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Spatial, ,distribu,tions of t.har.al auel epithe:i:aal '~eut-rons 

produced, by colli.ateel radioactive isotopie sources baye béen .. .. 
aeasl1red in asseablies ,uitable for ele.eDtal anall~is 'of bult' 

~ ~ , 

sa.pIes br PGICl (pro.pt ga •• a nelltroD ~aptQre ana~1S~.. 1 

Bonte C4rlo transport coae vas extensi vely aodified' to predict 

,the energy spectra of the Dent,roD be-a as in a Du.ber of 

geo.etrtes. Yery go04 agree.ent vas obtaiue4 vith leasured 

d~stributions., The colliaators vere fouud to severely aodiff 

tàe neutron spectra. t'he lodiAed spectral is softer thaD thé 
. " 

original and .aj result in a reduc~d aniforaity of actiyation 

throQghout·the saaple. BJ judicious seIeètion of the colliaator 

aaterials and diaensions on~ aa1 eliainate the ueed for 

prelodera tiOB of the iapinging neutron bea •• ' 
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. Les dist.ributions ~patiale5 de neutrons therrlgues et .. " 

/ " 

! 

-elJitherlIligues produits par des sources d' iso~'èpes rad Ioactifs 

munies d' un colliaateur ent été aesurées. Les - .ESDres ont. 

été fai.tes dans des syst.è.es appropriés ~ l' 811a11'u 

d'él,éaents dans des échantillons de' yoluae iafortant par 

PGICA (analyse de ga •• a "raFides suivant la cU turE 

neutron.ique) _ On code de transport lion te Carlo a été aodifj"é 

de facbn extelsive de fac;cn à prédire les spectres en ene['gie 

- d d - ~ i j~ des fa.1.sceaux e neutrons peur ES geclletr es var ees. 

très bou accord a 'éte obtEnu entre les .dist.ritutions .esut'ées 

et calculées. On a trou vÉ que les colliaat.eu.rs .cdjf~aient 

considérablement les spec tres de neu trons. Le SpEctre 

so'difié est plus doul gue lE spectre original et: lourrait , 
resulter dl une unifouité raduite de l'activatj.oD au t:.ravers 

de l'échantil.lon. Un choix judi"cieuJt des materian Et des 

di.ensions des col~i.ateuIS fourrait elilline.c la nfcessité' 

dl ulle moderation preliaiDaitE du faisceau de. neu'tIolIs 

incident. 
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Non-dest~ uctive ana~l' sis' of materials is a field, in vhich , "r 

...... 
varied nuclear techniques, find wi'despcead applica tion. The 

vide range "of ~utuations in lIhich an analysis of const.i"tuents 
~ 

i.s- required .éans that no one technique i6 suitable in aU 

cases. on'e can' roughly divide the genera~ pI:ob1ea into tvo 

categories: (1) 'ana~ysis" of very saa1l. 'pr thiD sa.ples, often 

.involvi.ng a search for elellents at the trace level, (2) 

deterlli.,nation of consti t ue.ts in bulk sallp1es. III the 

fOllowio.g, a fev of the aost co •• on aethods are noted. 
-- -----

In ahost aH technique~L _ tb_~ generai princ.il'als are 

si ailar. Targets are'. bom tarded by a radiation wh ich 
'~ 

i 

i.n teracts vito the atomic -electrons or nucle! in tbe sample • 
. 

A signal results which idEntifie~ the target. This signal 

may be tue scatte~ing of the .incident bea. or the Emission of 

a different type of, radia tion. lor exalple, in the case of 

nuclea~ lIagnetie resonance (lirtR) experiiDents, vbich bave onll 

~ecent ~y been allpli.ed to laJ:ge samples (B082), the signal 

oonsi~ts of a rasonant abEorption of the incident aicrowues 

dete-cted by a drop in theïr intensitl'_ lutB is capable of 

identify~ng tile chellical fora of the target and aatrilt. In 

illlaging app11cations to large volu.es, on11 hydrogen is at 

present reso~vable_ IUSa is inapplicable to the dEtect.ioll of 

e'le.n-eve'n nuc.lei because, cf the zero net aagnetic lIoaent the} 

possesse 
\ 

The ujori ty of analy tical aethods use eith~r directll' or 
\ 
1 

indirectly'-ionizing radia tian in contrast to the 
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"radiofre;uencies of lUfJl. Particle induced x-ra)' eai5siob 

(PlI!) .ales use of the large ~ross section for x-ra)' 

productiob in cbarged particl~ boabard.ent (J076). X-rays 

excited by protons, ~ particles or heavy ions and detected by 

high resolution silicon detectors .ake possible aoltieleaent 

analysis at high s8nsitivity. Incident particles in the 

range of 1~S aév/aau intelact Couloabicall)' to reaove at 
, 

least one iOber shell electron in the target ato.. ls 

electrons fro. higher shells drop to fill the vacancy, x-rays 

are eattteà. In the case of 11ght ele.ents, the energies are 

usuall)' sufficiently lov so as ta renuire special'detectors 
2 :i'~" 

and windows as vell as thin targets to avoid absorbing the 

radiation. Above alnainu., the aatter of detectioD is . 

siaplified b)' the higher Energies of the x-rays. The 

technique is used in surface studies, environ.entaI analysis 

and on sectione~ biological sa.ples to naae but a tev ~ases. 

Sj"ste.s sill~lar to the abcve .ake use of electron teaas or 

aicroprooes to excite x-rays. 'Background protleas due to 

bre'lIsstrahlung liait the sensiti vi tr. 
l' 

1 funda.entally different approach involves mEasuring the 

energy loss of electrons traversing the target (Ot82,Ad80). 

This technique e.ploJs a transaission eleçtroD .icroscope ta .-
baabard the sa.ple vith Electrons in the range of 100-1000 

keV. 4A energy vindov is Qsed ta' collect only those 

electrons.vhich have been degraded hy exciting target inner 

shell electrons to vacant orbitals above the Ferai level. 

l'or exallple. ,in iaa~iJlg Ehos~horus (L1. 3 absorption edge at 
1 

138 ev), electrons which have lost 150 eV are coqnted. .. 
Distributions of only tens of atoas in sub-cellular 

• 2 , 
.. ' 
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Liological structures bavE teeD imagEd, even fo~ some ligbter 

atoms. Unusuall)' tbin sdlfles (""30nl1) are, however, reguired 

to reduce energJ losses due to aultifle scatteriog and the 

lUte. 

Atomic interacticns ale not used exclusively wben charged 

particles are involvEd. At bigber bomearding energies, 

nuclear interaction cbannEl~ o~en .yielding another avenue of 

analysis wbicb bas pIoved parti-cularly fruitful in deptb 

p~ofiling of the Dear surface regio~s of targets. Bpth 

resonant and non-re5cnant reactions whicb emit neutrons, 

gammas or ~ or lHe ions can be used to determine the 

concentration pIofiles of elements tc a deptb of several 

microns or more in a samfle. A particularly imfortant 
J 

applicatLon ~n materials Ecience has been to hydrcgen 

profiling by ion Domtardment on met ais and semiconductors. 

Resonant reactions such as (La17) 

IH(lSN,O/) 12C*~ 12C+ i(4.4JMeV) 

anù tH (7Ll,n 8I3e (Z~78) enFloy y detection while a rEaction 

such as IH (llB,c<) 8Be uses c( detection. For 8nalysis of 

m~tcridls in living crganisms (DeSl), inelastic ploton 

scattcr~n9 nas even teen u~ed in a very limited fashion. 

Proton dct~vation, using 160 Mev Frotons, has been used to 

measure calC~um contEnt iD tbe spines of humans (C081). 

Tue advanta~es cf chaLged farticles rest in the ability 

to bend dnd focus them.' licroprobes are now in oferation in 

many c8nters~ However, the limited range in matter of thes@ 

probes ~emains the mcst sErious limitation on thEir use. For 

analys~s of lar~e salples, crly gamma tays and ne~trons are 

suitable. 
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A variety of te~bniquEs Emflof gamma ray tomtardment to 

obtain theoelemental comIcsition of buik targets. Activation 

of a target nuclide .ay be achieved by ;j (t, n) reactiori 

leaving a radioactivE fcoduct which cao be counted by ga.aa 

or délayed neutron spectrcscopy. Beta spectroscoEJ i5 

impractical, in bulk sampl~. High sensitivty cao be obt~ined 

in the detecmination of tte Iight elements, C, M and 0 

(En12). Activa,tion cf thE sa.ple can be fairly unifon due 
, " 

to the low attenuaticn of the high energy ga.las necEssary 

for this techDi~ue. Obtaining sufticiently enecgEtic ga •• as 

normally regu~res a linac fer a bremsstrahlung source. 

Gammas from long-lived radioisotopes are sufficieDtly 

energetic for use in other analysis technigues. çuantities 

of Elements sueh as Hg, Crl;"pe and Pb in humans have been 

measured using t rays to Excite characteristic %-ray 

fluorescence ,Sm82,La82). Attenuation of both thE lov enecgy 

ilIcident radiation atld the. resu1tant fluorescence can be 

troublesome. 

Attenuat~on ditticulties are somewhat reduced ty the use 

of higher energy • rays (~1 ~ev) foc nuclear rÉsonant 

"" scatterin9_ Bere, tbe full energy of the l is scattered vhen 
,." 

it is ~D exact resonance with the target nu'oleus. The 
- ! 

techQi~ue ~s bi~hll specifie and ha~ been used in cath 

meà~cal and geophysical alf1ications (5071,Va82). 

Néutrons are perhaps tbe most commonly used radiation for 

bu lk analy sis. Neutron activation analysis (N1A) .ak~s use 
} 

of rad~oactive nuclides tbat resuit froa (n,x) reactions. 

For slow or theraal ceutrcn capture, tbe resulting nucleus is 

often a 6- elllitter. Por faster neutrons aboYe thE threshold 

4 
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'limits. (n,2n), (n.p), (nA) type reactioDs can also lea'cf to 

radioactive species. Sucb highèr energy neutrons are usua111 

produced by acce1erator tase4 sourc~s. The Dost iopu1ar 

method of producing a nearl} aonoenergetiè bea. la the 
1 

deuteron-tritiua (D-T) fusion reactlon producing 14-15 !ev 

neutrons (Cb19). Fluxes cf np.l0 9 n/caz/s are acbie~a~~e. 
.. ~ 

Higher energy polyenergetic spectra are obtainable vith 
, . 

,cyclotrons via (D,Be) o~ (D,Li) reactioDs. 
1 

Huclear reactors ate the aost intense source of neutrons 

availabie. Thermal neutron fluxes of up ta 1012 n/caz/s are 
~, 

routinelJ accesible even vith s.al1 research reactors such as 

the SLOiPOKE. Samples cam range op to tens of grams or aore 

in size, depending on vhere they are to be positioned in the 

reactor for irradiation. Irradlation tiaes can .,ary froa 

seconds to months fo11owing vhlch the activat~d samFles caD 

be remo.,ed for ,count!ng vith f spectroaeters or high 

resolut~on 1 detectors. !race le~els of aany ele.ents in ,. . 
aany types of matrices cao often pe deterained nnder sucb 

conditions (Ju78). HovevEr, only.~nfor.ation rElating to tbe 

vbole of the sample 15 obtainable. ~he hlgh spatia~ 

rusolntions po~sible vith charged particle bea~s are . , 

precluded bJ the iDability to focus neutron~. ll~o, the 

relatively lev neutron energies eaitted froa fission reactors 

are nsually unsultable for other than (D,~) reactions. 

Siaplicity and portabil! ty are provided hy isotopic 

neutron sources vhicb viII be discusse4 iD soae datail in 

subsequent pages. Despite the l'ather aeager fluzEs usuallJ 

possible vith snch source~, the} have trolJ widespread 

application in aedical diagnosis, in s1tu geocheaica1 
.5 
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analysis and even 1atoratcr1 linera1cgical analysis 

(Ma82,Co81). They have EVEn been used in nucleaE structure 

st ndies (il a611) • 

Activation i5 by no .Eans the oOly chanDe1 br wbich 

neutrons c~o he used for analY5is. Indee~, tberE are those 

nuciei for whicb non~ of the available neutron reactioos 

r~sult in a suitable radioactive product or for wbich 

neutrons of an ener9J range Eomewhat difficult to cbtain are 

re~uired. In such cases, Frcmpt gaIma neutron caFture 

analysis (.PG tlCl) ls o(ten u5eful (Gr18). 

An incident neutxon (ex frotoD) may be capturEd by a 

nucleus resulting in an Exeited compound nuclEus. The 

excitation energy must egual the sua of the tinetie and 

binding Energies of the eaptured neutron. Assuming tbat the 

neutron 15 not scattered out, the Most cOlmon deEJcitation 

mode 1s by y cay emission. (The cesidual nucleus i5 often 

ulJstable <oigainst (f dec~}'.) The compound nucleus .ust exist 

a sUff1ei!ntlY long tille te fermit the sharing of this energy 

aœonq its components. FOI radiative capture. the radiation 

vidth is ç: 1, /r ~here L 1s the .ean lifEtimE of the 

€xcited stcite. For slow rEutrons, rf is ot: the order of 0.1 

eV i~plying a T of the order of 10-14 seconds for Ere.pt 

emission. Tne radiation width of a given nucleus changes 
o 

only s1ig htly f:com r Esonance tf resonance an d radia ti ve 

ca-pture fli1êe compound nuclEUS scattering) caD oecur al a11 

neutron ener9ies. NEvErtleless, the (n,l) c:coss ~Ection is 

largest belo~ several hundred eV. 10 heavy nuclei (A>80) in 

particular, radiatiVE capture predominates (sincE due to the 
/ 

lacge nQ.ber of nuclEons, the probability of a neutron in the 
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compound nucleus receiving sufficient energy to E~caFe is 

s.all) ,(Beoll) _, In this slow range belov the resonance 

region, the cross .section varies a~ 1/~ (or llv, wbere E and 
. 

v ar~ the neutron energy and speed) for almost aIl nuclel. 

oIn the range of l-S0C keV, resonance scattering is most 

important while for jet higher energies,~ inel~stic scatter 

and (n,2n) reactions comfete. 

