invT
1TJ No 32/1

=

&
4]
G

A GENERALIZATION OF THE
MULTIGROUP APPROACH FOR
CALCULATING THE NEUTRON
SLOV/ING DOWN LENGTH

LEXTREEY KREFY




This report has been reproduced directly from
the best available copy

tacHpect padters
UHOOTMA MO N WEHTE Did AZEDd0A SHEFIM
upu Yoonuwomouenyou vavurenrctsa [HF
no Jenodk3dosasuio dxepaei crepri
dvovew Hvsptypu 1 Haywn
Supuara, [HellA

Availnable from:
NUCLEAR ENERGY ISFORMNALICN CENIER
of the Polish Government Commlssicuner tor Use
of Nuclear Enetgy
Palace of Culture and Science
Warssw, POLAND

Drukujs 3 oconprosdaings
OSRODEK [ rORMACJI O ENERGIT JADROWEJ
Petnomccnika Rzgdu d/s Wykorzystania Energlii Jadrowe]
Wargzawma, Patac Kultury i Nauki

Wydate Instyvtut Pechniki Jgdrowe)

e mem— L —_

Naktad 500 ege. ,Objgtodé ark, wyd. 3,2. Ark.druk. 3,5, Data

stoZzenia maszynopisu przez autora ¥1,1972 r. ,Oddano do druku

XL 72 r ., Druk vkodezone w styczniu 1973 r. GP .11/ 1737/70,
Zam. nr 398/72



A gensralization of the multigroup apprcach for
caloulating the neutron &l owing down length

Uogdlnisnie wielogrupowej metody obliczanla diugobcl
spowalniania noutronéw

Q6ofmeHne MHOTOTDYNHOBOA METOJN PACUETE JNIMHH

3aMezIeEn HEUTPOROB

oy
Andrzo) Kreft

Imsiitute of Nuolesr Techmliquea

Asadery of Mining and Metallurgy
Crecow, Al Mickiowicza 30, Poland

Cracow

November, 1972



S\mmm'

An original method for calculating the neutron &lowing
down length, using a gemorsalized multigroup approack, is
presented. Unlike other multigroup methods, this method
takes into acccunt sll the baslic phenomena involved in
the neutron tremnsport, i.e. the olastic acattering, the
inelaatic scattering end the neutron absorption.

The procedure for calculating I.i,3 for polyenergetic neu-
tron seurcs is glven together with its theoretical rab=
stantiation, The procedurs aepplies for solls and rocks
of any chemical composition and for ell neutron eources
which energles do not excoeed 10,5 MsV. The PORTKRAN
prograns for computations are enclosed.

Results of caloulations the medis helng water-saturated
sandstone and limestone of dAifferent porosity (from 0 %
up to 100 % ) are presented for monoensrgetis neutrcnsg
and for ra&ioigotope Ra-Be and Pu=Eo noutron acurcss.

A good egroament bstwsen the calculated L, velues and
available experisontal valusa of other authors can be
obssrved both for water and for weakly slowing down no—v
dia, i.e. dry sendstone and dry limestons. For the media
contuining relatively small smounts of hydrogen & nom~
monotonic dependence of the slowing down length on the
neutron initial energy hes hesn obasesrved.



Streszcsenie

W pracy przedetawiono orygiralng metode obliezamia diu-
goscl spowslnisnia nemtrondw, opartq na wielogrupowo]
teorii transportu neutrondéw. Pozwala one, w odréinieniu
od dotychczas stosowenych motod wielogrupowych, uwzgled-
nié¢ rozproszenla spresyste na wodorze, rosproesapia nie~
gpresyste, oraz absorpcj¢ neutronéw predkich.

Podano i usesedniono teoretycznie sposdéb otliczania
diugoscl spowslrnlania neutrondw dle frddel pollienergo-
tycenych. Oplesano procedure obliczania I"s dla dowoluege
skzadu ochemicznego ckal i gruntéw, orez domsolnego troédia
nouwtroaéw v sakremie energli do 40,5 MeV. Zatgczone
zogtely programy oblicszon numerycznych napisans » jezyiu
FORTRAN, Niniejszs praca zewiera wyniki obliczes dla
pisskowoa i wapicnla o réinej porowstofci w zakresie
0=-100 %, nasyconsgo wody, dla neutrondéw monoenerge=
tyocznyoh 1 frddel radicizotepowych Re=-Ba i Pu-Be.
Uzyakeno dobrg sgodnoésd oblinzonyoh wartodoi Lg % do=
stopnymi danymi doswiadesalnymi innych eutorédw, zardwno
dla wody, jek 1 dla odrodkéw slebo spowalniajgcych (oue-
chago plaskowca i waplienia ).

Btelerdzono, %6 w przypedku osrodkéw savioralgoych malo
wodoru zaleinofid dlwugosdcl spowalnisnia neutronéw od ich
mergg.i poczitikowe] nie jest monotomicznme



Peaome

B paGoTe MpEACTABAEHO OPMIMHANBHHA METOZ pacuéTa AMMHH
SaMeAJIeKUA HelWTpoHOB, Oasupyouuit Ha MHOTOIDYIIOBOA Te-
OpMN MEepeHoca . B oTauyme OT MPUMEHAGMHX N0 CUX MOD
MHOT'OTPYIIIOBNX METOZOB, Da3pemasT OH yYUTKBATE YTpYyroe
pacCefHUe Ha Afpax BOZODPOLE, HEYNpYr'oe pacCefHue U Baxpar
OnCcTpHX HeiTpoHos. [IpusezeHo cnocol pacdEéTa AJIUHH 3aMe-
INShMA HEMTDPOHOB MOIMEHEPTeTUYECKUX WUCTOYHUKOB. lanomeHo
NpoUenypy pacu&Ta NIMHH SaMELJNEHMA AJA IPOU3BOJBHOIO XU-
MUYECKOI'0 COCTABS I'PYHTOB M NMPOKSBGIBHOTO WCTOUHMKA HEM-
TPOHOB B IMaNasoHe 3Heprum Lo 10,5 Mam, lpAmOXE:0 BHUN-
CIUTEABHHe NpOorpaMMH Ha A3wWKe FORTRAN 4900. [IpuBezeHo
PE3yNRTATH BHNUMCHEHMR AJA NECUIHYK3 U W3 BECTHAKA HACHIEH=-
HOT'O BOMO#, C mopucTOCTHl M3MeHsAnmell B puanasore O- 00 %
I MOHOSHEPIrETHYECHKUX HEeATpOHUB, & TawEe Ra-Be ! Pu-~Ba
VCTOYHMKOB. IlOAyI6HO BEJNYNWHH XOPONWO COBHAZANIMS C IKCIEC-
PNMEHT JIBPHHEMI 3HAUEHAMM XPYTUX 8BTODOB.

PeaynrsraTn pacqérén YKa3HBADT, UTO 38BUCUMOCTD ZAMHN
3adeANSHNA HOUTPOHOS OT UX HAYANBHONM IHEpPIMM HE BCEI'Za
MOHOTOHHAA.,
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1, Introduotlon

During recent years some works have been carried
on 1o the Geophysics Departament of Institute of Nuclear
Techniques (Acsdemy of Mining end Metallurgy, Cracow )
concerninz callbration of neutron gauges for determ’uing
meisture content. The woxks aim at creating a semi~
empirical calibration method, based on a theory of the
neutron transport which could describe in a possibly
most faithfull mesnnex the neutron transport in the media
ons deals usually with in the geophysical practice, l.t.
vory heterogeneous from the polnt of view of their chem-
ical ecomposlition. A grest deal of importance is there-
fore attached to the question of & proper method to cal-
culate the neuwtron parameters of the media, Thaose para-
neters play the moat important and conspicuous part in
any theory which lles at the basis of callbration
methods for calibrating the neutron molisture gauges.

The Tfollowlng paper is the result of investigetions
for a proper procedure to calculate the nesutron slowing
dovn length for rocks and moils. The widely used multie
group approAch for calculaftlng the neutron slowing down
length hae been here criticlized and a generalizatlion of
this methed has been proposed. The generalization mekes
poesible to teke into account a greater aumber of phye-
ical phenonsns accompanying the neutron al.owing down
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procass in the medla. FORTRAN computer prog ams for
direct computations of neutron alowing down length have
been elaborated, allowlng %o obtain the neuiron slowing
down length valua for any geologlcal metium and for any
type of nwatron radioisotope source.

