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Sumaary

The question of the fast neutron absorption has
been Jdiscussed from the point of view of the calibration
of neutron moisture gauzas. An approximated m. thod has
been proposed for caloulatipng the probability that '
the peubtron of a givan apergy wonld escape Yhe absorp-
tion during slowing down in the gedium, Thoe wethod
has bewen apployed Jor the wabtep-sabturated sandotobe,
limestone, dolomite and some btypes of soils. It was
showd that. the probabi.ity of nop-captura in slowl
down depends on tae rolsture contont of the 2oil and
changes in the range over a dozen pergert. (wm 4Q§;&ﬁ ;

X Rt o W
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T pracy przedyskutowang problem absorpeji neutro-
néw prgdkich z punktu widsenis cechowanis sond neutro-
rowych &o pomiaru wilgotnodci. Zaproponowano przyhlie
dong metode obliczania prawdopodoblerstwa, %e neutron
v zadanej energili uniknle absorpcji podezas spowalniae
nia w osrodku. Wykonano tg msbada obliczenla dla na-
syconego wodg piaskowca,; waplenlia i dolomitu, a takie
dla pewnych typow gruntow. Stwierisone, Ze prawdopow=
dobiedstwo uniknizcia absorpejil v trakeis spowalniania
zalezy cd zawartoscl wody w gruncie i zmier ia sie
w granicach kilkunastu procent.

Desmye

B palGoTe 0QCYREEOUCH BONPOC 88xBaza Ge WX
HeliTpONOB U3 TOURA BPEEHN STANOEEpPOREgEs ~<IiT™ WX
BrETONEPOB. [DOECTaBIon0 UPMONUNBrLal Wer0R pacy &
BEPOATHOCTH - POr0, 4T0 Hellopor ¢ gamusoll spepruell uste~
EUT 3aXBaTA BO BPOMA SAMOALOHNA B CDOAS. DNEM MOTONOM
BHIOIHCH® BHUMCIEHER XIS HECHMOEROTO BOZCH necuarura,
BSBOCTHAKA, JONOMHTE B xenaﬁdgﬂx*wmnqa~?pyaﬁaﬁ¢ Moy~
Y8R0, TT0 BEPOATHOCTH USGOROEDL SEXBUTE B0 BPEMH & IME~
INOHUK SABHCHT OT BHARHOCTH PPYRTS U VSMOHSCTCH B AUS-
nagoHe G0Jieo AGCATH HIOHCHTOB.
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In the vast literahure concernigg‘tha neutron
method for measuring the water content in soils itide
attention is drawn to the problem of the ebasorptlon of
fast peuwtronge IF 1z usually assuged that the neutron
shsovpbion dering the slowing down prosess influences
in 2 negligible way the meisture meaﬂqgﬁmantae Howover
sone theorotical prudlctions eeﬁbigeﬁfwiuh oxisting
expuerinental data of the fast ne&tr@n gbsorption cross
sostiona sugkest that the above Wémcmm should be
roviaid. -

The thermsl ggutxan ik, @ (r) which is
the most intereataag quanb;ty fnom the point of view
of the molsture unﬂtenﬁ Qﬁ**rmhnation, and the output Q
of the annt fask nathoﬁ soucae, are xelated by
the squation /c.E Bsugiiﬁ'rs And mmz 4 J /3

g FroaPatital e a0t )

where p is the prebdbility of nom~capture in slowing
down prucass, EQ is the vorrection xactor for

the noutron absoxptxon ia‘the source and 2& 4y L8

the haxmal QEhﬁEOE abso: n’of the~mee

(iium 8 . l .
Thuq,hthermal neutrqn flux in thu medlum depenus

explicmtly\anvth‘ on-capburs. propability during slowing
down. ‘Therquestion arises.to.what extent. paremeter p
can change. wmthnchem;cal comgosz*ion,uf the soil and

_ibs moisture contente . Because‘nf léck of dlrecﬁ exm'wv
pez;a@atal d,
rotically,