PGNCl offers a detectable and unique signature for Most 

Elements in bulk analysis. It i5 instantaneous and 

nondestructive but Buffers tro. a number of disadvantagEs. 

Trace Elements are usuall} net detectable because of the 

limited neutron fluxes ottainable in the requisite 

sample-detector geomEtry. Eackground froblems cao be 

formidable because '( ray ~Fectroscopy must be cooëucted in 

the presence of a neutron scurce. The neutron source 

require~ents can oe difficult to meet. For e~aœplE, neutrons 

~ust he sufficiently energetic to penetrate the often large 

targets uniiormly thlOUghout their volume but must te slowed , 

dovn for (n,t) rEactions to cccur. At the same tile, fast 

ceutron damage to an~ slow neutron activation of the 

detectors must te avcided. Despite its difficulties, the ) 

method can De extremElf usefui, particularly if ccufled to 

spectroscopy usiDg '( raf S fI c. neutron inelastic sca t ter. 

NAA and PGNCA have ~ouDd videspread usagE in liological 

and medical applications. iAA, especially wi~b r€4ctor based 

so'urces, can be allllost un!:ulfassed in its ability to guantify 

elemental co.positions of targets suitable for positioning 
-

near a reactor core. This obviously requires the re.oval of 

a sample fro. tbe organisa under stud!. At times tbis aay 
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not be a disadYanta~~. 71u5 it is often of great'lnterest 

bow toxie ~etaî contamination is refleeted in bair or _hat 
,1 

leveis of certàin trace elelllents a,r;:e' present in b100d or 

te~th. Hovever, in Eanr instances; it 15 reguicEd that the 
IS 

in vivo tiae evoluticn of an element's concentration be 

moni tored. Both HAl anl1 PGNCI offer n'on-invasive tEchnig~s 

vhièh have been' eaflcyed kt sEveral gxoùps to aeasure 
! ' , 

, 
elemental compositions in hu.ans. 1 nu.ber of elElents have 

been studied. 1 non-exhaustive list ineludes eadliu. 

(Kr80, EV18), Di trogEn CVa16) and mercuey (Sa82) by PGNCA, 

calciaa, p40sphorus, sodium and chlorine by HAl 

(Ke82, ai 78) ,and silicon (Ete2) and carbon (KJ82) tt neutron 

iD~stic'scatterin9, i.e. (D,n't). faellities fcr tbis vork 

usually use eitber radioifotcpic neutron sources or the 0-7 

or D-D (d~~terons on deutErons, yielding 2.5~eV neutrons) 

reae ti ons .... , 
f 

In all the situations ncted above, it is im~ortant that 

the n~utran distributions in the target mediul' bE knovn. ,In 

the case of PGNCI and NAA, tte~mal neutrons are .ost 

important and thair spatial distribution, (cOUfled vith the 

attenuation of the resu1tant ~ rays) determines the ultiaate 

sensitivity of a system. ihen (n,n'6), (n,2n). EtC., type 

reaetions are used; the cbange in the neutron enexgy spectra 

as a function of positioD must be known. Little attention 

has been paid in thE litErature ta tbe matter of tbe 

modification bI shielding and colliaating materials of the 

energy spectra of neutron sources USEd in in vivo Nil and 

PGNCA. It ls seen hoveveL that the tare source sIectra 

com.only quoted are in fact guite different fLO. tbose 

. , 
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impinging 00 a tarifet. tbis, aatter shouleS be addrèssed as it 

bears stro.ngly o~ tbe fea.slbillty of. usin-g inelastic 

processes for aoa1y5is. suèb information can be ottained 
, . 

either by experi.entally aeasurinq spatial distritutiôns and 

ener91 spectra or by calculations using nu.erical .~thods to 

'sillulate neutron transport. The work report,ed berE duls 

vith the lIeasurellent of ther.al neutron 'flux distributioAs 

under a varietJ of conditions suitable to an in vivo 

elemental analysis facility as vell as,the IDode11149 of such 
. 

distributions bî the !onte Carlo tecbnique. No aeasareaents 
" 

of fast neutron eoer9Y s~Ectra vere carried out aS ve lacked 

a facility ior this. HOVEYer~ numerical calcu.lations in 

similac ge~metries VEre lade and ce.fared to the l'atbel' 

sparse litecatare availatle • 

ln the folloviDg, a detailed description cf tbe eonte 

Carlo code ased in tbis vert is given. The experi.Ental 

techniijues are descr ibed' in full. Besul te of both 

experiments and calculaticDs are co.par~d vitb,each other and 

vith published resu1t6. finally, the applicabilitj of this 

work to a facility fer in vivo meas~rement of elelDental 

composition ia hu_ans is aiseussed as well as possible 

modifications ta iapcove sach a ~acility. 
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The stady of" radiation transport 15 a sta9geribg1y large' . 
fiel~. Requireaents o! auclear reactor theory and radiation 

o 

shie1dlng have led to a very great e~peDditQre of effort ln 

studyin~ the transport of Y~ays and neutrons in Earticular. 

At present, tvo methods are .ost co •• on1y Qsed: tle Discrete 

Ordinates Transport aethcd (DOT) and the MontE C.axlo UIC) 

aethod. Bota these techniques inyol-ve a nuaerical solution 

of the t~an~ort problea. 1nalytlc solutions are certainly 

more satisfying and vould idea11y be Auch aore useful. 

Hovever, despite the _any probleas vhich can De tbus solved 

(W~47), in general, most situations are not aaenatle to snch 

an analysis, particularly ii ODe does not vish to engage in 
, . 

very seriously 1i_itlng a~proxiaations. Ilso, aost such 

~alculat10ns are Dot suitaDle for neutron transpo~t iD 

hydrogeaous aedia though soaewhat reasonahie agrEE.ent can 

soaatiaes be rEached (Ho7S). (The d~screpancie5 a~pear 

because the integro-differential E;~uations aodel1iD9 the· 

neutron's travel are continuous'in ~ature vhile the process 

itse1f consists of a nu.ber of d~screte steps. T~e 

approxiœation suffers 1I0st sever~ly in the case of hydrogen 

targcts sinee the neutroA cao 105e so Auch of its energy in a 

single collision vith a pxoton of siailar aass. tb~ appcoac~ 

cau be,lIore successful vi th cllarged l'articlè 'transl-0rt since 

the slowing dOWA l'rocess reallf is contiauous in that case.) 

the neutroA, beiDg both neDtral and quite a.saive, ls 

J 

/ 



( 

r 

1 

( 

( 

unaffected bI electrollaqnetic, interactions in a .~diu. 
\ 

'(assulliny, for the .Qllen t # tbat ODe ignores i ts '.a!:lQetic 

dipole .osent) or by collisions v.i:th atOllic electJ:oDS. The> 

path it takes consists of a seri~s of rando.ly·orieoted 

straight line segaents vhcse intersection points EEpresent 
'i-

f 

~ t~~et ouc~ei scattering a neutron in a nev dirEétion. T.he 
, 

total path is that of a~raDdc. v~k. While th~s is certainly 

analogous to prob~ells such as gaseous diffusion, ft shaJld be 

noted t~at neutrons are Dever present in su ch den~ities.that , . . . 
they coll~de vith each ntter. As a result, the paths 

folloved by individual neutrons are uncorrel~ted ~tb each 

other. Bach neutron can be considered inde~endentlJ of the 

reste It is this feature th~t lIakes possible the solution" 

techniques d~SCUSSEd belov. 7he significance of tois to 

Soaevbat .are analytical a~proachEs is discussed ty Weinberg 
'-

and Wigner (We58,ch. VIII). 

1 • 

SOJlle 4ef10itio11S for t'eras vhich vill appear tbrougbout 

this paper are in ord~r. ~hese aee,due .ostly to Beckurts 

and lfirtz and tbe BCIl> trans,foet peogca. User ManuaI UClIP79). 
< , 

Considec a vo1uae ele.ent dV=dxd,dz of a scattering 

.ediu III at tbe position l'ector, r. Let the' di fferEDt laI 

density, n(f,lr,~)dVdndB, te the nu.ber of neutroas in dV at ~ 

vità directioll-lying in thE 1lid, angle dn. arouna the unit 

,ectorA vitJl eneC9J between Band E+dl. n(r,A,!) i"s the 
• density of neutrons (c.- 3 ). Integrating "over E aJid.n , the 

• 
total nuaber of neutrons ia the r9gion av at r is n(r)dV. 
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The differential .neutron flux is 
. , 

: F (r,li.. B) 'dJl.dBdS= n (r ,n.,'2) VdAdEdS (1) 

vhere - v:hE/a P is the neutron velocit)'. 'l'his is the 

Dumber al neutrons at r'vitb energy betveen E and"E+dÉ 

travelinlj Ln a cané of size (ln. arol1nd li penetrating a surface 
.. " . 

d's each se'cond. ln Pige Il.1, for salte of clari ty, -:li: has been 
• 

dra~n a10n9 the polar angle 9. The 8zieuthal angle ~ is ~ot 

,shown. Hote that dS':cosldS ' and that the sa.E nU.ber of 

particles traveliag in the directioa4 cross dS' as do'dS, 

though vith different veigbts as explained belav. 

The scalde flux is qiven by 

f (r) =n (r, <v>=J n (r-,n, E) Vdtldi.dS=j n (r ,U, E) VdAd'EdS '/cos~ . (2) 

v~ere <v) is'the a~eraqe of the velocity over tbe Energy 

spectrua of tÀe n~tron density. ~has units of (C~-2S-1). 

In a situatio.u v~er·e there. is no tiae dependence in the 

,neutron field, the fluencE, vhich is the tiae intEgral of the 

flux, cau he use4 in its stead. It has units of (cm- Z). In 

all the fol~owing, onl)' tiae stationary neutron fi~lds are 
~ . 
considered (i.e. no pulsed 5,0 urees) and the two ter.s viII he 

used iatèrcbangeably. To he absolutely preCise, the 

siaulatioD proeedaIe used here calculates thE/fluEDce. 

Finally, the neutron current 

J.ir) -fn (r,li., E) v4ndEdS' (3) 

. " 

is the ~uaber of neutrons penetrating a 1 caz'suriace CdS' in 

Fig.11.1), perpendicalar to the axis of the distribution, per 

second. As 'ror the flux, ti.e dependence i5 aS$u.ed not to 

exist. Note the difference tetveen equations (2) and (l). 

Eaeh neutron vhich contritutes dS' ~o the ealculation of the 

carrent contributes as lIces (J ta the fluence. ln fact, in the 

. . 
12 r 

1 
J 



.-

" 

~ .~ 
""",~I""'" "I!A""4"""""',*IfIIAIII."kk~~"03i> __ "'''.""_",,_ ....... ~~_"'-__ .... ' ._ .... ~~~ ____ -.-,.. .. __ ..... ..:. 

.. 

1 

Geometry for dèfining th. 'neutron flux 

and current. 
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program outlined below, 1t is jC05eldS vhich i5 tallied for 
. , 

tue current. This definition differ5 froa that in (Be6q) in 
- /~ 

tbat the total rather than net nuaber of crossiDgs 15 counted 

here. Tbe other definlticn i5 aore meaniugful in nnclear 

engineering where the net flov of neutrons througb a reqioD 

is required, i.e. the neutron balance. To calculate the 

probability of absorption, however, our defiDiti~n is .ore 

appropria te. 

It should be clear frcm the aboye th,at in a parallel bea. 

normal to a counting plane the corrent and flux are egnal. 

It 15 not difficult to shov (Be64) "that for an isctropic 
1 

neutron field, the flux i5 tvice the current. BEtvEEn these 

tvo extremes, the ratio of flux ta current varies tetween 1 

to 2. 

Any cousideratioD of thé subject of neutrcn 5~ectral and 

flux distrib~tions must ultimately se~k to obtain a solution 
~ 

of the B~ltzœdnn radiation transport e1uation. Tbough no 
;' 

particular consideration of the aqnation viII be aade here, 
Q 

it is inc~uded for the sake cf co.ple,tenass. _ In its .ost 

ganeral forœ, this ca» be vritten as (ieS8,ch.11) 

(St 70, at'p. A) 

=5(;: 1:11.-t)+Jc:tÈ'o{Â' Z:s(r: E"'-EJii~ii) tl(r, (.!i.I)t) 
J 1 J ! 

vhere sost ter.s are as defined in section II.2 ezceptofor 

the introducti~~of tiae dependence. Also, 

14 

• • 1 

, 

~ 

1 
1 

1 
1 

l 

, 

(li' 



Ci 

( 

(r, E ,n,t) is the general seven-d ilIIensional FbasE? fpace, 

l/v ;t ~(r,E,.ii,t)dEdn= net ,.storage (~ains minus losses) 

per~ unit volulle and tilIIe at position r .. nd tille t' 

ot partic~es of energy E to E+dE and vith directiou 

lying in dA d.~out li, 

li ·vt (r,E,ii,t)dEd.n. = net ccnvective loss per unit 1I01ulle 

and tille, 

[t(r,E)=total èross section ate fo~ particle of energf E, 

(t(r, El <tCr , E,h, t) dEd.ll=col1is ion 10ss per uni t 'cl umE and 

tille, 

r (r,E'-..E,.:n.'-ii) dEdn = 'difhlrential sCdttering cross 
t 

section Wh1Ch describes the probability per unit 

path that a particle of initial energJ E' and di-

redtioli li' undergoeE a sca ttering collision a t F 

. seoding it io,tbe direct1.on dn ~t.out .n vith a Dew 

." 
ener YI 1.n dE aboUt"!, . 