2. Genoral

One of the most officacious methods for solving
the nsutyron transport problems in the atationsry cese
is the multigroup method. At its beasis lies the neutron
fxanaport equation in the diffusion approximstion:

.qu.ﬁ;.‘!l + L (u) ®(r,u) « D(WAR(r,w) = 8(zyu) , (1)

whers u is the neutron letargy, q(x,u) is the neutron
alowing down density, ¥(r,u) is the neutron flux; L‘.a(u)
is the neutron macroscopic absorption c¢ross section

of the givon mediua, D(r) is the neutror diffusion

coefficient and B(xr,u) iz a funstion representing the
neutron souUIrcos,

The wultigroup approsch consists in dividing the
whole range of the neuiron letergy into many intervals
(emergy groups). Integrating the diffusion equation
over the separate intervals one obtsins the following
system of squations (cf Bekurts [1], p.164):
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. ! !
qlzyuy)=qlzyyy 4 + [ Zy(w) 8(r,u)du - [ D(wad(ryu)dus
= b

e !
13 f B(r,n)du s (2)
Yy

for i = '1,2. eos ¥, wWhere uy is the lower boundary of
the i=th energy group, N is the number of groups.

Assuning that for each group Qi(r.u) = @1(1-) Qi(u),
the s;stem (2) can be rewxritten in the form :

qi(r) - qi_.‘(r) + 2&,1’1(1‘) - Dibﬁi(r) = Si(r) ) (3)

where
ay
J Ey(w) 84(n) du
~’]
ey = ek ,
I 2,(v) du
WY
e |
‘{Jz—gm @, (w) du
D = = ed
1773 Qtr.i Y ’ )
J 2;(u) du
o T
5 @) = qlr,w) ‘
31(1‘) - f 8(r,u) du ’

e

Etr(u) is the macroscoplc transpoxt cross saction.

In the multigroup approach one assumes that the
neutron velonging to one of the energy groups undergoss
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within its limits the diffusion process without any
change of its energy. The slowing down process is thus
considered as the tranafer of the ueutron from the
aigher group into the lowsr ome. In wquation (3) the
neutron inflow into the l=th group from higher onergy
groups is represenied by the difference of the neutron
alowing down denslties : qu{uw) =« g; 4(2). The energy
lossea due to the neutrom cellisions with hydrogen
nuciel and due to the neutron inelastic acattering
procesges correspoad to the nsutron transfers dowa by
a number of groups. Thus the slowing down dencity qi(r)
can be aplit up inte the sum ¢ the contributicns duo

to the neuuvcons falling smb all higher groups :

i
qi<r) = k’i" ak,i Qk(r) ] (5)

where By 4 play the role of the macroacopic cross sec—
1

tions for dlowing down the neutron from the k~th group
to a value of the letargy u 2 Uy .

Making use of (5) we obtain :

i 14

Wi, - a _(r) = % & (r) - £ a e (r) =
d 1-1 koq k1 VK oq Eyi=1 VK
( 1-1 ,

= u&l,i @i(l‘) - ki.‘ Eﬂl(k.i) Qk\r) ’ (6)

whers 1‘.31'1 = “1.1 i1s the mmcroscopic cross section for
the neutron slowing down outaide the i-th group,

zsl(k,j_) = %,1_1 = By is the macroscepic cross
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gaction for the neutron alowing down from the k-th
groap into the i-th group.

Peking into accovnt (6) ard introducing the neutron
diffusion longth I‘i in all the energy groups, the

wystom (3) beccmos
b
% E @, (T) + By(=)
“ e Pal(k,1)%x 1
15 08 (r) = 8,(r) + -BEL - =0, (7)
zr,l

shera B, 4 =Zg4 * Ty 4 J

b1]
and Lg = i = u

1
Er i 3By, Ipi

As the first step in molving the system of equa~-
tions (7) ono has to esteblimh the eversged velues of
the nsutror macroscople cxross sectlons, according to the
formnlas (4). Then the equations of the system (7) cem
be molved one by one, stmxrting from the first eguation,
o8 ¢ach next equation makes use of the preceding solu-
tions. The solution of each equation of (7) is Qi(r)
and at the end the flux of the alowed down neutrons
#y(z) is constructed.

The system of equations (7) undergoea a serious simpli-
Tication for the case ¢f a point monoenergetic neutron
source situated in sn infinite, non-absorptive medivm,
containing neither hydrogen nor any nuclei which inter-
act with the neutrons in inelastic colliisions. In this
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case L, , = 0, 81(:') = 8(z), Si(.t') = 0 for i¥1 snd
] R

zll(k,i) =z 0 for k-1, the latter meaning that all the

neutrons in the slowing down process psss subsequently

through all the energy groups. Undsr tha assumptions

formulated above sn interesting reletionship can be

obssrved (of BEXURTS [1], p.166) 3
i)
s ¢ 12 . (8)

where L. is the neutron slowing down length.

The abovs ralation beiag the consequenee of the
particuler sase of the multigroup theory of the nautron
twansport is applied in the, 80 salled, multigroup me—
thods of cglonlation of the neutren slowing down length
(cf references [2,3,4] ). Those methods, ell of them
besing on the relatiom (8), cannot be right in the ceseo
of a pediun contalning great smounts of Lydregen, or
when inelsstic scattering end fast neutron sbsorption
occur, The true walue of L, should have been cslculated
direcetly from ite definitlion, after having solved the
system (7). However, the solutdion of the system (7)
being a result of digitel computations, there is m
possaibility of introducing & gevsrsl formula which could
bs used to ealsulate Lsa

Buch a formula, conmistent with the system of eque~
tions (7) has been found as & result of mome elementery
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srgumentation, starting up from tho definitlen of the
neutron slowing down laugih.

The poutmen alowing down length is wsually defined
with the help of the second moment, (“rz>, of the neutzen
distridution areund a point isotropic msubtron @ouree i
m infinite, homogonecus medivm @

., BT 0 e

% 2
J &, (=) 4mx” dx
®

0 (%

% Yorany @0(3) 40 the Rux of the dowsd dowmn noULHONRS.

?igﬂﬂfi'yyé
!
?ﬁ 3 \E‘if
¥

f""f\fﬂ?fag

G
D e S

Fige 1o
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Let uws have a closer look at the dlowing down process
in the multigroup pattern. A neutron can be slowed down
from its initial energy (letargy no) into a letargy

u > Uy in psny different manners, each of tham corre-
sponding to a different pattern of the energy groups
travelled by the neutron (of Fig.1.). Denoting by M

the nuubar of these combinatlions snd by @o,k(r) the
flux of the neutrons which have boen alowed down trave
elling by the k-th pattern of the difiusion groups we
can write down an evlident relation :

-
2,(2) = T8 () . (10)

Introducing (10) into the definition (9) we get
)1 ® 5
% I J %, (r) 4mr
k=1 o *
J‘ 8, (r) 4mr® ar

2 ap

. (11)

The ides of the slowing down length can bae introduced
pseparately for each alowlng down history. Denoting by
Ls,ls the slowing down length corresponding to the
k-th miowlng wn pattern we have

1 f QO 1(F) 4rx” dr
L2 = .&- Q ’ (12)

B,k o 2
OJ' Ok(r)ﬂm‘ dr

and the definition (11) becomes
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D12, Fa (x) 4m? ar
Z L 1) T T
12 o =1 Bk o 0ok . (13)

8 )
2 (x) 4ar® dr
0

o«

The integral [ @ () 4 dr represents the source
0

output (cf BEEURTS [1], p.314), =0

< 2
Q{ @o’k(r) 45r< ar

Q Py Py L ()

Q 2
I @o(r) 47r< dr
o

whers Py is thc probebillity that the neutron would be
slowed down in the k-th histery, P, is the probebdility
that the neuatron would be slowsd dowm in any history
(that it would be not captured during tts alowing down

process) and Q is the fast neutron scurce cusput.

Bubstituting (13) into (14) one obtalns

2 M o By
= & . 5
LE oo Lﬂgk po (1.7)
Lot
N .

2 _ i
Ls,k = fon Ay Li 0 (16)
whore Af = 1 1f the k-th slowing down histery contains

the i~-th group,
Ag = 0 1f the neutron underg ing the lk-th glow-
ing down history passes the i-th group by.
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frensforaing (15) according to tho form of (11€) one
obtains finslly & gormerslized formula which can be used

to enlculate I‘n H

M ¥ ¥ y
2 K 2 2 X
I x(z.a,x,,;ﬁ:‘a-=zx.(n ey o
® 7 e deq + 2 Py goq o TP,

i v
s % I!i -"L s (17)
Lx4 Py

H
where W, = I Ali Px is the probability that the neu-
1 xs

t&on duxring its slowing down history passes through
the i-th group.

