soil water retention curves
due to s0il spatial variability, Iapa (1984) also pPresents soil water
retention curves obtained with tensiometers and neutron probes, for soils
of several countries, Figures 8 and 9, below,are two examples of soil water
retention curves obtained from theutron probe and tensiometer data.
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FIGURE 8 ~ Soil water retention curve for "terra roxa estruturada", depth
of 20 cm, Piracicaba, Brazil. Villagra et al. (1988).
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FIGURE 9 - World average soil water retention curve (average of 11 countvries
over 6 depths). TAEA (1984),
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8.3. Soil Uydraulic Conductivities

Soil hydraulic conductivity X being a parameter that
indicates the hability of the soil in transmitting watcr; is strongly
dependent on soil water contents (0). Therefore, for a given porbus
material we define the funetion K{(O), and all methods used to measure
hydraulic conductivity envolve the measurement of soil water contents.
Among these methods several are adapted to use neutron probes, specihlly
those developed for field conditions. As an example we will illustrate

this section with one method presented by Libardi et al. (19807 .

In a 5 x 5 mm plot, 3 to 5 neutron access tubes are
installed down to the desircd depth. Water is ponded until steady state
infiltration. At this time neutron probe readings should be constant
in time and indicate the saturated soil water contents of the profile.
Steady state infiltration rate should alzo be recordad, which is assumed

to be the saturated hydraulic conductivity of the profile K .

After infiltration of the ponded water, soil surface is
covered with plastic to avoid water evaporation, and internal drainage of
the profile is cbserved through periodic soil water content measurements.
Frequency of measurements is high at initial times (about twice a day) and
becomes low as time passes (abQut'twice a week), finishing the experiment
after about one month, For these measurements neutron probes are extremely
adequate because "same gites" are "samyled" each time of measurement. With
auger techniques soil has to be uncovered each time and samplings are made
every time at different locations. Auger holes disturb intermal drainage
process., During ponding and at early stages of infiltration, when soil is

very wet and muddy, it is impossible to sample soil with an auger.

Figure 10 shows plots of soil water content as a function
_of the natural logarithm of time, for two selected depths of a yellow-red
latosel from Piracicaba, Brazil, measured with a SOLO 25 ncutron probe.
According to the procedure of Libardi et al. (1980), linear regressions of
plots of © versus In t yield the cocfficients ¥ of the exponential K(O)

.

relation:
K = X exp[Y(@—Go)] (22)

For the two cxamples of Figure 10, the values of y are 23.0/7
and 27.273 the value of K_ is 85.6 cm/day and the values of the saturated

water content arc 0,481 em .Cm-3 and 0,439 Cm3.cm-3. Therefore we have!

-40-

z = 50 em K = 85.6 exp [23.077 o - 0.1.50)]

z = 150 cm K = B5.6 exp [27.273 o - 0.501)]

A ]
s
e~

FIGURE 10 - Plot’of 0 versus ln t

8.4. Soil Spatial Variability

When the problem is to study spatial variability of soil
water contents and better understand their variances, their dependence on
space, etc, neutron probes are very suitable. These studies can be .
performed with advantages using the theory of regionalized variables and,
in this context, a large number of sampling points are needed. Sampling

schemes may be transects of grids, with poiats separated of constant lag h.
N N

Figure 11 shows several neutron probe  measurements of soil
water contents, made over a transect of 25 access tubes, with a lag of 5 m,
located in an Alfisol, Piracicaba, Brazil. The parallelism between curves
of different days shows that the neutron probcrcally"samples" the same

location at each time.
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B.5. Water Extraction by Trees

In a rubber tree plantation tensiometer measurements of soil

and neutron probeé measurements of soil water content @

water potential ¢m
Measurements

indicate patterns of soil water extraction (Figures 12 and 13).
were made at several locations and at differeat depths so that it was

possible to construct isolines of wm and Q.
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FIGURE 13 - Soil water content isolines in a rubber-tree plantation

FIGURE 12 - Soil water potential {selines in 4 tubber-trec plantation (23/8/89).
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