J T:.sC r , E' -...t::,ii' --...lil.f(f, El ,li' ':' dEd.a.=~Dscatt er iDg 98 in pee 

unit voluae and time, 

s(~,E,il.t)= source pacticles emitted per UD.1.t volullie and 

tiae. 

Equation (4) is a bockkeeFing process that equates tue 

net-storage of particles within a differential phase space 

voluae elellent (draEdn) te the particle 9~ia .inu~ particle 

losses 1.11 thclt ele~ent. I.n the nUllerical prOCEdO'[E~ .çst 

often fol~owed, i.e. DDT and ~c, the eDergy dep€Dd€nce of 

eguation ,") is represen te.d in terras of a fi ni te. num,bel: of 

enerqy groups. IndEed, in the DOT aethod, Olle aIse dividès 

t~e cartesian space ioto a netvork of·cells and replaces the 

continuous angular distri~ution br a set of discrEte 

.. 
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directions vitb approtJriate vei9hting factors. Tbe Boltzmann 

e';iua tion is in tegrated OVEr each spatial-direct iotal cell in 

phase space to obtain the flux balance eguation in the celle 

This is cOllbined vith other E:guations relatio9 thE cell 

boundary and midpoint values. These yie1d a recursion 

formula for the fInes thIOUghout the system. Beginning vith 

the values of- an external ~~llrce, if any, vith a guess for 

the fI UI tLlroughout tbe systell and lIIith boundacy conditions 

along each of the spatial toundaries, the recucsicD forllula 

is iterated tor eaCIl energy gtoup until a consistent, 

converged solution is ceacbed (JoB 1, DOT17). 7he prograas 

readily available are eitier Olle or tvo dilIIensioDal in 

coordioate space. 

Tb e MC Il et hod i5 fun dame ntally dlfferent in i t s a ttack on 

the t>roblelll. Indeed, one need not. explici tly consider the 
r 

Boltzmann equation at all in tilis approach. 'Ihe trans{loct 

problea is 50lV~fY simulating tue lIovement of iDdividual 

pûcticles through tt;Syst€1l iD a realistic fasbicn froJa 

pOl.nt al: or~lj~n türuugD ccllislons vith Duclei. in the system 

until cdpture, escape, or eut-off. Particles lIaï te rUD in 

sequence because of the indefendence of thelr paths as noted 

above. Mea.n values of the flu.l or of any other 911aDtity of 

interest are tonnd by analJ,siny ~he histories of a large 

DUllber of part~cl.es. In this situation, the valuE of any 

Ljuantity must have aD inherent statistical error oi the order 

.IN wher'e li is the nu.her ct contributions aadE to the 

particula r 'jua.n tity. 
J­

In" fractice, lt is often the case, 

depending 00 the para.eter under consideration, that tbis 

error esti.ate protides ollly a lover bannd.. YD,pud this lias 
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fOUlld ta be sa in this li oIt. Other lDethods of esti.a tin9 the 

enors lIust be used and tbese vill he referred ta later. 

Because ot the stclt.istical nature of the solutions as 

ohtai ned by the MC met bod, various proced ures are employed to 

reduce their variance. TbeSE DO longer treat t.he ~articles 

as analogues of real ones but rather assign the. weights 

dependillg on their past histories. These proc.: dUIes then 

increase the num~er aI: contI ibuti!ons to a patti culat result, 

scoring the veights rathEr than detected particles. Such 

variance reducing t.echnigues are included as options in manJ 

of the videly used He progralls such as !ORSE (5t70) and PlCNP 

(ltCHP19) • However. there ar e instances v hetE s uch pr ocedures 

are less than satisfactory (J081). In any Event, Sllcb 

technigues require careful consideration vhen used to 

deterlll.ne voich are approl=riate. :In this vork, eJcept fOI: 

.biasing of source direct ion in sOlle of the calculations, as 

explaincd belolt, no variance reduction techniques were 

1.11 voked. 

In tlle de lIetllod, sillulation of experimental geollletries 

can be v~ry precise even for sOllewhat unusual casES. DOT 

calculatiolls nor.all! reg uire ge()lletries "'i th' signif icant 

sylilatry. :Ln DlOSt cases, of course,the experiaental geolletry 

iilso passesses soae sy •• etty_ Even in !te cOIiEutel codes, 

this CcU1 SOJiletilies lead te a reduction in cOll-utillg costs. 

Though attention has 50 far been focused on nEutron 

transport, Yray transport, necessary because of ,n,r) or 

(n,n 'J') reactiolls, can also Ile siaulated in laD}' cf t be 

caDIllon codes though of COUISe at hig.her coaputing cost. 

At the tille this vork vas undertaken, IlODe of th.e 
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computer codes referred te aboye vere availatle at !cGill. 

Hovever, a lIC code develoFEd bJ J.rt.Rbhson waE in use (B081). 

It was originally used in shielding studies te calcalate the 

spatial neutron flux dist libutions in spherical shields of 

iron, concrete and wood surrouilding a 14 lSeV neutIoD 

generator. It aiso calcu.lated the total neutron and 9a.lla 

dose-rates at var~ous distances fLO. the source. As a test 

of its validity, it VdS u~Ed to predict the spatial 

distribut~on of the theraal neutron flux in a paraffin blocx 

arouild a 10 ci lllBe nellt ron source. In a Il cases EXcept that 

of the iron shield, the tterllal neutron fluxes aglu:d very 

well vith lIIeasured values bath in terlls of thE sha~e of the 

d~striDutions and absolute nu.bers. la the case of tne itoo , 
shield, it lias suqgested that discrepancies VErE dUE to a 

lad of ref~nellent in the Ilodelling of the neutron spectru. 

follov~oy ,nelastic scat tErse It seeas possitlE tbat the 

lack of an (n,2n) reaction aechanislI is a.lso partly 

responsible. SOlle appreciatioD of the importance of the 

(n,n'lO and (n,2n) reacticDs can be garnered fro. (ln75) 

where calculated spectra cf 1" rteV neutrons passioij through 

iron are presented vith and without these proceS'SES. 

For the puxposes of this work, the above code vas altered 

in 'a variety of ways. TbIee separate versi.ons vere writtén 

to .odel th.cee geoaetries: (1) the pLogra. SPtiEliE, IaQdelli.ng 

a point source inside a sl-here and siailar to the original 

code, (2) COLLI!, vhich acdel1ed a source of variable length .. 
or bei~Jlt restiD9 beneatil the botta. of a cylindrcal 

colliaator of v.u:iable si2e iD a cy.lindrical shield 

(l'ig.IZ.2&, aad U) PHA.'!, Iihich ao4elled a DeutroD beaa of 

18 
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Fig. A 

Fig. B 

Fi.g. II. 2 

Geometry simu1ated in program COLLIM. 
Source iB of 1e~th Land may be oriented 
either vertically or horizontally at 
a depth d. 
The parameters re' t w' hw and hr rnay a1so 
be varied. 

• 
Geometry simu1ated in PlIANT. 
A point source rests at a distance seo 
along the axis of a cylindrical phantom 
of radius rand heiqht H. 
The source P can illuminate a dise of 
radius r b at the lower phantom face. 
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arbitr~r, dialeter and div~rgence strikiD9 a cylindrlcal 

pbantolll aD its botto. fiat face and alobg its syuetry axis 

(Pig. fI. 2B) • Tbe coDsiderat ions discussed belov ace si.l1ar 

tor aIl the progralIIs. Where differences exist the} vill be 

noted. versions. 

Several advantages are evident in the use of the fiC 

prog ra. discussed i •• ediatEly aboYe vith respect to those 

co •• allly available. The latt.er are <juite enof'-oUll in teras 

of progra.1I size and co.putEr lelory dellands. TlIeir 

generali ty. a tea t'1re o"f CDV ious 9 reat value, can also 

increase their running ti.e. llllpleaenting sach a syste. on il 

particular co.pu ter installa tion can be qui te invel ved. TJle 

prog ra. I1sed here vas aoldEd to suit ol1r very speci f ie needs. 
~ , 

Ta reJuc~ Ilamory re'lilirel€nts aod sl-eed executioD, the yalllla 

traçking of tbe original, code vas dropped. The DUllber of , 
Ilollogeneous regions and elements in each region IIEre lillited. 

1 

This aade it possible to Îlf lelllent t~e progra. on a PDP-11/34 

ainico.putt:!r vith 32 1lilobyte of aeaory. The prograa vas 

verr portable requiring DO ~Eripheral eguipaeJJt. 'Ihis .ade 
.--

it posslbl.e to trabsfer it to the l'fcGi11 Oni versity central 

comp ater V,l.th o-n11 .ino.r lod ificat ions in the iDpUt/outpll t 

sta te.ents. G~ vell the l.atge lIe.ory space a vailabl'e on tAl.S 

aachine, the nu.ber ot el~.eDts and regions couleS be 

increased. This vas in tact done and a .fev tEst Iuns vere 

made. file bult of the calculations vere hQwever .ade on the 

l1nicoaputer. 
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Since the tiC techni(jue i5 a lIethod of statistical trials, 

it IIUst haye a vay of siaulatin9 randoa eveots ana tberefore 

requires a candca Bumber generator. the gcnera tOI (built 

ioto the cOllpùter) ased in tbis vor.k e.ploys the 

.ultipllcati ve con~raent.lal aethod. It is perfectly 

deterainist.ic in that if hi tîated at the saae Ecint it viII 
r 

alvays field. the sale seguence of numbers. NEverUeless, the 

nu.bers IIi t.à.in any one 5egue Dce appear ta be randcal! . 
distributed. They are, in f aet, k>seudo-randoll. 

1 rancio. nUllbec is prcduced fltoa the forlula 

1 =(216 +3)x lIod(2 32). n., . ", l 
Inteqers are stored in 16 ~i ts and 'f vo intege.ts aIE u sed ta 

generate eac.b. randoll llu_bEl vhich ~ then sftrves as the seed for 

the ne xt. IÂ practice, tlle algot'it)1. consists of lU 1 tipl} i09 

tvo nu.bers and retaining the least si~nificall t bits of the 

resultant. Such an a190rith. blls a flnite period after which 

tue se'-juence recycles. II: tbis ca!ie the period is only 

.sever"al aundred lIillion. It is guite possible te exbaust 

this period in se1le of the calculations done f-or this lIo1'lt • . 
Wbile a hi9h1y sophisticatEd generator is availa.l:le a"t McGi.ll 

(ilith a perl.. of cluout 5J10sa-Ja80) and indeEd is 

iapleaented on the -ain uJliversity, co.puter, it vas felt t.hat 

this vas not req\lired Bioee it i5 virtual1y certain tbat even 

vere the yenerator to begin recycliDg, i t vould do 50 at a 

point i.o the CQilpllte1tioll 4ifferent tb.ln thClt at "tich it 

began. Tbus~ for examfle, if the first generator cal1 

produces a value for a certain direction cosinE, as long as 

the cycle does not resta.tt OD a calI for t.llat sau directia.a 

cosine, the -ran40an_s· of -the results is preser'Ed. Tlle 
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saae consideratioll is tr.u! .. ith respect to thE question of 

j ust Il.>w rando. 15 a seguEDce of pseudo-randol Du.liErs and 

vhat inJ:llleJlce this VQuld bave on the resalts~ The point 15 

not tri-ia1 since sOie rëuldol DUlber generators in CO •• OD use 

are not very go04 (for exa.pIe, the IBts supplied 5ubroutine 

BANDU (Ja80) ~ 

ADy calculation of neutron transport rC'1llires as inpllt 

toe croSs section of a reactioJl for a specifie nuclide as a 

function of enecgy. It ~s the relative size cf ODE cross 

section to the other vhicl:! deter.iDes vhicA interact1J'n takes 

plaCE! at d col.lision and the total cross section wHcl:! 

d'eter.1-nes the occurrence of a collision. In ~his progra., 

three in teract iOD aechdni.!!15 are lode11ed: (1)> el astie 

scatter, (2) iue1astic Bcatter, and (3) capture. 7heir 

respecti ve cross sectioDs for a nucleus j and neu t[OD energy 
/ 

Il ar~ ~l ' ~ k and ~J -It - the total lIacroscopic cross 

section of ci region at a Ileutron energy k is 

Lt.~ - T ~ (oeJ~ -t- ~~ -t- OëJ'() 

vl"lere PJ ~s tbe concentra tian ,nuc1ei/c.~) ot elea.ent 

(i sotope) J LU that regioi:. q;:J~ includes the l-rccesses of 

(n,l) , (n, f), (n,oc), etc. . or he .ean f ree p~ th of a neutron is 

the average distance it will traYèl bafora undergciDg a 

., collisi.on and is qi.vell bJ la 1/E. The cross SEctions used 
"} tlt 

in this work. were all takeJl fro. BNL-J25 CGa76). They vere 

stored iu a. Aultidiaensioual array vllich covered the range 

between ther.al and 15 lie' enarg1es in 26 neutron groups. 