THE MULTIGROUP APFROACH FOR CALCULATING THE PROBABRLITY
OF NON=CABRTUR® IN SLOVING DOWH

The exact methued for calculating the probability
that a neutron of a given energy would eserpe the ab-
sorptice duping its slowing down in the inmvestigated
medium would De the Monte Carlo methed. In this work
the multigroup method has been sdoptied which though
being a certain approximation is nuoh less time con=
suning then Monte Carlo method., The multigroup ay-
proach requires the knowledge of the appropriate sets
of averagad neutron constants, which, in this case,
have been taken from the work by ABAGYAN et al /[ 2.J.
The Abagyan’s tables contain the neutron constants for
the energy range from 10,5 MeV %o 0,215 eV, This range
has been split inte 25 intervals, i.e.'énergy groups
/aee Table I/, The tables conbtain $he averaged values
of microscopic neutron cross sections for different
eliments. Among the others, there sre listed the foi-
lowing cross sections §

651(8)'i - the elastic slowing dowa cross section
cut of i=th group, ‘

O4n,g = the inelestic scattering cross saction,

5051 - the capture cross gection,

C4nii,k) - the cross section of inelastic transfere

out of i=-th group into X=th gmoup,

the cross gection of slastie trwmsfers

out of i-th group imto k-th group.

Ca(i,X)’

Thase cross sections have besn used for cemputing
the cross gections for removing the neutren from She i-th
growp o, 4 and for slowing down the neutron out of

the iath group to the keth group @dlii B) ° aecoxding
€ the formulas 3




Tred = Tal(e)sd ¥ Tin,t T Fin(ia) T Yo,i v

(2)
Faliok) ¥ T2d.k) T w3,k

Tha probebility Py of nop~Gapture of the nevutron of

tha i-th group oan be exprassed in terms of tho zppro-
priate ¢pose soctions asccording to the zascuprence foyw
miias/ef KREFT £ 3.7 / 3

e
a-g&s—- b & 2
f12 g e TRE B (33

vhe

Fog = 1 2_,_?  is the macroscopic cross section i‘or
ramoving the neutron from the I~th group,

gal(iglz} « is the pacroscople cross section for
slowing down the neutron cvt 0f i-th group to the k-th
FROUD. .
Making use of the eguation (3) one cam csleulate
the probabllities of non-capture in slowing down for

the neucron energles corresponding to the upper limibve
of Vhe enexgetic intervals showed in Tabls I..

Fesz the' pol¥energetic neutron scmma the fol-
lowing aversging operation hés %o be applied 3

A.E; % %i
°P3_ ‘ , .
g} = sé'ﬁujéﬁumm 8 (4)
S &

whore Qi a¥s the poritlial neutren oubputs corresponding
to the l-tk ensrgy values, the total number of energy
linos being equal tom &«



The argumsstation praseanted above eabablich |
the procadure for caleulating the probabilitles p for
& peuntron source of any energy spactrun. First The ace
tual energy diatribution has to be approximated by
a sua of monconergetic neubtron Sources, each of them
having the output Q; and the initial enexgy belng
one of the biundery ensygles given in Table I. Then
tho prubabilities py are to be caleulated and aver=
aged according to the formula (4) .« In this work 1%
has boen declded %o uwoe the followilng ast of tho iniflal
enorgy values & 10.5; 6,53 4.0¢ 253 1aléi 0.8 Colls
Qa2 MoV, '

EXSMPLES OF THE CALCULATICNS

The procedurs has been waed for caleulating
the probabilitles of non-capture during slowing domn
in satere-gaturated sandstons; limesione and doleuibe.
The cholce of the msdia have been stimulated by the fact
that thoy comstltube most widely mot campounde of solls
and rocks. Tho calculations have been performad fov
mopoepergetic neetrons as well as for radloisotops
gources Ra-Be, Pu-Ba, Po-Be and spontancous f£isslon
BOUICS 35ch /tho actusl eneorgy spectra of these sources
have been approwimates with discretie spectra given in
Table II/. “fe.rasults of the calculations are shows
in Pig.2 and in Tables III - VIII,

The calevlations wore carried out with the help
of” FORTRAN programs FKO9 and FKO3, the description of
whlch can be found in the earlier paper of the author