Lot us turn ouy attention ® the problem ef deter-
nining W;. The probability that the dlowing down higto-
ry incdludes the i=th energy grouwp can be represented
es the product of two probabilitiocas Ry~ that the neu-
tron emitted from the source enters the ‘=th group. sad
Xi— that the neutron belonging clready to the i-th group
will bo alowed dorm. Bo,

Wi o2 Ri Xi o (18)
Both the mrobabilitlises ni and xi can be expreassed in

terma of the appropriate macroscoplo neutron oross

seotlongs
i1 3 8
i N ¢:9% 8] X El—
= L T .
Rt By x TR e w0

(19)



whare R‘I =1 apd xﬁ+1~= 1

Frop the ergvmentation presented above 1t follows
immediately that P, W1 a X1 N

4y The procedure for calculation of L

4.1. Caloulations of the values of neutron

crons asotlions

The method for c&lcwlating the meutron slowlng
dowm length presented in the proceding chapter requirses
the krowlodge of the approprisate set of averaged micro-

scopic neutron 6ros sectlons op 41 Ty 4r T (4,x)

for all ths alements which are %o be met in the coneid-
ered medium, Buch a materiasl hzs been gathered from the
tables of neutron group constents of ABAGYAN et &1 [5]).
The e tables covar the neutron enorgy rangs fully ade-
quate for the cass of any neutron radioisotope source
(from 0,215 eV to 0,5 MeV ). The entire energy range
is split up into 25 intervals. The schema of this ener-
gatic dvisdon is presented in Tedle I, The tables [5]
contaein the averaged velues of the mioroscopic neutron
cross soctions relative to the fundamental neutron
interactions, for different elements snd for sach ener-
gy group. The formulas for calculating some other mi-
exo scopic cross gections, used in various multigroup

caloulation schemas, can be also found in the tables,



The microscoplc neutron croses sectlon, necessary for
calculations of Ls , were cplculated according to the
followlng formulas :

Or,i = %a1(e),1 ¥ %in,1 T %in(4,1) * Te, 1 ’

Ogp g = 0_51(1'1"'8;1) + GL\‘A,i“"‘"‘I i) TO g (20)

Y9 (1,k)7 %e(1,k) ¥ “in(i,k)  *
N

goq “1n(1, 00 a4, k)
where “1n,1 = Uin,i for the elements

with A< 20 and Min 1 = 0 Ffor the elements with

A 2204 950e),1 * in,i * in(i,1)® Ye,1 3 Ue,1 0

Gin(i,k) v ae(i,k) * Hg,1 ® Mn(i,k) are the averaged
values and they are to be found directly in the tables

derived by ABAGYANW et &l [5].

ae\’i,k) 1s the croas section for tranafer from the
i-th group to the k=th group caused by elastic
noattering,

“sl(e).i is the elastlc rlowing down oross section,

°1n,1 is the inelestlc scattoring oross sectlion,

cin(i,i) is the inslastic scattering c¢ross section
at which tne neutron remalns in the group,

°c,1 is the capture cross sectlon,

0,1 is the alastic mcattering cross sscotion,

Uj.n{i‘,k) is the crous section of lnmslastie tranafers
fron the i-th group to the k<th growup,
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K is the average cosine of the elastic

a, 1
scattering asagle,
. y o
CTREIR'S) ie che average valua of cosine of inelasti
scattering angle in a transfer from the i-th

. grouwp to the k-th group.

On the masis of cohemlcoal aunalysesr of different
soils (c¢f references (2,6,7]) it bas been assumed that
in celowlations of Ls values the following 13 elements
should be taken into account :

H, B, C, ¥, 0, Na, Mg, AL, S1, E, Ca, Ti, Fe .

The ggup valueo of tha cross asctions Op,1 "tr,i ’
ua:.(i.k) for the elaments llsted above bes been stored
with the help of the program FX01 (cf Appendix I), on
& magnsetic tape. Theege dats have been used by the pro=-
gram FKO3 (cf Appendix II) eceloulating Ly«

The meocrosesople om se sectlone Br,i ’ Etr,i ’ z'al(i,k)
for medls of 8 given vhemical composition and densltby
have been calculated using the wall known formula

R v
L = pﬂo L
!

where & is the macroscovic cross section, U.‘) is the

UJ ? (21

microscopic cross sectlon for the Jj-th conatituent
el emont, A'_j ip the atomlc mass of the J=th element,
";j ie the weighh psercentege of the j~th elemant, p is
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the medium denslty, ¥, is the Avogadro '@ number and
n ig the number of the constitusnt alements in the me-

&dum (in our cuso @ = 13).

The values of dd were calculated directly from
the formulaes (20), without introdueing eny corrsction
factors for self-shielding effects (this being equiva-
lant to the assumption that the croas section relative
to all the other conatituent elements comprised in the
medium is infinitely great in comparison with aa).

4o2. Celeulation of L, for monoenergetic nsutron sources

The group valuos of the neutron oross sections
prepared as described gbove, make possibls to calculate
the values of LB for neutrons which initiel energy does
not overcome 10,5 MeV. Depending on neutron initial en-
ergy & differant number of energy groups is used in the
caloulations of L, becaure the splitting into the en-
ergetic groups pattern nevexr changes (cf Table I).

For example , if the initlal energy of neutrons ims
4,0 MeV, the two highest groups drop out from the calcula~
tions and the I‘s value is ealeulated according to the

formul &

> & W 5

LT = ¢ ‘vi‘L L . (22)
8 123 3 1
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Table I

Division irto the energetic groups used in the
Abagyen’s tabler [5]

i E1 Avy
1 6,5 -~ 10,5 MaV 0,48
2 4,0 = 6,5 MeV 0,48
3 2,5 = 4,0 MeV 0,48
4 1,4 = 2,5 MeV 0,57
5 0,8 = 1,4 MseV 0,57
6 O,4 =~ 0,8 MeV 0,69
4 0,2 ~ 0,4 MeV 0,69
8 0,1 = 0,2 MeV 0,69
9 46,5 « 100 keV 0,77
10 21,5 = 46,5 keV 0,77
11 0 = 21,5 keV 0,77
172 84,65 = 10 kaV 0,77
13 2915 = 4,65 keV 0,77
1% 1 « 2,15 keV 0,77
15 465 ~ 1000 eV 0,77
16 215 ~ 465 oV 0,77
17 100 = 215 eV 0,77
18 46,5 - 100 oV 0,77
19 21,5 = 46,5 6V 0,77
20 10 « 21,5 oV 0,77
24 4,65 -~ 10 eV 0,77
22 2,15 = 4,65 eV 0,77
23 1 = 2,15 oV 0,77
24 0,465 = 1 aV 0,77
25 0,215 = 0,465 oV 0,77
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For the case when the initial energy of neutrons Eo
does not correspond to any of the boundary walues in
the energy splitting pattern, the Ls has to be calcue
lated ‘“wice for two boundary energles, one of them
being smeller and the another being bigger than Eo 3
the value Ls E0 haa to be found by means of the
interpolation.

Let us assume that to is the number of the highest
energy sroup which is beling taken into account in calcu-
lation of L_. The schema of this calculation is follow-
ing: firatly, the macroscopic group c¢ross soctions Er'ig

P and & ) have to be determined, according to

tr,i gl (i,k
the formula (21), for i 2 i, » aud than the group veluss

of diffusion lengths L; should be calculated aocording

to the fhrmula (7).The next step in the calculations
consiasts in determination of the Wi, according to the
formulae (18) end (19). Introducing the calculated values of
values of Li and Wi into the formula {17) one obtains

the value of the slowing down length for monoensrgetic

neutrons
= W
. 2 i
FI—— E I.l o . ( 23)
57 jai 1 W

o] (8]
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4.2. Calculaticn of L . for poliemergetic neutron sources

Any radioisotope neutron source is characterized
by continuous energy spectruum. This continuous spectrum
-g%—- can be epproximated by a spectrum which contains
a £inite number of disorete energy values, =0 the condl-
tlon

o0 n
= dB=s & 24)
h o! —g%—n 1=1 !

is fullfilled (Ql boing the partial neutren output, cor-

regponding te the l-th energy value). Let us return once

more to the definitlon (9) of {x°). Intwoducing the quan~
by Ql(r) which we aﬁall call the partial neutron flux,

originated by the neutron of the initlal energy Ei ’

we have

m
&(r) = =

@ .
=z, 1(2) (25)

For each separate enmergy value in the discrete spectrum
we candefine the value (rf) s

T e @ am? ar
> - @

I Ql(r) me dx
Q

Subatd tuting the relations (25) and (26) into (9) we
obtain



72N T 2
z <rl> J 2, (r) 4xr® ar
P W E T c @
T 2
[ 8(r) 4mx® ar

On the basis of an srgumentation smaloglcal to that
used in the chapter 3 one can write

o : -

of 2, (r) wure dr o~ QP '

where P is the probability that the meutron ot the
initial energy B, bas been glowed down (has not been
captured).