The energy liaits of this 26 group data 1ibr.ry s1ructurè are ... . . 

qiven iD TaDl.a II.1. Ileuttons vith Energy g~EatEJ; tban the 

upper 1idt of gJ:oup (il CI(i) and 1ess than l{i+1} were 
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assigoed. to group (i+l) and all data vere drawn f1ca the 

cross section array for this grou):o. To speed calculation, DO 

il1terpoldtion vas use4 for neutrons IIhose energie.s did not 

.atch -a gr'oup boundary. Since the lethargy. interyal betveen 

t.\lO groups ls glven Dy (La77,ch.3) 

u=ll1 (E U+l)~! (i)) , 

i t cao he sJ:!ell that helov 1 flle' the 9 EOUp- structuxe 
~ 

ret'resents alilost ~~udl lEthargy intervals. IndEElt, even for 

the bi!Jhcr energies, the letbargJ intervals .,ary their size 

by less toan a tactor of seVEn for even the vorst case. 

The abova cross secticn structure is bJ no .eans optiaal. 

c 

'. ,t 

An evaluated cross sectioll library vith a 36 (collapsibl.e to 

21) group structure vas ottaiDed towards the End of this work 

(OLe]l, 1979) • Tbe enerqy structure in this l~brarl is hiclSed 

at high ell~rgies 0",i09 to thEir illportance in tiSSUE dose' 

de1.i very. Also, tbe grou fS are tailored to allo" for aajor 

peaks and vdllels in the total neutron cross sections for 

n~ tro:jen, olyyell, si licon and irone Since tbe li trary lias 

prepared f~o. e'ldluated pcint-vi.se cross sectioD èata br 

u5ing a 1/.1;; "eighting spectIUI, it i5 by no l8eans obvious 

that it vould be perteetl} afPlicable to our Ca:lSE where the 

neutron spectra are radicall} different fro. the l/E' 

si tuatioll (Ce82). Hel'erthEless, 50ae test runs vi th thJ.s 

li brary vould be valuablE. 

The case of ther.al neutloD interactions (ln our case, 

neutroDS of li: < O.leV) reguires a Dote of eXflallat:ion. As ia 

vell knolfD, cheaical. bindi.ng effects can af~ect tl!e cross 

section value of light llucl.Ei for loti energy Dellt.tOllS VMIl 

the colli.sion energr i8 cC_falabl.e or s_aller tbaD the 
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Yibratiopa! guantu a (pbqncn) of the oscillatory aoye.eut of 

the nucleus around its equilibriua Fosition (tieS8,ch.l:V and 

Cu65 ,ch. 1). , For very lov Energies, the scattering cross 

section is increased br th crder of «1+1)/1)2. For , 

hyarogen, for exa.ple, tlu; scatte~iDg cross section is 

A virtua~ly constant betvE.en 1 and 1000 eV, varyin9 tetveen 

20.3-20.4 barns. It cliabs bel.ow 1 eV reachiDg a' value ot 

36.b at 0.025 eV for Hl. anC! 53b for 810. Xt acnotcIlÎca11y 

iocreases at fet lover eDugies. For .heavier .DuclEi the 

effect is reduced because ((1+1)/1) 2--.1 and becau5E the 

vihrationa,l. fre<juency goe5 dOVD for increasing & Uereb} 

10weriDg the ener9J at vhich the che.ical bindi~g is 

aanifested. The llCNP code (IICIilP19) bas aD option vhich 

aodels both the che.ical tinding as vell as crystalline 

effects (n\Jt discussed heIe) for lov energy neutrons in a 

limited nUlllber of .ateria Is. In our prog rail tbis has been 

dealt vith siJilply bJ using th~<13NJ.-J25 .hydrogen cross section 

as aeasured in water targets. No other cOlllpounds are 
.... 

considered. This approxilation ~as seen to 1IIork lIell in " 

.odelli.ng thermal neutron scatter in one of the tests 

subseguently J.escribed. 

Attellpts vere .ade to s'p~ed 5,0.e of the cfalculatioDs by 

ellploy ing var~OU5 tJ pes of eut-offs acting on sea ttered 

neutrons an!i directional tiasiD9 of the sourCE DEutrons. Tb 

he speci fic, in the versicn PHAX'I, source ne utroDS vere 

generated so that a~l fell vithin the cone defined by the 

Angle, 9=arctan (r,. /SSD) .. ~eIe ri. ~rp alvays (see .Pig.I.l. ~B). 

1'11is guaranteed tbat aIl ~eutrollS struck the target. The 

relationship. betveell such a, SO\lrce aDd an isotr~Iically 
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eillittillg ODe is si.pIe to~Atli"e (appendil 1.). 

It wcauld have been pOEsillle to introduce direc::\ioDal~ 

biasinq iD COLL.I! as vell sinee t here~ ,fa no' need to project 

neutrons at the open .outh of the col~i.ator. 
. 

This vas not 

dOlle. a:.vever, the prograa did tally se,pat.ately' the'~. ' ' 
• 0 '~ 

uBcollided neut.ron flux "hicb exi.ted tire louth as vell'""'as the 

total flux. This aade it possib1e to evaluatE th~ neutron 
• 

gain due to the cclliœator, at the input eoergy, witb ~ 

sigl1ificantly rEduced statistica1 variance than weald haye 

beaD present nad the ullcollided flux,' been calcolated 

analytica.lly or iD a separate slaulatioll. 

rn tbe original fiC prcgJ:a. (BoB1), a11 neutro,os 1Ier~ 

followed ~Qtil éither capture or escape. t'his strategy i.s 

feasible only i.n the case of spherical sy •• etr! Sine" then .. 
only tQe radial coordinatE cf any neutron is of consequence. 

,1 

Since coun ting is done on neutrons crossing spher ical shella, 

neutrons oi all angular ccordina tes con tribu te and yood 

statistics are not Qot dif.ticolt to accuaulate. In our case~ 

hovever, angular distr ibu tiens of the neutrons 'arE hportaat 
1>,. 

even though cylindrical sya;metry i5 .aintaineà. Ilot all. 

neutron~ contri.bute to our liaited cO~llting regicDs and 
\, 

fol.loving thos~ ,that do net ls very tiae conslldDg lDdee4. 

It is observed tbat the grea test amOUD t of hae in our Be 

simul4tiollS of vater fillEd geoaetries Is COllSU.Gel D}' the 

tracking of theL.al neutJ:cns sinee the ratio of tbe elastic 

scatterin9 ~o capture crosS' sections is 
). 

put si.ply, t:~er.al. neutrons bOGnce 

about a great deal before bEing reaoved. 
1 

Ti.e s~~ings iD the 

.handling oL such neut.rons can therefore he 01 gteat. Yalue. ~, 
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Versions PHANr and COLLl! eaployed 

ther.al neutrons. rh e luan f,ree pa th 

cut-offs.actin9,on ) 

""" (r!FP) of tiEr.als in 

water is s~ort, tYfically sucb smaller than the di.ensions of 

the sJste.. Tberefore. tteLsals that ware aore tban a preset 

nu.ber of KPP's away fro. tbe counting region vere dropped 

fro. fWtther éonsideration since there ~as no realistic 

like1ihood that they vou1à èver con tribute. (TYFically. the 

d~staDce vas chosen sucb tha~~he flul arriving at the 
. 

coonting reg~on from a diEcard zone vould be <11 of the flux 

at the scattering ceDt~- 4C KfP's vere commonly uSEd tbough 

30 or ~ven 20 vouid b~e teen reasonable choices.) > 

The nOlllner of ther aal coi lisions could aiso be u sed to 

4iscard neutrons once a preset maxi.u. had been e~cEeded. In 

PHIIT. IIp ta 400 collis~oDs lIere tJpically al10ved. In 

COLLI!!. no .or~ than .2 00 lIere perai t ted. Tallies of aIl 

discarded neutrons vere kept includiDg the nUEber terminated 
t \ 

bJ each condition. The ccllis~on number maxi~um was adjusted 

to elilllinate no aore than N5J of dll thermal neotzons bl ~h~s 
. 

aetbod. It vas eapircally de~ermined that discarding tais 

, percentage had DO statisticallJ significant effEct OD results 
. 

obtained vith either pr09x~, version. 

" The 1a5t type of cut-of~ used-Vas based on neutron 

enerqJ. lA a vaciety of instances. Ile w~re conceJ:DEd vith 

deter.ining energy spectra r,tber than ther.al neutroD 

spatial d~str~but~ons. Hevever, sinee the sleving dovn of 
c 

fev se! neutrons Dy e1astic scatter on hydrogeD i~ a very 

efficient process (only le ~uch co1.1isions in pure nJdrogen 

alld 20 in v,ter ace regui.tEd to slow a 2 "eV neallon to 

, 0.025 eV) the fluxes of D~Qtrons per ener9J interval between 
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the i~pat energJ and eguilibriu. thermal ener9Y Can be very 

love To allov a calculation to concentrftte o~ deter.inin9 

these values, neutrons could be discarded once they had 

dropped belov an adjustatle Ener9Y threshold. 

A flovchart of the prcgra. (version COLLI!) i~ given iD 

Fig. II.3 and furtber discussion ""ill be refecenced to it. 

Fig.II.3A represents the input section wbere tbe 

~ara.eters e~~lained.above ~re read into the proyza •• Tbe 

nuclear te.~erature noted in this section is explained belov. 

Fig.II.JB is the flovchart cf a neutron histor} ~ for 

the Dost part s4tf-explanatcry. A fev points oeed detailiog. 

Rhen a neutron is created at the source vith rando. 

directio~. direction cosiDe y is set egual ~o zero. Tbis ls 

valid becaose of cylindrical sy •• etry.' llso thE direction 

cosines are not aIl inde pEndent being related by 

The d1stance. OTC, the neutron trayels before under~oing 

a"co111510n 15 chosen as in (Zeb3). The neutron is projected 

along ~ts direction cosinEs. If it intercepts a touna~rJ 

vlthln the distance DTC. it ls aoved to the intersEction 

poInt and a nev DTe is 'plaJed for. ihen a neutron finall,. 

does collide, tbe type of interaction .ust be selEctEd and 

the appropriate sobroutine called. 

Ply.II.Je ls a flowcbart for the logic of an (lastic 
'1 

sCàtter Event. The neutrcn vélocity vectoc ls first 

transforaed ta the center of aass (Cft) fraRe. A SEt of new 
1 

dIrection cosines ls ~han selected. The sphelical folar 

angles are used sinc~ the, are independant of each other. 

The angle,~' ,is chosen fro. an eguiprobable distribution 
"CII4 

\ , 
28 
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over 21T radians. The choice of n' i5 not as Oc. .... 

-straightforward, except in the case of bydrogen, tEcause the 

scattering i5 gene~allJ fEaked in the focvacd direction. For 

hydrogen it is assuaed isctropie over the enErgJ cange of 
" 

interest (BNL4~O-Go62). lor othee Elements, scatteeing 

angles are selected in maDJ programs bJ calculaticns using 
~ 

tables of Legendre pclynclial coefficients vhich bave been 

fitted to the data. ·1 different tact vas followed iD this 

vork. The angle e~"" 1-S given hJ (RoBl) 

e:"" =exp(d(1i4-1)}arccos(1-2B) 

where d=O.141l/ 2 1 1/ 3 , E is in "al, A is Ue 

nuclear aaSs and 8 is a raDdea nombec such tbat 

0<8<1. 

The distr ibo tions g i ven bJ t his formula do not lia tch the 

Ileasured ones e,xact IJ. Nei t her do man}' of the 1B0ce 

complieated procedures often used (for exa.pla,NaIS). This 

method has t~e adYantages of siaplicity and of DO -e.off 

requireaent for tabiES. fig.II.4·compares the approximation 

function to data ':JivEn in ~5t-400 for oxygen at tllO en.ergies. 
---~--- ------

Folloving thtfselect-i-;;-Gi 9~"" and 1:,." tlte DEat ron t s 

original direction is rotated .bJ --the appr~p-riatE- allounts and 

transforaed back iute the la~ frame. Details on the 

derivatioDS oL the retation for.ulae .ay be fCUDd in (CaS9). 

Elastie scatter cf theraal neutrons is handled 

differently th~n the aboYE. The energy of thE neutron is 

tised at 0.025 eY sinee v€ use only a one-':Jroup ther.al 

energy strQcture. Beth e and ~ are sel~cted tre. isotropie 

di:stributions. f 
rf the incident neutron's energJ, E, excEEds the energy 

'c ( 
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Fi.gure II.3 

Floweha+t Of Monte Carlo Neutron Transport 

Simulation Program' 

Figure A: Input Section 

Figure B: Main proqram Logic For Tracking 
A Neutron 

. 
Figure 'OC: Loqie For !lastic Seatter Event 

Figure D~ Loglc For Inela.tic Scatter Event 
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INPUT a 
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Ini tialize eounter.~ 

to 0 

V' 
Read 1n random 
generator seeds 

. 
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Read ina number and names 
of elements in each region 
-atomic weights of each 
element 
-nuclear tempe rature for 
inelastic scattering of 
14 r.leV neutrons !}. 