£37
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CODRECTTON ALLOWING FOR TS PAST NEUTRON ADSORPTION

4As 1% follows from the obbained resulis, the de~
vendsncs of fthe paramster p on the meisture conbent
is well coosplelous ia the cases of all the oxamined
moddr and naubros sowrses. Thus, poglecting the fast
neatzon obsorption will lead to errers in establishing
the theoretical.callbratlion curve. The inoremse of
the probabdility of nonecmpiure during slowing down in-
fiuences the thormal neutron flux in the asme way as
an inorease of tha source output. Tharefore, this prob-
ability, dependent on the moisbure content should be
introduced inte the caleuwlated celibration curves as
the multiplicative factor. Name.y

R () = %SE}- o CR(m) o A (5)
ab

-where CR(m) is the theoretical curve obtainel on
the assumption that the fast neutron
. absorptich car be neglaected,
CR(m)is the correctod calibration curve,
®{n) is the probebility of non=-cgpture in
‘ - slowving down c¢aleulated for the given
source and for the investigated type of
soily
Pey L5 the probability calculated for cali-
' 'byatxen stendord.

In onder fo varlfy auggestion  given sbove,
results of g calibration procedure published by
BLGALRD /74 7 have been used. Due to the fact, that
Pigasrd gives the chemical compositions of the media,
as woll as the type of the neubron source it was poge



aible to cal ulate the funation plm). The caleuta-
tions bave besn carried out for thoee types of Danish
ceils: fdum, Borris, SteJyadevad /4 7< The resuls
aze shown in Pige 2. Corrections were lutroduced to
the flgaaszd s curves, A4n exaxple Yor the soil of

fdnm type ia presented in PFig. 3, whoxse one can soa the
eriginal ané corrected calibratlon cuwves togother
wish exporinental points.

CONCLUSIONS

The caleulations pexfomed for difforont media
bave shown ouv that the probability of nop=-cgpture of
a neutron during its slowing down depends on the npeu-
tron energy as woll as on bthe chemical composition of
the medium, especially on its water content. This prob-
ability decreases with increasing initial energy of

neutrons. Tts dependence on the moisturse content is
gharpey for higher inid el enorgles of vaubtvons s fow

sxemplo the offect of the fast nouizon sbzorpbicn is
-y
saaller for ES‘Cf source than for (¢,n) sources.

The offsct of the fast neutron ubscorpiion on
the molsture content measuremente can reach few parcont
of the mepsured value.
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{aBLE I, Divisiop into the energy groups
used in the ABAGYAN's tables /27

i E‘i
2 Tuh o= 1345 MoV
e el = 4D eV
3 e = &al weV
& Tt = 2,6 eV
5 0.8 = 1a4 wa¥
& Qadt = Q.8 eV
? 0.2 = o4 eV
8 001 = Q.2 Y
G 46,5 = 100 keV
10 215 - 85,5  keV
4 10 ~ 21,5 keV
12 4,55 ~ 10 keV
15 2215 - 4,65 keV
14 1 = a5 keV
15 465 - 1000 aV
16 21% = 465 eV
17 100 ~ 215 eV
18 46,9 = 10U aV
19 21.5 - 46,5 oV
2 0 - 21,5 oV
21 4,.6% - 10 eV
22 2,15 ~ 4,65 oV
23 1 = 2.15 eV
24 Q465 = 1 eV
25 0,215 - 0,465 o¥




TRLE LI Piscrete approximatien of the energy
gpactra Lor different neutron sources
/oartial outputs are given in relative
unitss
T~Sourceip. pe  IPu-Be  |Po-Bo |2
Bain MeV =i | .
10«5 0.09 0.12 Q.13 0. 014
032 Q.25 0,256 0.26 0.062
4.0 Q.34 0. 27 0.289 0. 140
2.5 Q.21 0.16 0.19 0.218
& Qo1 0.9 0.09 0,228
C.8 0.02 C.05 0.03 0171
Qalr Q.01 0,02 0.01 Q.103
Qa - 0.01 - C. 064

Discrets spectra have been obtained basing
on the actual nsuiron source spectra :