Trom this one comes to the evident conclusion that

[ N =)

2
L

e _
.‘L‘5 g
Q
1= lpl
where I‘s 1 is the slowlng down length of the monocaner-
?

g2 tic neutrons of inltiel energy El.

The srgumentation pressnted above estabilsh the
way of caloulation of Lg for a nautron source of any
energy spectrum. Firast of all the actual energy dis-
tribution has to be approximated by the mum of monoen-—
ergetic nsutron sources each of them having the output
Ql end the initisl ensrgy being one of the boundary
energlies in Teble I, In this paper 1t has bsen dacided
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to use the following set of initial energy values ;
10,5 5 6,5 5 4,0 5, 2,5 5 1,4 5 0,8 , 0,4 ;, 0,2 MeV,
Then the valuss of I‘B,l have to be celeculated, accord-
ing to the procedure given in the sectlon 4.2.. It can
he easlly seen that the probabilities p; &re equal bo
the quantlities 'v?lo, which one hes to determine while
caltulating I’Bgl'

S5 Resulte of calculations

The epplicability of the presented procedure for
calculating the neutron slowlng down length has been
te sted in calculations of reutron slowing down length
the medliun boing ssundstone end llimestone of different
poropities, saturated with water. The cholce of the me=-
dia have becn stimuleted by the fact that they conatitute
nost widely met compounds of soils and rocks and, on the
other hsnd, only for these media some experimental data
are avajlsble. The cslculationa were led both for the
monoendxgetic meutrons (of diffexrent energles) amd for
tho radioisotope moutron sources Ra-Be and Pu-Be, for
the final eanergy of alowed down neutrons equal to 0,215
eV. The continuous snergy spectra of the 1sotope sources
have been spproximated with the disoretaxunsrsy spectra
listed in the Tazble II. The results of these calculations

are presented in the Pig.2,3 and 4 and in the Teble III
and IV,
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Table ITI

Discrete emergy spectra of the racloisotope neutron
sources Ra~Be end Pu-Be (the second and third column

represent the nsutron output in the relative units )

urce ¥ o
Ra -~ Be Pu - Be

onergy

10,5 MoV 0,04 0,07
6,5 MeV 0,27 0432
4.0 MeV 0,32 0,28
2,5 MeV 0,22 0,15
1y4 MeV 0,12 0,08
0,8 MeV 0,02 0,06
0,4 MeV 0,01 0,03
0,2 MaV 0,00 0,01

* After the spectrum givem in the Bak’s paper [10].
*® After the spectrum given in the Amaldi‘s paper [11].



Teble IIT

Neutron slowing down length (assuming final energy of
gl owed down nsutrons equal to 0,215 eV ) for the water-

saturated sandstone of different porosity, caloulated

for different inltial energy of neutrons.

L, [cn]

Pl I IEER IO T ENE P
0,00 |30,16 | 20,35 | 29,54 | 28,68 | 29,19 | 29,19
0,01 | 26,31 | 2¢,48 | 25,56 | 24,58 | 25,18 | 25,18
0,02 | 23,95 | 24,08 | 23,08 | 22,02 | 22,68 | 22,69
0,05 |22,30 | 22,39 | 21,32 | 20,20 | 20,92 | 20,93
0,05 |20,41 |20,11 | 18,94 | 17,72 | 18,53 | 18,55
0510 | 17,20 | 16,98 | 15.65 | 14,31 | 15,27 | 15,31
0,15 | 15,65 | 15423 | 13,80 | 12,40 | 13,46 | 13,53
0,20 | 44,64 | 4,04 | 12,55 | 11,11 | 12,24 | 12,33
0,25 |12,92 | 13,76 | 11,63 | 10,17 | 11,35 | 11,46
0,30 | B,37 | 12,47 | 10,90 | 9,43 | 10,66 | 10,78
0,35 |12,93 11,9 | 10,31 | 8,84 | 10,10 | 10,23
0,40 [ 12,57 | 11,44 | 9,82 | 8,34 | 9,64 | 9,77
0,45 |12,28 {11,04| 9,50 | 7,93 | 9,24 | 9,39
0,50 [12,02 | 10,69 | 9,05 | 7,57 | 8,91 | 9,06
0,70 [11,32 | 9,66 | 7,96 | 6,51 | 7,92 | 8,10
1,00 | 10,77 | 8,73 | 6,97 | 5,56 | 7,04 | 7,26
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Tsble IV

Neutron slowing down length (assuring final erergy of
slowed down neutron equal to 0,215 oV ) for the water-
saturated limestone of different porosity, calculated

for different initial energy of neutrons.

e

L, [cn]

Poro g~ ~ - e o]
10,51 6,5 | 40 | 2,5
16y wel” | MoV | Mev | mMev | Ra-Be | FPu-Be

0,00 | 25,76 | 26,02 | 25,65 | 24,42 | 24,98 | 24,94
0,01 | 23,31 12%,54 | 23,10 | 21,80 | 22,42 | 22,38
0,02 | 21,65 | 21,84 | 21,34 | 19,99 | 20,65 | 20,62
0,03 | 20,42 | 20,58 | 20,02 | 18,63 | 19,33 | 19,321

0,05 | 18,60 | 18,76 | 18.11 | 16,68 | 17,44 | 47,45 |
0,10 | 16,24 [16.10 | 15,25 { 13,79 | 14,66 | 14,67

0,15 | 14,87 | 14.53 | 13,54 | 12,09 | 13,03 | 13,07
0,20 | 13,96 | 13,45 | 12,35 [ 10,92 | 11,91 | 41,97
0,25 | 13,31 | 12,65 | 11,45 | 10,03 | 11,07 | 11,15
C,30 | 12,81 12,02 | 10,74 | 9,34 | 10,42 | 10,51
0,3 | 12,42 (11,50 { 10,16 | 8,77 | 9,89 | 9,99
0,40 | 12,10 | 11,07 | 9,68 | 8,30 | 9,45 | 9,56
0,45 | 11,85 | 10,71 | 9,27 | 7,90 | 9,08 | 9,20
0,5 | 11,64 {10,480 8,92 | 7,55 | 8,76 | 8,89
0,70 | 11,08 | 9,49| 7,88 | 6,51| 7,8%| 8,00
1,00 | 10,77 | 8,73| 6,97 | 5,56 | 7,04 | 7,26
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The resulbs represent a material on the basis or which
some dependences of the meutron slowing down lengtih on
thi peusron energy, moisture content of the mediun., and
the cbhemical compogltion of the medium metrix can “o in--
watlgated. As 1t followe from the obteined data, the
slowring down length in medla with a relatively low smole-~
ture sontent is not & momotonic function of the neutron
energy, having & maximum in the reglon of the interme-
il ate epergles betwsan 6 and 10 MeV. This is probably
due to the increamiug role ¢f the inelastic scatiering
in the slewlng dswn process et ths higher neutron uner-
ghos. It 18 worich to be »oticed that the curves giving
the depandenss of LS vargus the zolsture content fox ra=
dinlsotope sourdasam injersect the resgpective curves

for monoemergetic voutrons. Thus the postulation of
EOZHEVNIKOV [12], concerning a proper way of taking imto
account the rsution cmergy spectrum in calculations of LB
for polyomergetic sovroes, 1s fully c¢onfirmed. The dif-~
feranceos in the shape of the energy spectrum of isotope
spurces influsnco more sbrongly the values of LB cal cu~
lated forxr watexr o fbr fully water saturated media

than the evrrosponding values of LB for the case of dry
miia. This can be sasily eeen when one compares the
values of Lm caleulated for the asame medium but for two
difforent radioisotope scurces (c¢f Tables III and IV).
The chemicel compoaition of the dry matrix of the medium



can influence the La value tc a great axtent, whlch is
to seen in Mig.4.