\? -concentration of each 
~ead in dimenAions 
of collimator 

element in each ragion 
V 

and shield 
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.. 
Input the microscopie total. 
inelastic and capture x-

Read in position 
and length of source 
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sections of each element in 
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/ 
max ff thermal collisions 
before eut-off and 
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neutrons should be eut-off 

~ 
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energy k 
ae jk =otjl~ -o-i jk-Oëjk 

~ 
:alculate the macroscopic 
x-sens for aIl processes 

~ead in positions and 

" dimensions of counting 
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flux and current measurement 

V 
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Increment neutron 
counter (NEUT=r:EUT+l) 

Does N~UT equal the 
maxirau:n number of 
hiotorieo in a batch 

no 

~reate a neutron at 
~he source rooition in 
the shiel~ (Xo'Yo,Zo) 
with the pource energy 
~d direction cosines 
U=cor;a(, V=cosp, ~l=cos~ 
\'/:here 
W=2R-l, V=O, U=(1_W2 ).S 
and ~ i s a randoI!l nl'--:Jber 

7inè enorgy ~roup o~ 
T"'f'utron' 

Select a di=tance 
neutrcn te tr2vel 
rT(,~ -lqf (1 -R ~ 

ft 4- l ,3) 

Deterr.ine 1i stance (Dl~T), 
~lc~~ (U,V,W), ~etween 
~cut~cn o~igin and 
c011i~~tor to~nCary 

Has neutron crosseè 
into another regio~ 

x==x +DINT o 
Y="! +DINT o 

yes 

Je U 

y. V 
Z=Z +DINT x W c 

neternine the region 
i t is in 

neutron escaped 
s stem 

no 

x =x +I11'C x U c 0 
y :Y +DTC x V c 0 
Z =Z +DTC x Z c 0 

type of inter­
at the collision 

CalI ~ubroutine for 
elnstic, inelastic, 
capture, or thermal 
elastic interaction 

rjngs ~ 

Did neutron 
escape or was ye 
it captured 

yes Dl" eut-off 

Dutput fluxes, currents 
an~·all oth.~ ~esults 

batches to run 
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Figure II.4 

Angular Distribution Of Neutrons Elastically 

Scattered Off 160 

() BNL 400 

Q Approximation Used In ~is Work 

Figure A 

Figure B 

• 

Bombarding Energy - 4 MeV 

Bombarding Ener9Y - 14 MeV 
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bf the first excited s~ate of the target nucleus, inelastic 
, 

scatter begins to co.pete vith the elastie proeess. Xt is~ 

then possible for thE neutron to lose soae of its energl 

leaving the product nucleus in an excited state vhich tben 

-deëays ta ground via 1 ellissi.on. The treatllent of the 

process in this vork is 0Een to question in tbat it uses a 

statistical analysis of tte nuclear levels even for 11ght 

nuclei though such an aPFroach is strict1J valid cn1J for 

heavy ones. 7his is done for the sake of silFlicitJ. In 

this approach (Sh65,ch.III), the scattered neutro~'s energl, 

E', is assumed !axwelliaD. ~he probabi1ity ~EnsitJ function 

of the distr ibutlon is profor tlona1 ta E 'exp (-E '/7) where 

T=ai! ls the nuclear temFErature of the evaporatlcD spectra., 

a=constant depending on the nucleus and OSE'SE. 7 15 related 

to the temperature 70 for 14 MeV neutron bombard.ent by 

T~T0JË{HeVJ/14° vhere TO i5 takeD tro. (Go11). Neutrons are 

boiled off tue nucleus isotropically in the lab frame. 

Indlvidual leveis arE igDcred in thls schelle and lanifest 

thellselves indirectl} via tbeir contributions to the 

inelastic cross sectj~n. ihe flowcha~t ls presented ~a 

Pig.II.3D. The forgnia for selecting Il is 

1~ (1t ElIT) e.lp {-E' /'1) =B (1- (1 +E/T) exp (-E/T)) 

. vhere R=randoa nuabEl. Sel v i»g for El in'lol ves a 

transcendental Equation vhich caD be solv~~ for ty aD 
1 

iteration method. 

The He prograas discnssed aboye vére used ia a va~ietl of 

sililulations. The reluIts vere c,oapared vith .easureaents 
, . 

32 

,1 

l, 
1 

1 

1 
1 
! 



( ,J 

,. 

. 
• ade br ~s as gell as ~ith fUblisbed results cf etheE 

1 

experi.ents and Duaerical s11ulations cowering a ~ange of 
~ . 

situations. Though a det8ilEd description vill-be Iostponed .. . 
DDtil chapter IV, the scena~ios studied are listed here for .. 
COD yeDience,: 

1) point spread functions due to thar.al neutcoD seattér'!n 

neutron rddiography, 

2) attenu'êltl.on of 15 ISe' n~utron bea.s, 

3) ther.al and epithermal neutrpn distributions due to fast 

soùrces in vate~-fillEd spheres, 
\ 

4) ther_al neutron spa t1a1 distribùtions and lleatl:o~ ener9~_, 
. ( . \ 

spectra in collillators in vater shields due ta internal fàst 

sources, 

5) ther.al neutron spatial distri.butions in 

ternal fast sources. 

The simulated phantoas noted above vere aS,suud '10 

contain vater only. Tissue eguivalent (TE) liquids vere used 

ncither in tue calculatioDs Dor in the aeasurements. This 

ex-\ 
1 

approximation significantly reduced aemory regui~e.ents since 

wat~r contains only two eleaents 'bile TE targets ~ont;~ 
--\~,--/I 

four or œo~ The, justification for tbis is discos.ad later. 

1 
• i " l': , 

t 
1. .. 
1 • , 

" 

" 



\ 

\ . -- -~- -~-~-~. "~ ---
'f 
t 

1 
-\ 

i 
. ! 

! , . , 
i' 

o 

( . 

/ 
( 

Is afready Doted, neutroDS .al be produced via s"evera1 

aechanislis. Isotopic souces, te be di scussed here, of ter a 

nu.ber of significant adv8ntages despite their lilitations. 

Tbey are saall, relativel} inexp~nsi,e, portable and simple 

ta operate. Their neutroEi cutput ls constant in tiae varling 

only as the radioisotope ~ecays. Delivered doses cao 

the·refore. be DEld fixed sil~lJ by setting exposUJ:E ti.es. 

The sOllCces are reliable and, unlike aD accelEratCI:, require 
" 

no particu~ar oEerator sUle~visioD or control. PbJs~C~lly 

the} are rather saall, si.,lif1iDg shielding reguire.eots. 

llso, tbe ~over energy source neutroDs result in ligbec 

thermal neutron fluxes in the target peI' unit dose relative 

ta 111 lIeY neutrons (Co7)., This is of obvious value "hen 

usin.q (n, () reacti~DS for a nalysi5. 

Tbree fundaaentall, ditferent isotopie sources are 

available: ()',n), (GIl,D) " and spontaneous fissicD (H'). Onl}' 

the latte~ tvo nave found significant application in 

ele.ental ana1 Jsis. 

(r • .0) reaetioDS are otten used to prOYid\ 10 .. ener91, 
• ;l 

oear!y 1D0l&oenergetic neutr.cn spectra. Photons abCYE tbe 

neutron bindl.ng ener9Y of a nucle us can caUSE neutron 

e.issioo. 0011 deuier iu. and berylliull have beeD used as 

t,rget IU.tericlls because of their lov (t',n) thresholds of 2.2 

Sa' aAd 1.7 SaY, respectiwel,.. Preseat1J, the .ost videly 

used source is 124Sb-Be. :tt ,has the lave st aYeragE AeutrOJl 



( 

( 

enerqy (2" keV) a.onq aIl isotopie sources, a half-li fe of 

60.3 days and is }Jroduced by irradiatinq the Sb filament l.D a 

redctor. In 5uch a sourcE, neutron production can be shut 

dovn by ilhysically separa ting the 'l( so~e froa the Be 

target. Bovever, the intEnse r radiation (1.7 "eV) and the 

lov neutron yl.eld are trotblesolle. The source is somet imes 

used to provide a very pure therlDétl neutron spectruli (ChaO). 

The only 5' source in gEneral use is 252Cf, which also 

decays hf 0( Emission. ScœÉ details are given iD 1able m.l. 

Its neutron s}lectruil is si.ilaI to that of U8U fission and 

its specifie neutron outFut is the highest of any isotopie 

source. Sources V1.th e.issions up to 1010 nls arE available 

and have the advantages of lov )'intensity, saall fh)'sical 

size, 10v heat oatfut, lo~ heliu. production and lov toxieity 

(AlierSb.al Indul='trial Hadiation Produets Catalogue, 1979). 

252Cf has been used extensively in partial body NAI and PGHCA 

t(Ma8l, Cuell). lhe lower E:Der 9Y, hence shorter penetra tian, of 

252Cf neut.rons relative te the energy of (tI(, li) SOUCES is 

asuall y :::onsidered to llilit appliea tian to body rE9ions near 

the skl..ll surface. 5tadies have centered on activation of Ca 
• 1 

in li.hs and the spine aJld IGNel of Hg and ca in tlie li ver 

and kidney. 252Cf is aise used in a variety of non-aedical 

analys~s apl'll.cat ions (Gr 78) • The lIain impediaeDts a ra its , 
short hali-oLife and the inability of tJle lover enEr9J 

neutrons to exciteOanything ctoer than (n,l) reactions. 
,/ 

"A nUIIher of differeJlt (CC,n) sources are cCllaEIcially 

ayailable. These eallsist of aD inti.ate .ixtur .... é of aB 0( 

eaitting. lsotope and a taI:get aediua. 1.OJlg the cc eaitters 

e.p~oyed today are 2411.., 239PU and 2J1pU. 2Z6lia is used iD 
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• any older sources. Several l±ght e1elents sucb as Ber Band 

Li can serve as the tarye t but the highest neutron y~eld i5 

obtained vith Be. In tbis .. orxr a single 1 ci (37 GBg) and 

one 10 :i a.'AI5e and ho 1q.3 Ci 23aPuBe sourt:es lIere used 

and attentioQ vill focus OD these. All vere obtaiD€d frol 

the lIo11santo corporation. 'Iheir neutron spectra are very 

• siailar alld Doth types are cClaonly used in NAl and PGNCI. 

Sale data about tbe sourCES are given in Table 111.1. The 

average eneJ:"<:1,..,ies 1isted s hould be taken as only apfros ilate 

for reasons outlin ed balo w. the PuDe source sare doubl.y 

, eucapsu.lated in stainless steel. Each is 5.5 CI t.igh and 3.5 

Cil in dialleter. The 10 ci AlBe is roughly the sale size. 

The 1 ci A.lle i5 approxiaately LCD x3etll. 

Neutcoll production in the dll€riciua and plutcJ:iua sources 

proceeds by th E 9Be (-<, n) 12C reactioD. The resul tin~ neutron 

spectrua is polyenexgctic. 1hough one vould Expect discrete 

~ ~nergies 'to resu~t in discret~ ueutran energies r in 

praetice this does oot occur. 0( l'articles have short range 

.and lOSE: energJ rapidly iD traversiog the soutce latlix. It 

is- due to thi.s tbat the "oC elitter and Be .ust be intiaately 

aixed. The AaDe is packa~ed as a c08Facted ailture of 

aaericiull oside <lAd . .berylliul .etal ~owder. thE PuBe is 

prepared as a aetallic alloy. Conse9uentlYr the 0( spectrua 

striking the Be llllclei fs continuous, s.eaciD9 out the 

resultallt neutron spectrua. The prEcise details depend on 

the specifies of .4DufactllXE. For exallple r lugE a.erieiua 

o.xide grains i10uld caUSe sIe 11109 down in the fJ( eai tter 

itself. The spectrua is further coaplicated Dy lev energy 

neutrons iroa the break-uI I€&CtiOIl 

)6 
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propert!ea Of Seme Isotopie: Neutron 
< 

Sources Used In PGNCA And NU 
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l ï . 
exposure AverAg'e Principal SOURCE Ba (MeV) TL- Neutron Yield a.t l.m ICi ne9tron B l enerqi ... 

t 

nL.sL.CJ. nL.sLCi 
(""n) ' . 

• 0 

'". 
238PuBe !ix10 7 3x106 

'.1'1 

5.50 (72%) S7.7y 1mRem/hr 4. 'MeV 43.5lAv· .)~ ~ i 

5.46 '28') 
. 

241AmBe 5.48 (85%). 413y lxlO 7 2.1xlO 6 2.5mRem{hr 4.4MeV 5'.5keV 
5.44 (13') 

Spontaneous Fission ' , 

252
Cf 6.12 (84%) 2.65y* 2.3x1012 4.3x10 9 300mRem/ht 2.3MeV 42keV 

~ 
6.08 (16%) lOOkeV 

*Effeètive Ti - T~ for a decay-2.73y 

Tt for SF -B5.5y 

Data taken from (Le78), Amersham Radiation Products catalogue, Monsanto specifications 
1 
" ... 
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• Be (O(,C:O(. J ·Ee."-' • Be+n 

A150, tbe 12e nucleus may be laft in an exciled state 

9Be(ac,n) 12C*-'t 12(+(((".44 or 3.21 tSeV) 

• 
thus subtracting the excitatio~ EDergy froa that of the 

neutron. For ~ eaitters in eur energy range of interest, 

only the 4.44 and 7.65 !eV leveis of Ize cao te Elcited. 

Furtheraore, (n, 2n), (n, Il t), (n, n) or even (Il, f) Hutron 

interactions 1n the source f~rther .edity the spectru.. Soae 

of these factors are a fUDction of source SiZE and 

eDca psula tian aa terial and t hickness. De tailed di,scussions 

are giveo io (An72), (Vi73), (Ku77), and (Ge7S). In general, 

the lar~er the ~ource the sefter the spectrui. ln the case 

of sources containing fissile _aterial s~ch as 23'PU, the 

spectrWl cao be turther aodified hy fissions induCEd in' the 

source by aodecated neutI(DS reflected back into it by its 

radiation shie1ding (Ca70). Thus, even t.he nnneI in vhich 

it i5 5tored aay attect tbe ~pectru •• 

Throu~bout this worx., it was assuaed that emiesion trom 

the s~urcas vas isotropie. 7his i5 not striet1y tbe case due 

to the scatteriDg of neutIons 10 the c,lindrieal 
,. 

encapsulations. Transaission alon9 the cylindrical a.xis of 

tbe source cao be as auch as 201 lover than Dormal to it. 