Ra=-Be [ 5 7,

25200 £78.7 -

Pu~Be £ 67, Fo=Be £/ 7.7




TABLE IIi, Probzbilities of non-capture durirg slowing down to 0.215 &V
in water-saburated sandstone ( FS:LD = 2.55 gjcm5 ,P calculated
for different initial energies of neutrons
mnergy | . i )
in Ue¥ | 40,5 | 6.5 4,0 2.5 Ttk 0.8 Ol 0,2 |
Vol % H,0
0,00 0.568 | 0.802 | 0.885 | C.890 | 0.890 | 5.890 | 0,850 | 0,880
0,01 0591 | 0.831 | 0.918 | 0.921 | 0a921 | 0.921 | 0.92% | 0,921
0,02 0.606 | 0.848 | 0.934 | 0.9%8 | 0.928 | 0.9%8 | 0.938 | 0,927
0,0% 0.616 | 0.859 | 0,945 | 0.948 | 0.948 | 0.948 | 0,048 | 0,948
0.05 0,632 | 0.873 | 0,957 | 0.960 I 0,960 | 0.960 § 0.950 | 0,860
0s 10 0.659 | 0.892 | 0,971 | 0.974 | 0.974 | 0.974 | 0.974 | 0,975
0,15 0.680 | 0,905 { 0,977 { Ca979 | 0,979 | 0.979 | 0.979 | 0.979
0,20 0.699 { 0,911 § 0,980 | 0,982 | C.982 | 0.982 | 0.9B2 | 0.982
Q.30 0.733 | 0.924 § 0,984 | 0.9856 | 0,986 | 0.985 | 0,985 | 0,985 |
0.40 0.763 | 0,934 | 0,986 | 0,987 | 0.987 | 0,987 | 0,957 | 0.,9P7 |
0.50 L 0.790 | G.942 | 0.987 | 0.988 | 0,988 | 0,988 | 0,988 | 0,988
0.70 0.828 | 0.954 | 0.989 } 0990 | 0,980 | 0,990 { 0.990 | 0.990
1,00 0,898 | 0,967 | 0.990 § 0.991 | 0.691 | 0.991 | 0.291 | 0.991

ot




1 166°0 | 166%0 | L66°0 | L66°0 | L66°0 066°0 | 4856°0 | 868°0 0o°L
 686°c | 686°c | 686°0 | 686°0 | 636°0 | 86°0 | 456°0 | veso 04°0
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- 66°0 | 6le%n | 646°0 | 6L6°0 | 646°0 | £46°0 | EL6°0 | 964°0 5L°0
g36°0 | 896°0 | 996°0 | 996°0 | 896°0 | 496°0 | L06°0 | £84°0 oLeD
{ 256°0 | 256°c | 266°0 [ 246°0 | B66%0 | 646°0 | 18370 | £94°0 $0°C
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{ fz6°0 | [26°C | L26°0 | L26°0 | 425°0 | #Z6°0 HEB*0 1 BZA°0 20°0
pLG%G | DL | OLG°C | OL6*D | nL6°G | L06°0 | A€R°D | G40 L0°0
{ vemeo | Lego | oo | 18870 | 183°0 | 849°0 | 018°0 | 669°0 00°0 |
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PABLE V.  Probabilities ol non-capture during slowing down to 0,245 &V
in water-paburated dolomite { £ . 5 (C0,) ., = 285 gfea’ ] exdeviated
for diffepent initigl snezgiies of ne m:rﬁn.,

[{Y

B Ley ] Qo5 ' a5 o ] Ee Gnls o b .y o
:Vol%%é\\@;. 5 | w0 | 25 ; 0. | 0.4 ‘fm
0.00 0,723 | 0.855 | 0,927 | 0.930 | 0,930 | 0,230 | 0.930 | €.0x0 |
0.01 0,756 | 0.869 | 0,981 | 0,945 | 0,945 | c.985 | C.o85 § 0,645 |
0,02 0,745 | 0,878 | 0.950 | 0.954 | 0,955 | 0.95% | 0.9%% | 0,954 |
0003 0,751 | 0.885 | 0,957 | 0.9%0 | 3,950 | C.460 | 0.9e0 | 0,960 ° -
Q.05 0,761 | 0,894 | 0,965 | 0.958 | 0,963 | 0.968 | 0.988 | 0,968 |
0,10 0,776 | 0,908 | 0.97% | 0.977 | 0.577 | 0.977 | 0.979 | €.597
015 0.788 | 0,916 | 0.979 | 0.981 | 0.981 | 0.9¢1 | C.991 | 0,981
0,20 0797 | ©.925 | 0,981 | 0,984 | 0,985 | 0.9B% | wewws | G,954 |
0030 0814 | 0,932 | 0,984 | 0,986 | 0.985 | 0.9856 | 0.986 | 0,986
0o 440 0.829 | 0,940 | 0.986 | 0.988 | G,988 | 0.988 | 0,988 | 0,988
0,50 - | 0.B42 | 0,946 | 0,987 | 0,989 | 0,985 | 0,982 | 0,989 | 0.980 |
Co70 0.866 | 0,956 | 972 | 0,990 | 0,990 | 0.996 | 0.9%0 | 0550 |
1,00 | 0808 | 0,587 o | 0a991 § o937 | 0997 | Gu991 | 0,991 |
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PABLE VI.  Frobsbilitiss of non-cspture during
slowing down to Cu215 oF in waber
-saturated sandstone calcoulated for
difforent nsutron sources