For the cape c¢f water, dry sandstone and limestone
8 compsrison hetween the theoxry and the experiment could
hava besn done. For the medla mentioned ebove the valusens
ol La have been calculated for the noutron energies cho-
sen in such menney that they would matoeh the neutron en-
oergles for which some experiments haud been carried out.
Toe comparison cznnuot however be a fully aignifiocent one
a8 the erergy spectra of the sources which hadé hesn
used in the experiments are not exmctly known, so the
calculations could have besn carrled out actuslly fox
some different source speotra. The discrepancies betwean
thae theory and the experiment in the case of water are
most probsebly due to that fact., On the other hand 1t
seems that this effect does not msnifest 1t-elf in a
significant fesbion in the case of dry 5102 and CaGO3.
All the experimental data together #ith the theoretical
results are listed in Table V.,

Mnally, a comparicon of the values of I"s’ OO M=
puted according to the msthod proposed in this paper
with the wvalues of I‘a obtained with the help of other
mul tigroup methods, developed by various authors, has
been carried out. The corresponding data for the water—
saturated ssndstons of different porosity asre presented
in Table VI.
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Table V

Comparison of the neuvtror. slowing down length velues
calculated in this yaper with the experimentel data pub-
lighed by different authort. The L  velues (in cm) cor-
respond to the dslowing down to the final ensrgy 4,46 eV
(water) and 1,6 eV (510, end CaCOB).

source medium 1 o 810, Caco,
Author e p=2,658/ crr|p=2, 72/ an’
Ra-Be | J.Tittmen ] 26,52:0,83 [21,4720,54
B.Munn
A.M.Pnntecorvo. 6,80
. 6,96
D.Mano . 7'09
Hole2nderson 6,93
J.H.Rugh 6,73
L 1]
V.P.Duggel 7937
this paper | ©,99 27,56 23,82
F.Velente
Pu-Be | o O ven %272 0,7
(2 R T ]
this paper 724

* After AMALDI [411]

** After BEKURTS [4]

*** After KOZHEVNIKOV [42]

set¢ The valuas of L, for the energies 1,46 eV and 1,6 aV
have bean obtained by means of the interpolation between
the values of I‘s calculsated for 1,0 eV emnd 2,15 eV,



Table VI
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Neutron slowing down length for water-saturated send-

atone of different porosity, calculated with the help

of multigroup methods developed by different authors

(the column heads include author’s name, type of the

neutron source or the initial nmeutron emergy and the

final energy of slowed down neutrons). Al)l the valuses

of LB are given in cm,

Pomone PLAAARD”| SBMMLER | GARDNER'| 218 | PEOS
ity 4,5 MeV | 5,0 MeV | 5,0 MoV | Ra-Be | Pu~Be
SKT, " | 1,44 oF | 1,44 oV ] 0,2156V | 0,2156V
0,00 33,20 | 38,90 | 42,10 | 29,19 | 29,19
0,01 29,09 | Bhy4 37,2 25,18 | 25,18
0,03 24,75 | 28,8 311 20,92 | 20,93
0,05 | 22,24 | 25,4 | 27,4 | 18,53 | 48,55
0,10 7464 | 2042 21,8 15,27 | 15,31
0,15 15:39 | 17,3 18,7 13,46 | 13,53
0,20 13,81 1553 1645 12,24 12,33
0,30 11,75 | 12,8 13,8 10,66 | 10,78
0,50 8,807 | 10,0 10,8 8,91 9,06
1,00 7,16 6,98 7463 7,04 7426

After Czubek [9],

[

-]
'l‘n 1s the thermal neutron temperature in the medium.
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Fis.#., Blewing down lengths of neutrens in the water-
saturated sandetone snd limeatons calculated for radio-
isotope nsutron mource Pu-Be (assuming the final ensrgy
of neutrons equal to 0,215 V).



6. Conclugions

The presented method of ocaleulations of the neutron
slowing down length allows to take into acocount all the
fundamentel phenomena which together forxrm the slewing
down proocess in rocks snd solls; nemely, the elastic
scattering (including scattering op hydrogen nuclei),
the lnelasgtlc scattering srd the un«riron absorption.
The method can be succesfully used for any geological
media for the whole range of nsutron enexrgl ee which ons
can meet ir practice. The applicability of thes method is
affirme d by the excelleont agrosment of the computed L
values with the oxpsrimental deta both for water and
some weakly slowlng down modis.

The procedure of computation of L, in the case of a
polyenergetic source allows fbr the cnergy speotrum of
any radioisotopse source. The elght-gmargles schema for
epproximating a continuous snexrgy spectrum (arising
fmm the energy pattern of the tables of neutron group
constenta) is perheps not entirely sadequate but it
sesms to approximate the energy spectra in a sufficisnt
fashion (it should be noted that in practice an onergy
spectrum dependa on the way the source has been manu—
factured amnd it ie usuelly known only in an approximstive
way). One of the undeniable advanteges of the method
is thus its universality.
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The results of the compubationa confirm a frequerntly met
sopclusion thaet when calculating the neutron slowing
down length one cannot treat the polyeneorgetic source as
nonoanergetic one with am sffective energy.

o the basls of the results obtained here one can form a
conclusion that L. 1s not always a monotonic function of
the initiel onergy of neoutrons. For the media containing
siall quantities of hydrogen Aand belng at the seme time
tho effpotive inslastic scatterers of neutrons the de-
pendemes of I..B vorsug the emergy roachss a meximum in

the 6=40 MoV energy reglon.
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Appenm.:; I

Erogren FEOA

The computer progrem FEKO1 is wrlttem in FORTRAN 1500
langusge, Tha program ie used exclusively for creating
the comploto data system, which is wsed in the procedure
for oaleulating L. The exec¢ution of the progrsm roquires
po odditional extermsl data, a&ll data belng already
stored in the program’s internal structure. Running the
program results in creating on a magnstic tape a file
comprising properly renged values of A, °tr,1 ’ dr,i

Tl (1,k) for differont chemical slements. Then the file
can be used by the program FRKO3., The store space used by
the program FEO1 is 24946 werds and the time nesded for
the execubtlon of the program is very short. Progrem FEKO1
simplifies to a great extent handling the lerge sst of
the neutron group constants (about 10 000 numbersa).
Below the full ligttng of the program FKO1 is given.



LIST (LP)
PROGRANM

END
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(FKO1V)
CREATE 3 = MT1(FKO1)

MASTER DANE

DIMENSION A(\3).TR\(B?),TRZ(I\Q),TRJ(‘\9).U\(BT),UZ(1\9),

10I18), s (13,25,25)
DATA A/1.008, 10.82, 12.01; 14,01, 16,0 , 22499, 24.32, 26.97,

1 28.086, 39.V , 40.08, 47.9

DATA TRY/ .4 , 907, 852,
1 1.255, 1,215, Y.T11, 1.773,
2 1.185, 1.268, 1.096, 1.475,
3 2.053, t.922, =2.04v, .7133,
& 1.82 , 1.533, 1.739, 1.56,
5 1. , 1.1735, t.602, 1V.703,
6 ¢.194, 2,189, <.088, 2.32Z,
T V413, 3.956, 2.771, 2.084,
8 2.484, 2.297, 1.898, 2.539,
9 3.3, 3.201, 3.00 , 1.557,
A J.4Bo5, .68 , 3.042, 1.686,

DATA TR2/ 1.982, 2.639, 2.516,
Vo 3.896, 3.36 , 3.649, 4.512,
2 3.014, 3.512, 4.662, J1.74),
) 8.245, 4.802, 1.94 , 2.82 ,
4 3.931, 4.324, 5.797, J.456,
5 2.692, 1.47 , 25.156, 14.227,
6 3.504, 4.851, 3.88 , .981,
T 2.955, 6.427, 4.812, 4.418,
B 2.549, 2.45, 3.63 , 1.862,
9 4.418, 8.356, 3.60 , 9T7.v ,
A 2.45 , 23.786, 5.B42, 6.661,
B 6.024, 3.295, 1.273, 2.45,
C 6.695, 8.076, 4.418, B8.932,
D 2.254, 1.973, 2.94 , 4.292,
E 9,023, 3.6 , 3.013, 3.396,

DATA TR3/ 4.209, 10.918, 6.7,
! 3'014, 3«396| 1-375. 2-‘56:

2 6.766, 18,106,

40418,

9.25

y 95.85 /
1.077,
1.7417,
1.441,
1.176,
2.224,
1.488,
245135,
2.9,
24728,
2,407,
3.1761,
2.797,
4.891,
4.23 ,
1.47 ,
4174,
64161,
1.764,
7.888,

15.89 ,
3.395,
6.595,
1.969,
3.6,
9.915,
1.3174,

13.451,
1.987,
J«b6

.852,
1,744,
1.388,
1.84 ,
2.24 ,
2.111,
1.365,
2.304,
2,183,
2.302,
6.88 ,
3.663,
2.56%,
4.751,
Ba724,
3.88 ,
4.288,
1,945,
3.552,
8.32 ,
1.373,
4.418,
2.842,
3.206,
6.73 ,
2,156,
4.418,
2.94 ,
3,017,

1.3,

55
1.408,
1.345,
2.218,
1.94 ,
1.951,
1.523,
42,
3.152,
3.472,
3.627,
2.3317,
3.408,
50138,
71174,
4.418,
1.47 ,
T.761,
6.561,
2.45 ,
8.643,
4.564,
3395,
10.076,
1.978,
9.144,
4.2)4,
J.396,

1.204,
95,
1.896,
1.409,
2.429,
2.1 ,
2,218,
2.624,
4.15%,
2.6917,
4.929/
3.999,
1.94 ,
51413,
5.528,
1.568,
6.842,
60.41 ,
3. 1395,
5.534,
4.6,
3.6,
T.422,
1.373,
4.418,
2.94 /
3.6,
11.323,
1.377,