This factor is also a function of source SlZE (Ra78). The 

spectrum a150 differs a1oD9 the tvo axes. It 1s SEoerally 

softer a1089 the cylindrieal cne. Additiona11y, due to 

details ot aanufacture. tle eaission even in the tadial 

direction is Ilot necessar il} unilor.. This cau be verified -for indivldual sources b} autoradiography_ Ibe dEviation 

fra. isotroPJ caa be aark(d (Bo7l). 
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flany .easure.e.ots and tbEoretical calculaticDE of 

isotopie neu tron source s lec tra have been pUhlishEd. It 

accurs tbc1 t the general s tJapes of 2 3"1PU-, 2 J .pu-, and 

2411.-5e spectra are siailar but differences do €Jist betveen 

different types and e,e.o different sizes of sources. 

Precision .easure.ents ar€ difficQ1t since spectru. 

decoDvolation itself cao 1nttoduce significant differences in 
# 

independen t dete["ID~Datio.o!j. Experi .enta1 lIleasuresents have 

been aade "i th a var let y of dEvices sach as organic 

sCinti11atO!S (Ci68,lt081), 3Be spec'troaeters~ (K18~) and 

nuclear ellulsions (An62, BHi7). Bost such .easOrEaEnts, as , 
vell as the~etical calculatio.os, are soaevbat uDtEliable , 

b'f;doll abou,t 2 è~. ~iOlla11Y, no theoretical E'aluations 

for 2:J8PuBe sources cou~d te found. However, the close 

silllilarity lon the' 0( ener9jes of 238pU and 24 Il. weald suggest , 

cOllparable si.iiar it y in tbEir neutron spectra, 1:: au: Ln9 the 

dl.ftereoces ia the s10lli09 cf the 0(' s due ta their difterent 

constructions. The spectra fi.oally cbosen for us~ in the Ile 

calculations vere tbose ot (Ge7S) for 24lAmDe a.od (B1671. for 
, 

2~"PuBc. lurther dehils and graphs of the sfectra. Qsed are 

given in chapter four. 

Shielding of sources serves tvo Furposes. A Iloper 

shielding arraD~elle.ot should pJ:oteet the ga •• a detEctors used 

in (n.l) experiaents fIO. the direct neutron and ga ••• 

radiation of the sources as trE11 as .iI11.ize ga •• a lac.kgrouDd 

due to neutron inter~cU.oJl.S iD t.Jae rCloa and constJ:octioD 
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.at.erials. llso, it Dust SElYe as a biological sbiEld t.o 

reduce the radiation dose ill the viciait! of the ~ources to 

tolerable levels. Neutrons of up ta seyerai !eY are stroDgly 

at tenuated by hydrogen conta iDing materials aue ta the large 

(a ,pJ elastic cross sectiaJl. co.pollnds sach as 810' Ca,. 

(paI'affiB) or polye_thyleDe «CH2.) ) are _ost suit.able due to 
, ft 

ready availability and low cost.. Hiqher ener9J neutrons 

(sucb as those produced cl 1:-7 reactlons) are vell shlelded 

by heavy eleaents su ch as lleD or lead (CJ1S, St81, B081). 

for heavier element.s at higher energies, iaelastic scattering 

ls most effective. In our case, sources vere shiEldEd by a 

co.binatioll 01: a 15 ca dia.eter vater tank aDd additioDal. 

paraffin blacks. Ordinary tap va ter vas used in t.he 
. 

experi.ents aeasuriD 9 neu troD di striblltlon& along t.he 

colliaat~r. For the leaSUrEmeJlts of distributioDE iD the 

phanto.. i t vas fOIlDd tha t ther.al neutrons leakiDg fro. the 

va ter shield contributEd significantly to a deptb of 6-1 CI. 

'Ih erefore. tor tilis part aL the vort, O~ 51 'hy veight) boron 

in the form of sodiu. borate (borax) vas dissol,ed into t.he 

vater. Additionally, the phanto. rested on cad.iu. sbeet .. 

which covel:ed its sides as 1Iellr The boron also xEdl1ced bJ 

a.pproxiaately 30-40~ the 2.2 SeY ga •• a flux edttEd bJ the 

s~ieU. due to the lfl (n,)') 2B reaction. The lotier EJlelgy J'ra.y 

produced bJ 

i5 .ort: easily shielded. 

1 sketch of" the shieldiDg arrange.eut a.d sOllxce 

placement i5 gi,an in Fig.XI.2. Tvo sizes of ccllimators 

vere used. They vere cOlls'tructed of rigic1 Plexlg~as tabillg 
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of lengt.h 45 ca and inner diaaet.ers of 1.5 ca aDd 20 ca. The 

distance betveen the bot te as of the colliaa toIS aDd the 

phanto. vas !tept at 55 ca. Buorancy p~esentEa cOlJsiderable 

di fficul ty especiall y in the case of the lar gel' t.ube. 

lndeed, .lead blacks had to be placed inside of i t ta 

facilitate place.eDt.. Int.ercbange hetveen t.he tvo 

colli.a.tors could he perforud bJ an indi.idual iD a .atter 

of ainlltes. The sources tbe.sel yes vere tept in a vatertight 

po~:retilfleDe bottle to pCEVEDt corrosion. Tlle} cculd be 

positioned at anJ depth bElJeath the colUaat.oI botta.. 1Iheo 

not in use, they vere lovered and covered bJ 60 ca of vater. 

ls they vere stored in a taseaent., no additionl ~hield in9 

vas re~ll~red beneath the •• 

As noted pr-evioQsly, tAle phaDto. aeasllreaents .ere 

COllducted nsing lIater !:atter than a TE liguid. 7his vas done 

for the sake of COnYéDience and because of liaitatiolls 

iaposed by the co.put.er used for the siaulatioo studies. 

lIater i5 usnal.l1 cODsidered an adeguate aodel. of lau.aD sott 

tissue (Aa74,Cr81). To te .(lee accurate vould reguire the 

iD t.roductioll of saal.l gU&Dti Ues of carboll and ni t.rogen . 
pri:Dcipdlly as vell as calciua, chloriDe and sodia •• 

Hovever, LoraulatioBs dit ter troa author to author and tissue 

type to tissue type (IU68,lIu80). SiaulatiDg a coatin&tioll of 

the skeletal systea aDd soft tissue CaD be dome (%a79) Dut 

reguires care to aaintain neutron transport eglli ... lellce 

since, uSlla!ly, the TE li90i4 is prepaeed as a siaIle 

• 
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solution "hile in the body SCIIE ElemEnts are considerably 

localized. lihen ushg va ter. the only S1l9<Jested correction 

woald be a density ccrrEction since soft tissue 1$ given as 

oedinary tap watEr vas USEd with no fi~tratioll or 

distillation. l sa.fle ct lIcntreal vater vas found 

equivalent to distilled in thermal neutron transport 

properties when tested OD a therllal/colo.n at Chalk Biver 

. Nuclear Laboratories (J~ 1I.liobson,perso'nal cOlDlunicatioD). 

The phantoll valls vere constructEd of J Il PlelÏglas 

(llethy l metoace fla te). X D teras of neutron interactions, 

vater and Plexiglas are guite si.ilal: (DrSO). AgaÏD. only a 

densi t Y cùr rection i5 neceesary sinee the dens! tl of the 

latter is 1.18 :l/e. J • Tb~ phantoll lias of dimEnsions 30x30x110 

• ClIl vhere the last rEpreSE.tlts the maximum depth ta vhich it 

could he filled. It vas sUFForted 10 CI allou thE collillator 

lItouth on an a1ulliniul flatteI •• 

.. 

As neutra1 Eartides, neutroDs cannot direct~l Froduce 

ioni%a tion in detectcrs. They Cao hovever be det'Ected and 

counted br a nUllber of techDiques llsin9 acti vatioJl Eroducts, 

reactions vith nuclei in fIoFortional or ionizatiCiD counters, 

intera.ctioDS in photcgrapldc eaulsioDs, da_agE tracts l.eft il1 

aaterials such as Elasti'c~, etc. In this votk, nEutroD 

acti va tion of aetallic f oils vas used to _ap the I;Eatial 

distributions of the tbexaal Delltron fluxes_ Foils of~et a 

neuaber of advantaqes. ~hEJ are relativelJ ~hEap, insensitiY._ 

.J' 
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to galillas belov the~ • (,D) threshold, independent cf External 

connections and rU99Ed. ihEJ cao be made sufficiEotly slIall 

to avo-id or at least miniliz-E f1uI depression. ille.J are time 

in tegratiog and as such are Dot suitable for time defendent 

fluxes. Hoveyer, tbis is of no conseguence ln this vork. 

lny elelBent 'vith a largE activation cross séction and 

vhich yields a radioactivE FIOduct with a convenient. 

ba1f-life, vhicb cao be shapEd as desired (either in pure 

fora or in compound cr allo}') and vhich ls cbemicallf inert, 

ca n be used as a neu tron detector. 1 number cf E lEllents 

lIeets these requirellEnts in the tbermal, resonanCE and fast 

enorgy regions (HE79) tho ogb the region of 10-500 kel remains 

dificult to lIIeasure. On11 tbermal and resonance (n,t) 

activation is cODsidEred telcw. Cbaracteristics of three 

very commoD theraal neutron detectors are given in Table 

III.2. Tvo other ElEments which havE lIIuch to reccllund the. 

are vanddiuœ and tin (G17t). They have Dot been listed due 

to tbeir short haIt lives. 

Consider a foil cf density N nuc1ei/c.~ and vcluae Y 

capturing neutrons at the rate of Ro per. second vith a 

resultan t radioactive product of half-lite "t'Il. (.Ean life 

T=TI/J./1n2). The nu.ber of radioactive Ducl'ei, N., obels 

(1) • 

The acti vit y of a foll vhich has cooled for te: SEconds 

fo11ovinq an irradiation cf duratioll t
1 

is qilen tl 

(2) • 

The count rate, corrEcted fox total detection efficlency. € , 

including geoaettJ effects and tbe like ia 

(3) • 

! , 

" 
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The saturated activity is that activity vhich would te 

observed i •• ediately afte~ an infinite irradiation (in 

practice, t >7~V1 ) 

,") . 
rhe ou.ber of couots observEr) in the interval tt-t, i..s giyea 

bJ 

(5) .. 

The COUDt 
., 

Co =1/7:/ (exp (-t,I"r) -exp C-tt, 11:) ) / (1-exp (-tl /'t)) (6). 
~ 

A~su.ing f. ls kDolin, the, ther.a~ neutron fl u:a caa Ile obtained 

fro. 

<p -Bol '1 .. ,) neatroDs/c.Z/sec .(7) 

vhere ~ 18 the 0.025 eV capture cross section (see aFpendlx 

B) • € ia iD fact usually difficult to ascertain fro. 

fUDda.ental pri.nciples. !herefore .. for absolute 

ddeterainatioDS, it 18 .ore usaa1 to use a calibratEd foil or 

source to fix this syste. f8xaaeter. 

1 nu. Der of reasons lEd to the selection of .anganese &s 

the detector for this "orll despite the avai1abi1i tJ of üa 

other ele.eDts listed in Tatle IXI. 2.. AD aDsQlatE 
" 

calibratioD aethodo109Y had been previously established for 

ln (J.S.RobsoD,personal co.aunieation). The BD foila 
, 

(actually, lin (881) li (121), 0.005· (0.125 •• or 90 .g/c.-) 0 

Domina.l thickness) vere rug9Ed enough to sus tain ~oepeated 

handlil1g. Both the indiua aDd go14 foils vere 80 lioft aDd 

thi.n that theJ could he torn e'as1.11 aDd sboula iaEa~lJ ba,'e 

beeD used vith soae sort cf backiDg. The Dickel CODteDt of, 

the lin fDils presented no lIigQificant. interférencE. as caa be 
,. 

seen froa fable ~lI. 3. The 0111J reactioa of Fossible CODcera 
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IsotOpie 
lb!taction Abundance 

... 

:) 
197Au(n,yrl~8Au 100. 

fi, 

o ' 

115rn(n,y)116mxn 95.7' 

5SMn (n;y) S6Mn 100% 

o \ 

Ti of'product 

t 2.,695dày1l 

54.lmin 

, 

2.5Bhr, 

aCn,y)'barJUl,. 
R...u.at.d.oft' 
,p~ prod~ 

98.65:tO.09 .- O.'t~v. 
y o~ 41 . 

. 
. 1.62:1:1.2 â- 1..OOMeV 

. /, , 
0.87 

, 0.60 
T 2.11 

1.29 
1.10 
0.42 

, 

.. .. -
. , 'l.,t_, a(a,y'!oc, , 

_lion,.nca al1 -x:e-Oft~ 
'D ~ 

- . 
~ 

4.,9.V, '1550*2. » 
J" 

"i' 

. " 

1 ... .saV 330.~lOO 'b 
' . 

( ~ 

13.3:1:0.2 'S'" 2.B4Me~336eV 14."OtO.3 b 
1-.-03 
0.65 

Y 0.85 

~ .. t..~ 
~p 

~ - ~l './,.: '.: 

on1y the most intense 'radiations have been listed. ". v., 

• ~asured at 2200m/s 
, 

Data taken tram (Le7B), (MuB1) 
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Tllble 111.3 

Activation Reaction. Of Ni In MnNi Poil_ 

Used For Neutron Flux Maas.rament. 
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V Reaction 

t !~j , 

SIw-1 (n ,v) ,S9Ni 

60N1 (n, y) 61&1, 

'1al(n,y) 62H1 

62N1 (n,y) 63N1 

64Ni (n,y)'S.i 

" ( 

~ 

......._ .. ~~ 1bQ~~,,,,,.., ----""--

o 

'( 

AbundanC8 TI a(n,y)barn, 

68 •. 3' '\ 
4 7.5x10 y 4.6±0.3 

26.1' stable 2.9:t0.r2 

1.13' 
.. 

stable 2.5tO.8 

0011 

3.59' 100y 14.5:t:0.3 

0.91' 2. 52hra 1.52±0.03 

" 

\ II 

\ 
\ 

Radiation 

Blectron 
capture 

.. _-~----
8- 0.065 MeV 

e- 2.14 MeV 
0.65 

Y 1.482 
1.~16 
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(64N1(0, r65Si) cao te igoored due to the lov isotoFie 

abundance of 6~Ni. 1he relatively lov ~(n,~) of S5nn _eans 

that self-shielding aod fluI depression are Dot seriows and 

tbat the foils could be 5faced closely togetbEr (see appendix 

Cl. The fto ~--ra1s are not as strongly absorted in the foils 

themselves as are thcse due ta other elements (Fig.III.1). 