Pu-Be Po-Be 252qp

0,828 0.824 0,879
0.855 0. 854 0.910
0,872 0.870 0,927
0,882 0884 0,937
0,896 0,894 0,950
0410 i 0.92% 0.912 G.9M 0.964

1
Qo4 P 2.932 0.924 0,920 0,970
G20 I 0.938 0.928 0,926 Q974
0:30 i Ve947 0.937 0.936 0.978
Q.40 0.953 0.945 0o 944 0981
Q.50 Q.958 0,951 0,950 0,985
0.70 - Q967 0s951 | 0.960 0,985

000 | 0.976 | 0973 | o972 | os088




TABLE Vi,

14

Brobabilitles of non=capture durigg‘
slowing down €0 0.215 oV in water-
-gaturated ligestone celeunlatad for

differant nentunn goursss

Pu-Beo Po-Be 232ap
0,00 0, 846 0.838 0,838 0,874
Q.01 Qs 874 0. 866 5,866 0003
0,02 0.891 | 0,883 0.883 0.920
Q.03 0.902 0. 894 0.894 0,931
0.05 0.916 0509 0,908 0945
0.10 0.934 0.926 0,926 0,961
0e15 0943 0,936 0.935 0.969
0.20 0.948 C.941 | 0.944 0,973
0.30 00956 0o 949 0,949 0,978
0.40 0,961 0955 00954 0,981
Q.50 0.964 0,959 0,959 0.983
0.70 0.970 0,966 0,965 0,985
1,00

0,976 0,973 0,972 0,968
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Probebilities of non-cepturs during
slowing down to Q.215 eV in water=
=gaturated dolomite calculated for
dlfforont neutron sources

Soures
Re~Be Pu-Bo Po-Bo 232p
Yol & EQQ

Q.00 0.892 | 0.883 0,883 0e922
0,01 0,906 0.8%8 0. 897 0.937
0.92 0.915 0,907 0,905 0,946
Ve U2 0.924 0,513 0.912 0,952
0.05 | 0.930 0924 0.921 7,960
0e10 0041 0333 0.932 0,989
0.15 0947 0.939 0,938 | 0.974
Q.20 0.951 0.G44 00943 0.977
0.30 0,957 0950 00949 0,980
0. 40 0,951 0.955 0.954 0,982
0.50 0,954 0,959 0.958 0.98%
070 L 0.9%0 | 0,985 ] 0.985 | 0.985
180 L 0976 0.973 { 0.972 0,988
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Fige.1. Probabilities of non=capture during slowing
dovn to 0,215 eV ia fully water-saturated
sondstons, limestone aund dolomlte, calculated
for the radiolsotops neutren sowree Pu=to

-~ om e

end tho fission neutron source “2<Cf.
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\5.2. Probobilities of non-capture during slowing
down to 0,815 oV caloulated for three types of
Denich eoils smd bhe Ra~Be source /all the
curvos hove been colevlated for dry coll densiby
of 1,4 g/an”, i.e. for the eomo conditions as
those assumed in the flgasxd s paper &7 /.
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5.3, The offect of tho £as' noutron sbeorptlon on the
calibration curve of the meutron geuge. Solld
lino is the original flgaexd’e cupve for the
coil of fPdum type and daguod lime 18 tho
sorrecied caiibration curve.