2.156,
9.362,
4.32 ,
3.398,
49.646,
2.09 ,
3.6 ,
11.506,
1.403,
4.419,
2.94 ,
J.154,
DATA U1/
1 1.012,
2 .644,
3 .982,
4 018,
5 2.28 ,
6 .379,
1
8
9
L

C B b O D N

= o

<454,
.323,
-4,
1.05 ,
DATA U2/
.809,
.188,
.899,
1.447,
2193,
.569,
L1848,
.298,
.964,
Jib
.69 ,
14.002,
.208,
1.697,

Pl o O I 5 WO @~ O e W -

2.0 ,
3.6,
11.358,
1.382,
4.418,
2.94 ,
3.053,
6.804,
2.176,
9.664,
5.268,
1.414,
1.04 ,
-998,
762,
t.215,
850,
L5994,
. 266,
.868,
.484,
343,
899,
151,
.609,
187,
462,
.044,
. 096,
550,
13.5
. 2217,
1.555,
1.87 ,
369,
5.435,
<144,
584,

2.94 ,
1.022,
6.774,
2.166,
9.422,
4.509,
3.401,

103.23 ,

2.2) ,
3.6 ,
11.716,
1.439,
.882,
1.276,
246 ,
1.7,
. 188,
474,
184,
<120,
4.13 ,
ETER
633,
192,
461,
9.71 ,
.18,
1.082,
1.408,
421,
2.254,
«273,
<504,
281,
32,
964,
<192,
.346,

4.269, 11.339,

3.397, 1,379,
35.016, 4.418,
2,045, <.94 ,
3.6 , 13.029,
11.44 , 6479,
1.393, 2.176,
4.418, 9.552,
2.94 , 497,
J.108, 3J.408,
6.85%,216.276,
2.206, 2.54 ,
.703,  .895,
1.318, 1.349,
. 7195, «902,
1.74 , +558,
<7617, +951,
.49 , <125,
.651, 455,
G, <412,
L1417,  .665,
<119, »115,
.688, .476,
.156, 148,
<547,  .526,
1.23 , 923,
.197, LN
561, 474,
674, 12,9
-095, «163,
.964, 1.373,
.121, 004,
11.07 ,  .169,
14.001, 3.968,
227, W14,
1.671, . 584,
+265, 474,
<37, +.133,

6,769, 24.756, 4418,
2.156, 2.018, 2.94 ,
9.387, 3.6 , 3.029,
4.397, 11,391, 6.78 ,
3.399, 1.387, 2.166,
71.306, &.418, 9.475,
2.14 . 2,94 , 4.67,
3.6 , 3.075, 3.404,
11.616, 6.824,149.776,
1.418, 2.186, 2.36 ,
4.479, 9.83 , 3.5 ,
2.94 , 5.778, 12.006/
642, .93, 1.01,
1.457, 1.36 , 615,
«B7Y,  .953, 916,
L7126,  .539, .422,
319, .927, 1,066,
. 524, 616, .h617,
J.12 , .654, .653,
.288,  J16C, .231,
.488,  .779, .640,
151,  L167, 5.87 ,
834, 23172, .508/
7.97 , 1.18 ,  .972,
£265, .48, L1411,
RA4,  ,553, .584,
ASa, «245, 11.6 ,
42V,  .693,  .146,
1.765,  .964, 1.272,
W135,  .095, 3.28 ,
«577, 879, 369,
.389, 13,801, 2.933,
-1232, 227, .475,
<964, 1.618, .584,
185,  .276,  ,445,
«367,  .369,  .132,
14.103, 71.606, .964,
<199, 149, .192/
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DATA VU)/ 215, £32, 144104, 104798, «964,1.724,.588,.341,

I, 134, L1989,  .158,  .192, .3, .56 ,
15.452, 2964, 1.745, . 504, 35, 37, «136,
7Y, .202,  .335, 516, 14.209, 22.103, <64,
.584, 355, L3T71, 128, 193, .189, .202,
«595, 14.214, 32.36), .964, 1.807, .584, .362,
41, L2, L2216, L2012, 463,  .628, 14.22 ,
964, 1.842, .584, 372, )T, 146, 2
«222, «575, .677, 14.23 , 68.652, .964, 1.895%,
<386, 375, .152, .20, LY, L23e, . 136,
14.244,100.72¢, .964, Y.972, .584, .408, .78,
«20%,  .40%, .252, .983,  .B53, 14.264,147.12 ,
2.0684, .584,  .441, .32, 77, .202, «531,
1.234, 1.013, 14.293,213.62 ,  .965, 2.25 , .584,
.388, 198, « 204, AR $312, 1.844, 1.243/
DOt I=t,25
DO 1 K=1,25
DO 1 L=1,1}

s(L,K,1)=0.

s{1,1,1),5(2,1,1),5(7,6,5),5(13,1,3)=0.4
5(1,1,2),5(8,12,12),5(10,3,3),5010,12,12)=0.24
s(1,1,3),s(10,86,8),5(10,10,10),5(11,1,1),8(11,6,6)=.176
5€1,1,4),5(11,9,9),5(11,10,10),5(11,11,11)=.096
S(1,1,5)=.064

s€1,1,6),5(1,11,18),5(2,2,4)=.032
s(1,1,7),8(1,7,14),8(1,12,20),5(1,13,21),5(1,14,22)=.016
s(1,15,23),8(1,16,24),5(2,2,6)=.016
s(1,1,8),8(1,3,10),5(1,4,1%),5(1,8,16)=.009
S(1,1,9),8(1,2,10),5(1,3,11),5(1,4,12),5(1,5,13)=.004
5€1,5,14),8(1,6,15),8(1,7,16)=,004
Ss(1,1,10),8(1,2,11),5(1,4,13)=.003
58(1,2,2),5(6,4,4)=.512

5(1,2,3),5(7,4,4)5.275

s{1,2,4),8(10,1,1)=,205

5“!2,5)30‘35

s(1,2,6)=.068

s1,2,7),8(v,13,20)=,034

s(1,2,8),5(1,3,9)=,018

14.¢06,
199,
1.782,
. 386,
372,
46.992,
261,
584,
.143,
.162,
«565,
.272,
<487,



s(1,2,9),8(1,8,17),5(2,3,6)=.008

s(1,3,3),5(2,10,10)=.767

s(1,5,8),5(5,3,M=.418

8(1,3,5),5(12,2,3)=.279

8(1,3,6),5(7,1,2),5(13,3,4)=,130
s(1,3,7),5(3,1,2),5(4,1,4),5(8,2,5),58(2,1,2),5(12,2,6)=.07
$(1,3,8)=.037

5(1,3,12)=.002

§(1,4,4)2.975

5(1,.4,5),5(2,6,6),5(3,5,5)=.65

5(1,4,6),5(5,4,4)=.325
S(1,4,7),5(1,16,21),58(1,17,22),5(9,11,11),5(12,1,1)=.163
5(1,4,8)=,087
3(1,4,9),5(6,3,6),5(8,1,6),5(8,3,6),5(9,3,5),5(2,2,3)=.04
5(10,1,6),8(10,2,6),5(12,5,17),5(13,1,7)=.04

5(1,4,10)=.019

5{1,5,5)=1.558

s(1,5,6),5(5,6,6),58(2,11,11)=.7179

5(1,5,7),5(4,3,2)=.389

5(1,5,8),3(5,15,15)=.209

5(1,5,9}2.097

5(1,5,10)=.045

S(i,5,11)=.021
s(1,5,12),5(1,9,18),5(2,23,4),5(2,3,5),5(3,1,63,5(3,2,6)=.01
5(4,2,3),5(5,1,6),5(6,1,7),5(6,2,7),5(6,3,7),5(6,4,6),5(6,6,8)=.01
s(1,1,71,8(7,2,1),5(7,4,7),5(8,1,7),5(8,2,7),5(8,3,7),5(8,5,8)=.01
5(9,1,7),5(9,2,7),8(9,4,7),5(10,1,7),8(10,2,7),8(11,3, 1)=.01
s(12,2,8),5(12,3,6),5{13,1,8),5(13,2,8),5(17,4,7),5(13,5,8)=.01
S(1,6,6)=2.065

5(1,6,7)=1.03)

s(1,6,8),5(5,9,9),5(7,3,3)=.55)

5(1,6,9)=,257

5(1,8,10),5(2, l.l).b(ﬁ 1,2)=.119

5(1,6,11)8.055

8(1,6,12)=,026

S(1,8,1e.012

S(1,8,14)».006

S(1,7,7)=2.936

s(%,7,8)=1,572
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S{(1,7,9)=.732
5(1,7,10),5(13,1,4),5(13,14,14)=.338
S(1,T,11)=41517