This i5 Dot of great significance in our caSE since the foils 

are sufficiently transparEnt tbat the activation tbroughout 

thelr volume 15 uniforme Finally. the first resomance of Kn 

is far removed fco. tbe tietmal region (Table 111.2) and 

causes no ~erturbatjon to the l/v propotionality of the cross 

section. As a result, it vas found em~irically t~at the 

toils could be used to measure the thermal fluences ~ithout 

recourse to cadmium d1ffereDce measurements as E1llained 

belov. 

~ The pr~nc~pal disadvantage vith these protes uas that 
. 

theie count rates vere tYfically lov necessitating lcnger 

counting intervals. Corrcsion of the foils did occue vhen 

they were used in thE vatEr lhantc.~ut. as would be 

expected, the oxidation was found to make no diffeeence. To 
.. 

eli.inate possible ecnta.inants such as sodiu. frel hu.an 

perspiration, the foils ~Ere vashed in acetone before and 

after Œse. To enSUCE that no "n vas being dissolYEd oft the 

foils by t~e water iD the (hanto., a foil was i •• ersed in 

vatec for several daJs and then ceveighed. He aass vas lost. 

Soae of tue pert~rbation effects discussed aboye and in 
appendix C were experimentally investigated for this werk. 

Specifically, self-slieldiog, fluI de pression and 

absorption vere consideced in a set of si.ple tests. 
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p'iqure 111.1 

Absorption Of a-'s Emitted From A Thin 

Foi1 AS A Function Of Thickness Of An 

Absorber Of The Same Composition.As The 

Foil. Graphe Are Norma1ized To lOO~ 

Transmission At Zero Absorber Thickness. 
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Though a discussion of the foil countiD9 SYStE. i5 

deferred, ~t can be Doted that the ~etector lookeo at only 

one side of a foil. By flipfio9 a foil ovec and IEcountinq 

it, one cao obtain a .eastI:e ot the joint effect of 

non-uniforaity in activation throughout the FeobE vcluae as 

weIl as fabsorption Yitbi~ the foil. This vas oone on 

several occasions for f011s vhich had been irradiatEd iD the 

shiald's coll~.ator. Within statistical errors, co 

differences vere observed i.~lying that self-shielding need 

not CODcern us. Though no serious vork vas dODe Gsing 

iudiu., it is instructivE to note that a single aEASUrelient 

vith an ln 1:oi1 of th~koess IV 110 pa (N80 _g/ca 2 ) tound a 

discrepaocy of N4~ aore than accouoted for by statistics when 

counti09 o~~osite sides. siDce the .atter vas not Fursued, 

1t is d~l:f1cult to deLinitively state that thi~yas due ta 

self-sh~elding, but tbis is a .dtter requiriDg _OIE 

consideration wheu using IL. 

!nother test done for irradiations in thE cclIi.atoI 

involved a sandvich of thleE ~n foils. As discuss~d in tbe 

next ~bapt~r, calcuations indicate that the flux iD the 

colli.ator i5 very close to isotropie, especially nearer the 

botto.. Yeve~theless, sOie saal1 anisotropy is net raled 

oat. Thus, tbe outer tvo fcils of the sandwich nEEd Dot 

necessarilj yield ~e saaE activity. lctivity would De 
n 

lovest in tbe third foil. ~his vas in fact otservEd but the 

differeoce between the alèdle and third foil vas c~ly 

lœ6tO.3~ while betv~eD the cuter tVQ it vas 3.StO.~'. This 

is in very good agreeaent vith the va1ne )redicted for ~ in 

appendix C. The agreeaent saJ of course he on1, foxtuitous 
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s~nce ~ i5 given for the highly anistropic case of a-aeutron 

beam. It tbus se~as clear that not only therlal tut also 

resonance selt-shielding effects are small for these foils. 

As a result, hovever, it is also difficult ta altaiD AD 

nuncontaœiudted" measure.ent of the 1/y part of tt~ spectrua 

by filter1Q~ out resonance neutrons (Be64,Pig.12.1.1). 

Flux density depressioD at a distancé iroa a icil vas 

considered ~or irradiations dane in bath the colli.ator and 
\ 

in the phantam since it dEteraines the aini.ul s18cing of 

foils. Thougb tbe depresEion is aost severe in hJdrogenous 

moderators, slnce the perturtEd flux density extEbds a 

distance on tbe arder of the thermal neutroa_diffusion 

~engtb, Spdc1DgS can be Glaller in sach aoderatorf. In this 

work, ~n foils of nominal arEas of 1 c. a and 5 ca 2 vere used. 

Tbe foils were roughly square in sha~e. To calculate . (' 

perturbdtion effects, thesE vere considered eguivalent to 

circula~ ~oils of radi~ C.b cm and 1.3 cm. At a distance ot 

2 cm f~oœ tne larger ODes, the perturbation i5 calculated ta , 
be <1~ (~pp.C) ~n vater. Irradiations of loi1s VEre aade in 

the phdntoa iD the presence and absence af othee foils 2 ca 

d~stant. Ho àiffereDces vere discernihle. In thE ccl~i.ator 

aeasureaents (in-a~r scatteriDg), the aini.ua spacing used 

vas 5 ca and again no effects vere obseryed due te 

neighbarin9 foils. 

Cadmiu. ditference (CD) measure.ents, already eeferred ta 

abOie, vere carried out oilly 1" n the colliaat'ot aDd only for 

the s.aller foils Binee tbe 0 ers did not fit iD tbe cd 

boxes. These c~ses lere Do.inally .031ft (.095ca or 810 

.g/c.Z ) thick and co.pletely enclosed the foils âlloving 80 
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-lttakage paths. ed is very nEM'ly a yer fe-et. fil ter v i th a 

very steep eut-off allowirg cnly higber energy neutrons to 

peoetrate to activdte the detector. BI activatiD9 a foil 

vith and vitbout a Cd COVEr, the epitbermal (or eFicad.iua) 

flux cao be separated fro. the thermal. ln carrying out 

these aedsurements, the fclloving considerations held. 

The ~D cross s~ctioB soes as 1/'1 in the rangE of 

interest. It is tbus hest to define an effective Cd cut-off 

energy, EC.l' and set the cadllium correction factoI (Fc ) to 1 
\ fi 

(Pr76,ch. 7). (F'.t.:;:1 (epi) Il (Cd) is t~e ratio of the 

epitberllal component OI the tot.al activation of a lare foil 

to the ep~theraal activation of the covered foil. Without 

eogagi09 in a detailed discussion concErning the 

deter mina tiOD of Fu' i t la J be noted tha.t. l t varies as a 

functioD of the detector type and size as vell as the neutron 
~I 
energy spectru. and angular distribution.) Selecting the 

proper Ec~ ~s a somevhat aJtiyuous procedu~e sincE it de~ends 
".... ... 

on the .:iame para.eters as tu and these are not "'ell 

determined in'our case. For exa.~e, the neutron field in 

the èolli.ato~ is interllediate betveen an isotropie ODe and a 

mODod~rectional bea. and thE degree of anisotIoPJ varies vith 

the height ~roa tbe source. Nevertheless, it seeas Evident 

from Fig.9-11 of (lHL5800) tbat.ECL =O.50±O.02 eV certainly 

brackets the correct value for our situation. ThE CD 

aeasureaents reported in the Dext cha~tèr thos re~tesent .. 
evaluations of the neutron flux for energies of E<O.5eV and 

E>O.5eV. In the most extreme case, i.e. the meascre.ents 

nearest the sources at a distance of 5 ca, tbe epicadaiua 

flux contributed only about 21 of the activity iD tbe Kn 4 
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foils. Iherefoce , in all other vork, DO CD det&r.iDa~ions 

vere sade and all contributions vere assuaed due to the 

subcadaiuœ neutrons. 

Positioning of foils IrEsented so.e difficulties since 

one aust taxe care that t~e Iositioning apparatus does itself 

not perturb the neu~ron fiEld. In the case of thE phantoa, 

foils vere placed on d1uli~ua slats whicb slid ioto grooves 

ailled 1nto two Plexiglas sbEets. These sheets fc~.ed the 

ouly two valls of an otbervise open flbox" held together by 

thin plexi bacs placed at thE corners. Though thE plexi is 

siailac to vater in its neutlen transport properties, the 

·sheets vere spaced 20 cm apart ta ainimize tbeir irfluence on 

the foils Vh1Ch vere usuall} along the center 1ine of the 

support (for "on-beaa dxis" .easare.ents). The aluaiou. 

slats themselves could be a ferturbing influe~ce. tbough' 

V(n,1) for Al is small (0.23 b) and would certainl} oot 

depress the f~ux nedr the foils, the slats displacE vater. 

S~nce tlle~r macrcscopic CICSS sections (r:=0.171 CIII-l, 
A. 

r s=O.138 ca- 1 ) are very diftErent fro. those of water 

(rA=O.Ol22 cœ-~ LS=J.~4 cm- 1 ), they could aftect tbe local 

neutron distributions. te cbecK this, tvo sizes of 5lats 

were used: 2.5x20xO.l1 c.~ and 1.5x20xO.08 cal. !oi~s vere 

always Pla,ed 50 as. to be nor.al to the cylindrical axis of 

- the collia~. Additionally, p~exi slats (0.16 ca thick) 
1 

vere used ta reflace the 11 in one rune These ver~ not used 

iD general si~cè ,they verE VEry flexible and for 
." 

repositioniu9 accur~cy the Kcre rigid Al ones vere preferred. 

It vas fQund that the alu&ino. aade no differEnce. To 
n 

furtber verity the innocucus nature of tJ1e plexi~, one rUD vas 
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made vith a sheet of apprcxi.ate~y 0.6 c. thick FIExi 

directIf benea tb oue of U:~ fcils at a deptb of " c •• ls 
1 

he seen from the grat=hs ill chapter 1 Y, at thi.s point the 

thermal flux space distri.tution is rather fIat and tbe 

density difference bEtweell Plexiglas and vater should have 

effect. One is therEfore testing for the influEnce of the 

different elemental compo~itions. ls expected, no effect 

(t2~) vas observed. This dOES, hovever, disagree vith 

can 

no 

results ~uoted by (5.62) wbere a 101 reduction in the the~.a1 

neutron flux vas notEd dUE to the presence of PersFex 

plastic. Their result relains unexplained. 

SOlRe irradiations verE also .ade off-axis in the phanto., 

i.e. foils vere displaced Iaterally to the side of the 

collimator axis. ~lJ a tev sueh measurements were made for 

purposes of coaparison ta calculation. Typically, as a check 
" 

on position~ny accurae}, 2 feils vere irradiated 

simultaneously in sJ.metric flacement ~bout the central axis. 

As ~tated previously, in-Fhantoa aeasureaents were aade 

vith the phanto. placed a~ove the IRouth of the cclli.ator. 

such a situation ~'an however be d.ifficult to sillulate 

nuaerica~ly because the Deut~~ spec~rua striking 'the ~arget 

, 

has been si'1nificant Il" sooif led (softene,d). 7he Cd sheet ~ 
f 

eliainates neutrons telov 0.5 eV onlye Not ooly the spectru. 

exiting the colli.atcr nEEd te considered,but also the 

leakage spectru. fro. the vicinity of-the shield nEar the 

mouth. Ouite aside iro. Energy considerations, the angular 

distribution ~f the EAittEd neutron~~ couple4 vitb the 

variations of aIl thEse factor~ as a function of fQsition 
< ' -

aloDg the botto. faCE of the p~anto., fluther cC.IJicate the 

_ ~ _ _ .'J __ .'~~._ ... __ _ 
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sitaation. Therefore. to ottain "cleaner" and.aole readily 

definable irradiation conditions. a set of runs ~as .ade vith 

the phanto. standing in the .iddle of a large' roo. aval fro. 

scattering surfaces and vith the 1 ci A.Be sourCE suspended 

Nl0 ca belov it. The phantcs vas approziaately 1.5 ~ above 

tbe floor and at least 2 &eters from the nearest ~all and the 

ceiling. 

Tvo different assemblie~ were used to position foils 

a10D9 the length of the 7.5 ca callimator for flaz 

aeasurements in this geo.etc}. In one, thin Al rings, across 

vbich could be stretched ~dhesive tape, vere affixEd to a 

plexi "spine tt • In the other. 0 •. 16 ca thick plezi sla ts vere 

insertcd ioto a vooden ODE. A holder vas placed in the 

colliaator snch that the spine vould rest upright against the 

colliaator vall and ei thEr tlle tape 'or slat "ould héld the 

foil perpendicular to the cyliodrical axis in thE CEnter. 

thou~h to test for unifor.ity across the hori20ntal plane. 

(l ""'. foils vere aiso irrad~atEd DEar the colli_ator vallon one 

occasion. 10 tois l~~on, the amouot of aQderating abd 

scattering material next te the foil in the cclli.atox vas 
\. 