5(1,7,12)=.07)
S(1,7,13},8(2,2,5)2,034
S(1,7,15)=.007

S(1,8,8)84.27

s(1 '8.9)!:1 -984

5(1,8,10)=.919
S(1,8,11),5(4,5,59)=.427
s(1,8,12),5(10,4,4)=.199
5(1,8,13),8(2,%,4)u.092
S(1,8,14)=,04)
s(1,8,15),5(3,1,5),5(3,2,5),5(4,1,6),8(5,1,2),5(10,3,6)=.02
5(11,1,1),8(11,2,7),8(1,3,5),5(11,3,6),8(12,1,7),5(12,4,6)=.02
s(12,5,8)=.02

S14,9,9)=5.238

S(1,9,10)=2.42

s{(1,9,11)=1,128
s{1,9,12),5(8,8,8)=.524
5(1,9,13)=.243

S(1,9,14)=.11)

8(1,9,15)=.052
s(1,9,16),8(2,1,6)=,924
§(1,9,17),8(1,10,19)=,011
s5(1,10,10)=6.21

s(1,10,11)=2.882

s(1,10,12)=1.338

s(1,10,13)=.621
s(1,10,14),5(9,5,5),5(11,1,4),5(12,1,4)=.288
8(1,10,15),8(10,5,5)=.134
8(1,10,16),8(2,1,5)= .062
B(1,¥0,17)=.029
8(1,10,18),5(1,11,20),5(1,12,21)=,01)
S{1,11,11)=6.921

s{1,1",;12)ud,2%2

8(1,11,13)=1.491
s(1,91,14),5(6,5,5)=.692
5(1,11,15)=.321



St1,11,16),5(6,1,4),5(8,1,2),5(10,1,2),5(10,2,4),5(13,5,6)=.149
8(12,7,1)=.149

s(1,11,19)=.015

s(1,12,12)s7.22

58(1,12,13)=3.35
S(1,12,14),5(4,V3,13)=1.556
5(1,12,15)=.122

s(1,12,16)=.335

S(1,12,17)=.156

5(1,12,18)=.072

5(1,12,19)=,033

S(1,123,13)=7.369

5(1,13,14)=3.42

5(1,13,15)=1.5868

5(1,13,16)=.737
S(1,13,17),5(8,6,6)=.342
s(1,13,18),5(7,1,4),5(12,4,5)=.159
5(1,13,19)=,074
s5(1,13,22),5(1,14,23),5(1,15,24),5(1,16,25)=.014
5(1,14,14)=7.482

S(1,14,15)33.472
S(1,14,16),5(4,14,12)=1.612
5(1,14,17)=.748

5(1,14,18)=.347
5(1,14,19),5(10,2,5),5(11,13,13)=.161
S(t,14,20),58(1,15,21)=.075
S(1,14,21),5(1,15,22),5(1,16,23),5(1,17,24)=.035
S(1,15,15)=7,.52 '
S(1,15,16)=3.489

S(1,15,17)=1.62

5(1,15,18)=,752

S(1,15,19)=.349
5(1,15,20),8(13,5,6)=.162
5(1,16,16),5(1,17,17)=7.557
5(1,16,17),8(1,17,18)=3.506
s(1,16,18),5(1,17,19)=1.628
5(1,16,19),8(1,17,20)=.756
8(1,16,20),50(1,17,21),5(3,1,1)=,351
5(1,16,22),8(1,17,23),5(1,18,24)=.076
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5(1,17,25),5(4,2,6),5(5,1,5),5(6,1,6),5(6,2,6),5(&,%,6:=40)
s(6,6,7),5(1,1,6),5(1,2,6),5(7,3,5),8(8,2,6),5(8,5, ".5(9,1,6)=.03
5(9,2,6),5(9,4,6),5(12,2,7),5(12,,,5),8(13,2,1) ;501 7.5, 7)=.0)
5(13,4,6)=.0)
s(1,18,18),5(1,19,19),5(1,20,20),8(1,21,21),5(1,¢2,+2)=7.594
5(1,23,23),5(1,24,24)=7.594
S(1,18,19),5(1,19,20),8(1,20,21),501,21,22),501,7¢,237=2.524
5(1,23,241=3.52)
5(1,18,20),8(1,19,21),5(1,20,22),5(1,21,23),5(1,22,24)=1.h 36
5(1,18,21),8(1,19,22),5(1,20,23),5(1,21,44,=,159
S(1,18,22),5(1,19,23).58(1,20,24)=.352
§(1,18,23),5(1,19,24)=.164

£(1,18,29)=.066

s(1,19,25)=.142

S(1,20,25)=.306

S(1,21,25)=.658

s(1,22,25)=1.417

5(1,23,25)=3.905)3

S(1,24,25)=6.571

8(1,25,25)<14.14T1

SU3,1,4),5(3,2,4),5(4,1,5),504,2,4),S0 ;" .30 %, 0,433 2,2,5)=,0%
5(13,3,6),5(13,5,7)=.05
5(7,2,5),5(7,8,6),5(8,5,6),5010,3,5),5 1.,1,% .7 *i,1,6)=.06
S(4,2,5)=.06

S5(4,1,2),5(6,1,5),8(9,1,5),5(9,2,4),5(. «,5, ., %0,),4)=,08
s(1y,2,6),58(12,5,6),5(13,1,6)=.08
5{%,2,%),5(6,3,4),5(6,3,5),5(7,1,5)=.09
$(7,2,4),5(8,1,5),5(8,3,5) 8010, 1,5),5 v 2,571 ,3013,2,6)=41
5(4,1,3),508,2,4),5(9,V,2),501¢,3,4) =, .1
S(7,253),509,1,4),5(8,3,4),5(10,00 Y, “ -~ 5),5(13,3,5)=,11
5(6,2,3),5(7,4,5),8001,2,2)=."7
5(8,1,4),8(9,1,3),3004,4,5),5¢18,2,%),. L . ,5, :),5012,8,8): .18
s(13,8,8)=.18
.8(2,1,3),8(6,1,3),5(7,1,3) =
5(9,2,3),8(11,1,2),8(11,2,5) ,u(12,1,2)- .71
3(8,2,3),5(13,1,5)=.22
5(8,1,3),8(10,1,3),5(12,14,127,5013,4,9)=.25
s(7,3,4),8(12,2,4),5013,5,57,5(13,13,12)=.27
S(11,1,3),8(12,1,3),5(6,15,15),5(6,2,2:=.1¢



5(8,4,5),5(10,1,4),5(10,9,9),5(13,1,2)=.19
5(2,2,2)0.436
8(2,3,3)=.482
S(2,4,4)=.537
S(2,5.5)=-512
s(2,7,7)=.879
5(2,8,8)=.876
5(2.919)=o774
5(2,12,12)=.791
S(2,13,13)=.805
8(2,14,14)=.814
s(2,15,15)=.818
DO 2 I=16,25

2 5(2,1,1)=.823
5(3,2,2)=.544
5(3,3,2)=.726
S(3,4,4)=.474
S(3,6,6)=.665
S{3,7,7)=.899
5(3,8,8)=.972
s(3,9,9)=.923
S(3,10,10)=.944
DO 3 K=11,25

3 S(3,K,K)=.964
S5(4,1,1)=,315
5(4,2,2)-.392
S(4,4,4)=.405
S5(4,6,6)=.843"
5(4,7,7)=.631
S(4;8,8)=.808
5(4,9,9)=.883
S(4,10,10)=1.08
S(4,%1,11)m1.27
S(4,12,12)=1.47
S(4,15,15)=1.56
S(4,16,16)=1.68
5(4,97,17),5(4,18,18)=1,7
DO 4 E=19,2%

4 8(4,;,5351'073



5(5,1,1)=.252
5(5,2,2)=.385
5(5,5,5)=.868
5(5,7,7)=.688
5(5,8,8)=.609
5(5,10,10)5.561
S(5,11,11)=.569
S5(5,12,12)=.517
no 5 K=13,25
s(5,K,K)=.584
S(6,1,1)=.294
S(6,3,3)=.448
$(6,6,6)=.6
5(6,7,7)=.475
5(6,8,8)=.46
5(6,9,9)=.582
5(6,10,10)=.472
SU6,11,91)=.549
5(6,12,12)=.878
5(6,13,13)=10.97
S5(6,14,14)m.68
DO 6 K=16,25
S(6,K,K)=.24
5(7,1,1)=.32
5(7,2,2)=,569
S(7,5,5)=4214
S(7,7,7)=.834
s(7,8,8)=.547
5(7,9,9)=2.895
S(7,10,10)5.421
S(7,19,11)m,428
DO 1 Ke=t12,25
S(1,K,K)=.369
S5(B,1,1)=.187
S(8,2,2)=.408
$(8;,3,3)n,506
S(8,4,4)2.477
5(8,5,5)=.312
8(8,7,7)=.371
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12

5(8,9,9)=.46
5(8,10,10)=,687
S(8,11,11)=.094
DO 8 K=13,25
S(8,K,K)=.13:
S(9,1,1)=.158
5(9,2,2)=.543
S$(9,3,3)=.467
5(9,3,4)=.26
S(9,4,4)=.259
5(9,6,6)=431
5(9,7,1)=.508
5(9,8,8)=.265
5(9,9,9)=.179
5(9,10,10)=.145
DO 9 K=12,14
S(9,K,K)=.227
DO 10 K=16,25
5(9,K,K)=.199
5(10,2,2)=.236
5(10,6,6)=.116
S(10,7,7)=.147
5(10,13,13)=.215
DO §1 K=14,25
S{10,K,K)=.131
s(11,2,2)=.232
S(11,2,4)=.26
S(11,2,3)=.269-
S(11,4,4)=.184
S5(11,5,5)=.231
5(11,7,7)=.192
5(11,8,8)=.1M
511,121 2)=.121
S(11,14,14)=.185
DO 12 K=15,25
S{11,K,K)=.192
s(12,2,2)=.365
S(12,3,3)=.774
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14

5(12,4,4)=.469
5(12,6,6)=.147
S(12,9,9)=.41
5(12,10,°0)=1,39
s(12,11,11)=3.26
s(12,¥2,12)=.854
S(12,13,13}=1.25
s5(12,15,15)=.2)
DO 13 K=16,25
s(12,K,K)=.224
s(13,1,)=.14
5(13,2,2)=,302
§(13,2,3)=.N
5(13,2,4)=.3)
s{(13,2,5)=.23
5(13,3,)r.714
5(13,4,4)=.562
S(13,7,T)=.142
5(13,9,9)-.238
5(13,10,10)=.657
s(13,11,11)=.18)3
${13,12,12)=,385
S(13,15,15)=.459
DD 14 K=16,25
s(13,K,K)=.523
WRITE()) A,TR1,TR2,TR3,iN,U2,U3,5
ENDPILE 3

STOP

END

FINISH

-



Appendiz II

Program FKO

The computer program FEKO3 ls written in FORTRAN 1900
languege. It iz used for computing the neutron slowing
down length, according to the procedure presented in
chapter 3 of this report. The prograu makes use of the
data file which haa to be orested with the help of the
program FKO4. The other data which should be also given
at the input are: the chemical cvompoaition and the den-
sity of the msdium end the snergy spactrum of the neu-
tron scurce, The chemical composition Ls to be deter-
mirea by glving the velues of wight percentazes of the
following olements:

H, B, C, N, O, Na, Mg, Al, Si, K, Ca, Ti, Fe .
The neutrcn energy spectrum i1s to be glven as it is
stown in Teble II. The program structure allows teo ocal-
cuiate the values of LB Tor given chemical composition
of the dry msatrix and for 16 different wvalues of mois-
ture content, The latter has to be asxpressed in units of
g/cm5. The mixture of the dry skesleton with water can be
realized in two differemt ways.First of them consistse in
changing the deunslty of the dry skeleton and assuming
the complete saturation of the medium with water; im the
second case the denslty of the dry skeleton is kept

constant whereas tha molsture contont varise.
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All those Aata have to be introduced on punched caxds
j_:itme following sequence :

1. 4 numbers in FORMAT(7FR2.4). The first quantity is
the danmi:y of the dry skeleton (in the first case it
is the nmineraloglcel density), the following 13 quan-
titles are the waight parcenteges of the constltuent
olements.

2. 24 numbers in FORMAT(8FS5.2). The first 8 quantities
determine the neutron scurce sesnsrgy spectrum, the fol-
lowlng ‘16 rumbers are the molsture content wvalues which
can be choosen in an arbitrary way.

3. One integer number in FORMAT(I1). If it is squal to
4 the first varlant of the program will be executed,

if the number is equal to 3 the sccond variant will be
excute d.

As the cutput of the progymm FEKO3 the values of the neu-
tron slowing down length (in cm), are obtaimed together
with the neubron slowing down probabilities for the

glven dry mkeleton and for the different values of mois-
ture ocontent.

The store space used is 26052 words. The exeoution
tinme for ome complets mat of iﬁ'tial data is about & mi-
nutes for ODRA 1304 oomputer.

b}

Below the full listing of the program FEO3 is givenm.



LIST (LP)
PROGRAM (FK0)3)
INPUT 1=MT\(FKO1)

INPUT 2=CR\
QUTPUT 3=LPi
END

MASTER SPOWALNIANIE
INTEGER SWITCH
REAL MPTR,MPU,MPSP
DIMENSION A(13),COMP(13),PTR(13,25),PU(13,25),PSP(13,25,25),W(16),
1NPTR( 25) ,MPU( 25) ,MPSP( 25,25) ,P1(25),P2(26) ,WIEK(8),Q(8),TR(25),
2DLS{16) ,H20TR(25) ,H20U( 25) ,H205( 25,25 ,P(8),DL(8),U(25),SP(25, 23),
3ESC(16)
REWIND 1
READ(1)A, PTh, PU, PSP
55 KEAD(2,1)RO,COMP
READ(2,2)Q,V¥
READ(2,11) SWITCH
1) FORMAT(It)
1 FORMAT(7F8.4)
2 FORMAT(8F5.2)
DO J K=1,1)

3 COMP{(K)=COMP(K)*0.6023*RO/A(K)
CH=0.6023%0.1119/A(1)
C0=0.6023*0.8881/A(5)
DO 5 J=1,25 )
H20TR{J)=CH*PTR(1,J)+*CO*PTR(5,J)
H20U(J)=CH*PU(1,J)+CO*PU(5,J)
MPTR(J)=0.
MPU(J)=0,
DO 4 K=1,13
MPTR(J)=MPTR(J)+COMP(K)*PTR(K,J)

4 MPU(J)=MPU(J)+COMP(K)"PU(K,J)
DO 5 K=1,J
MPSP(K,J)=0.
H20S(K,J)=CH*PSP(1,K,J) *CO*PSP(5,K,J)
DO 5 L=1,13

5 MPSP(K,J)=NMPSP(K,J)+COMP(L)=*PSP(L,K,J)
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DO 12 M=1,16

IF{SWITCH=2)15,15,1b

DC 20 J=1,25

TR(J)=MPTR(J)*(1.,-W(M) )+H20TR(J) W (M)
UCJ)sMPUCS)® (1. -WIM) )+H20U(J ) *vi (M)

DO 29 K=1,J
SP(K,J)sMPSP(K,J)® {1, -Wuis) ) +H20S(K, )4 a8
Q0 TO 25

DO 2\ J=1,25
TR(J)=MPTh{J ) +H20Tk(J)*W(M)
U(J)=MPU(J)+H20U{J) *w(n)

DO 21 K=1,J

SP{k J)=MPSP!K,J)+H20S(K,J)*W(M)
AGE=0.

WAGA=0.

DO 11 N=1,8

P1(N)=1,

DO 6 J=N+1,N+i0

P1(J)=0.

DO 6 K=N,d-1
P1{J)=P1{J)+P1(K)*SP(K,J-1)/U(K)

DO 7 J=N+11,29

P1(J)=0,

DO 7 K=J=-10,J-1}
P1(J)=PV(J)+PV{K)*SP(K,J-1)}/U(K)
P2(26)=1.0

DO 8 J=2,10

P2(27=-J)=0.

DO 8 K=1,J-1
P2{27=J)=P2(27~d}+22(T~K)*SP(¢71~J,26~K) /UL 21-J)
DO 9 J=11,27=N

Pe(27~J)=u.

DO 9 K=J-10,J-}
P2{R27T-J)=Pe(27-d)+P2L¢T-K)®SPL2T-d,¢b=-K)/U ¢17=J)
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P(N)=P2(N)

WIEK(N)=0.

DO10J=N, 25
WIEK(N)=WIEK(N)+P1(J)eP2(J)/(3.*TR(JIV2U()*P2(N))
DLU{N)=SQRT{WIEK(N))
WAGA=WAGA+GQ(N)#P2(N)
AQESAQE+WIEK(N)®Q(N)#P2(N)

ESC(M)=WAGA

AGE=AGE/WAGA

DLS{M)=SQRT{ AGE)

WRITE(3,100)

FORMAT(////%H ,VHW, 15X, 2HLS,15X,1HB//)
WRITE(3,101)(W(K),DLS(K),ESC(K) ,K=1,16)
FORMAT(/1H ,F5.2,6X,F10.4,8X,F10.4)

GO TO 55

STOP

END

PINTSH