~nimized. To deter.ine tbe Ferturbing intlueDces of the 
. r 

differeDt foil holders, bath ver~ irradiated sepalately iD 

ide.nti'cal geoaetxies. Abc, an i.rradiation .vas .ade usiag 

'the second ~sseab11~vitb aD additional 0.16 ca fl~xi resting---­

on the backs of scae of tbe regular elats. 7be llezi vas' 

, . 
• 

1 

j 
1 

f.ound to increàse the aeaso[ed, thêuaal neutron f~ux by. 

.. 
. 1 

evidently. scattering back luta the foil ther.al ~Eutcons 

vbich had~reviouslJ escaled capture. The iucrealE, 

difficult ta .easure sîn~E it iavolTes s_all ditfExences J , 

.f 
" 
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betveen sOllewhat large quantities, vas 4(tl)J vben using the 

second asse.bl}_ DBspite tbis, sinee foil plaeeDEnt,vas bath 

easier and aore reliable, tJ:istl-~eviee vas nor.all J' used and a 

correction applied to the data. 

Foils vere hel~ in place vith tve types of adhesivè tape, 

one a standard "Scotch" traod tape and the other a 

vater-proof one. Neitber va~ found to have anJ effect. 

As Boted previously, two sizes of foils vere uSEd in this 

vork. The seleation of a farticular size vas detËr.lned br 
the intensity of the'field to be lIeasured. Elu'xes iD the 

collimator vere sutfieiently high that the 1 CII2 tells 

yielded sufficient activity for counting. In thE fhantoa 
l' 

iii measureaents, the 5 cm Z tcils vere needed to aceu&ulate 

adeguate st~tist~cs. SoaE care must be èxercised in using 

difterently sized teils sinee they sam pIe different regions 

of tbè plane in which thE) reste Before comfariny rasults 

thus obtain~d, one must ED~U[e that the field is ~nifor. 

across the ~laDe. It vas found bath e%periœentally and by 

calcu,lation that the assuKftioD of uniforllitJ is ~alid in the· 

case of the co.llillator bu t not the phantoa. For t1Je 

dimensions of the foils used iD this vork, ho~e~eEi DO 

r t" d d c~rec ~on vas eelle necessarJ. 

AS seen in table III.2, either f or r detectioJl ean be 

used in coWntiog the acti~ity of the .anganese foils • 
.. 

(-eounting is of te. Freferred (Y082). Hovever, sinee tbe 

e<j~ipllent necessary for ~ •. detection -vas iallEdiate11 
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a~ailabl~ and, far more ~.portantly, a calibration scheme h~d 
, ~ 

been establishttd using <,- dEtecti~, this aethod ",as chosen. . 
A block diagra. of the coa~ting apfaratus is sketched in 

" . Pige III. 2. Foils vere placed at' a fixed distance cf ""1 c. 

ft:oa the front face of il t:lastic scintill~tor (Ml102) cou pIed· 

to a photoaultiplier tube ,pn~). Pulses vere taken oft the 

PKT ~ynode and sent through a prea~p and a.plifie~ to a 

single channel, analy%er (SCI). Pulses above the lover level 

discriainator trans.~tted +5' 109fc signaIs te; the sealer • 
..... 

Tiaing of th~ -system, i.e .. le.ngth of counting intErva! an,,! 

delay betveel1 cou.nting internls, vere controlled bJ ti.ers 

~ f and 1'1,' ,respectiv ely" ~he length of the eDtire counting 

cycle togetAer vith the nu.b,~r of couots recorded lIIerè then 

printed out. 
It 

l plastic scintillator is a particularly. 5uital::le choice 

for f detectioD sinee it i5 Dot encapsulated~ l~ a resalt, 

there is no v:indov to attelluate the incidellt P- raIS: The 

,.; scintilL:j,tor and PftT vere cCIF!etely vral'ped in black 

electrical tape aver 11 fcil ta sbut _out ambient light. rhin 

Al foil onlf vas stretehed acrOS$ the front of the IE102. 

~ince a 1 BeV eléctron has Grange greater than 0.2 cain Al 

(Le76,appen.VII), th~s cuts cff only lover enErgy ~articles 

which'are in aDJ event diEcriainated ag~inst • . , 

As stated p.revioQsly, at~olute flux va'lues could be ~ 
, 

assigned ta the activated f!n foils cQunted in thë abo'Ye 

syste.. Ta do this, a 1caz !n foil which had previously been 
} 

ca~ibrated by irradiation iD a koova neutron flux vas used' 

(li o~l). ~olloving its calibration irradiation, tbe couot 
" 

56 

.' 

l 

\ 

, , 

,j 

j. 
, 

• j 
l­
I 



,1 
l 
, 

( 

.. 
uranin. foil couoted in tbe ,identical 'geo.etxy. ~his latt.er 

source has an essentially cccstaDt activity (for 23.0, 
, , 

r V2. =4.ll7x1!99 years). Thus, cOilnting both the càlitratiog 1(1 

and uraniu. foi~s in our sJstea allovs-for an absclute 

deter.ination of the flux fre. their ratio. OncE~taiDty in 

the original calibration, bove'fex, aeans that the absolUte 

values cannot be consid~r€d lIore accurate tbaa i151~ though 

#this i5 a sys~e.atic errer and relative fluxes arE .aoh aore .. ,.. .. 
accurate. 

A nu.ber of potential difficultiés exist ~ith the aboTe 

5iste.. A~ can be seen fxo. the decay chain iD 'ig.III.3 

(5e56), tÀe U foil is. a ccnEiclerable 0( e.itter. Electrons 

are e.itted at ~several points in the chat.n.' Bo Ile 'fer • since .,( . 
, ~ 

the ra~ge of â 6 Me' ~ in Al i5 onl, O~003 c., thEse shou~d 

he stopped, cOllpletel, bJ the foil on the fron t face of the ' , 

HE10 2. Additionally, the li ght output of even a 6 BeV (J( iD 

IE102 1s cousidecably less thaD that ot a 1 BeV Electron 

(RUclear Enterpri.ses catalog) and as such is effect! yely 

rejected vhen discri.inBti~9 against lov energy ElEctrons. 
o 4' 

- These effects vere in fac~ .erified by interfosi~g ~_rio~ 

thicknesses of Al foil betwEEn the U and the acinti1~ato~. 
~ - ij 

Results,'plotted in ,tg.lII.4, are consistent viti exclusive 

They indicate.that' CYen vith 
: l' 

l production in the source. 

na additional absorber present, no ~·s a.re -covnted. 

Ano~her poasible soutce cf coDèeJ:1l ià the settiJlCj of t.he" 
. ;, t, , "', 

',I
t 

:~a:::g . :::è~a ::::: t .::.:n:::r a:;;::::S:ro:h

::: ::0:::,. 
~ Therelare, diftereat diseriain.tor .ettiDgs_~oQld re.alt in 

J dittereot ratios oY thelr actl.ities. rh!s v.~_ch.cke4 bt 
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counting an activated 8n foil and the 0 foil with different 

d1scriainator settings. It vas found that thEir tatios vere 
. 

un~ffected\except when thE lCllest ener9J electIons «100 keV) 

• were included. Tne energy calibration is ver} rough (as 

deterained vith a 2078i ccnversion eleetron sourc~) but as a 

general cbDc~usion it vas fcund that, in our rangE of 

inter9st., the diseri.ina tOI: setting had no effect. 

As Qoted ~reviously, tvc different sizes of fcils vere ., 
used: lx 1 c. 2 alld 2. 3.x2. 3 c.a. Even if cen tered at the sue 

point, vhich ·they __ vere Dot, the solid angle subtElldEd bl the 

second rectangle at a dis':: (IepresentiDg the. 5El0~) of radiu6 

2 ca and heiqht 'of l ca atOYE the source ls 7(i2)' less th&n 

for the small~r. This waE calculBted with a very siap1e ftC 

~rogram vritten tor this ~urEose. Because of slightly 

different positicoings, iD tact, the'Dcraa~izEd cou nt rate 

due to the laxyer foi~s ts 20 (:t:2)" less, in a9reeaent vith a 

calculatioD vl.th tlle BC. EEsults w(ere adjUstEd accordingly. 

The 40un ti.og electron ics di.splayed good stabi.llt J vith 

tiae. Results of a1l runs vere nor.alized DJ CClUJ:tiDg with 

the 0 foi.l he~OEe ~h rUD. In aIl experiaents, count rates 

vere bel.ov 100 Uz. A te~t .ade at a count rate of 200 Hz 

shoved no dead ti.e effects • 
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Pigure III.3 

l)ecay Chain of 2380 

a-fa And a's Are Emitted At variou8 P';:'ints In 

The Chain. Number. Represent Energy Of Most 

rnten •• Radiat.ion (MeV) 
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Figure 111.4 

Count Rate ",Of 

r.:t:he Aluminum Absorber 
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CHARTER l V-RE~ [1.'15 AN P DISCOSSIOJ! 

Severa1 potentia 1 SOD reEE of errors are to be found in 

the measurellent ot the thErlal nEutron f10)[ sfatia1 

distributions. Perturba tiens caused br the acti vation foils 

the.sel ves have aIre adJ been dealt w ith as have selid angle 

effects introduced .\.n coullting foils ot diffarent sizes • 
• 

Foil li'eights were determilled ta better than 0.21, 

suffieiently siaii sc as to te LelativelJ insignificlnt. ls 

ear1ier discussed, tbe saae assuapticn lias aade with respect 

ta the error arising froa i9Jlori09 the epicadaio. fluz. Tbe 

iIIain sources ot i.prECision and ~naccuracJ in relative flux 

determindtioDs were counting statisties and positJonio9 
!J:. 

errors. The latter lIeré' 1artly syste.atie and depended Oll 

" 
the souree-target gecl1et r)' and t be foil holders uliEd. Tbe 

reproducibil.l.ty of ruolts vas taJten to be a .easuce of the 

no.o-systelllatic cOlilpoment in tb-e errors reported belov. 

statistic<ll coqntilJ.q errors varied widely depEnding on the 
. 

ioten5ity of the flul beil1q' leasured but, iD geoeral, were 
"'-P 

taken ta be ..Iii where Il vas the nu.ber of COUJlts ccllEcted. 

The error in the ti al09 of the co,untin9 iotenal lias taken to 

he negligible. ThQs, fro a Egoation 111.'7, the standard 

deviatioD ot a rela the flux deterllillatio.o vas taJceD to be 

s (+) li = Ji, +J,z», 1 (le. -lR~) 

where le. is the ~otal nua1er of coùnts reeordEd 111 tiae At, 

Il .. is the nll.ber of tacJr.gxCJubd ccunts eollected over a long 

ti.ae tà reduce the yariallce, 1 ls tlle factor for D'oÎ:la1,izinq 
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the background to the intenal àt and ~=~-IIJ,. For the 
1 

absolute value of tlle flux, an additional error of i'5~ ls 

d h . 1 (;J • 1 . ue to t e uncerta.1. nt y D the or~9ina cal..1.bration in 

addition ta the sta tistical variance in counting tlle 

calibrating toils. 

The n ulllerical si RuIa t ions J'rasent a host cf f ohntial 

sources of error 01: 1Ihicb sOIe are Inherent in tbe 

me tbodology. To beq in li i th, the results can te no tett.er 

than the dvailable data .fer the cross sections. It Is not 

al ways clear just IIbat uncertainties sbould tE assigDed to 

sucb data and. indeed, there are procedures 1Ihich atte.pt to 

correct cross section litraries by cCAl'aring 5i.ulatlons 

vhich use the. to betchlla Ilt experiments (JoSl). luther.ore. 

as noted pre viollsly, the Enerqy group structure lIay,introduce 

systellatic errors by being teo coarse or veighted incorrect1y 

(C e82 and DLC3l-sectioD "). The inaccuracy iD IIC?dElling the 

elastic scatter angular distribution .ay al.so cODttibute. 

Obtaining an a pri'ori esti.ate of the effect of aIl these 

factors is weIl oig1l 1apoEsible (or at least utrEuly 
" . 

difficul.tj and so tbEi,r i~diyidaal contribut.ions lIere 

ignored. It vas sill17-1Y assuaed that a ceaparisoD of final 

results lIitb elperi.E-nta~ data weuld provide an oVEral~ 

asseSSllent of their collEcU le signi.ficance. 

Qui te apart fro. the aboye considerations, aD)' results 

obtained vith the IlC progxa. are subject to sta tistical 

f1uctoatioDs.. For a larg'E oo.ber, »,of part.icles cf unit 

veigb't crossing a paIticula'.[ reglon .. the errOI in If should 

aga!n ,be .JI if ODe assll.es a Gaussian (or Poisson) 

distributioa. The atplicability of this definlticn to the 

! 
1 
~ . 
j , 
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simulation results is Dot alvays obvious. FOl: eza.ple, ill 

accullula tiDg the fllll: aC[C5S il particalar bo undar J" Iii,e are 
N 

countiog not sillply li but ~~/COS~. The aclditiollal randoa 
F j 

paralleter lIust introduce ail additional uncertaint] but hov ta 

appropriately acCount for it is Dot clear since it is 

certainly not independent of 11 (i.e. the nlue of'(7 decides 

not only the weiqhtinq of the cOlltribution ta the flul but 

aiso whether the neutron liill 'cross at a11). Then again, one 

lIust be concerned vith any }:oss1ble effects of thE fSEudo, as 

opposed to true, randollness of the siaulatioD _ 'to gange the 

influence of aIl these cOllsiderations, sèveral siaulations 

ve re broken IIp iota s.allE~ tatches of neutron hi! tOI les so 

that partial. results could te co.pared. 10 genera1, it vas 

found that for large li UI"'10") the results defiDitely 

appeared to follOV poi SSOII counting sta tistics. lor saa'ller 

sa.ples (lf"'102) the results see.ed to occasionall} fluctuate 

soaevhat a::>re, i.e. it al'~€a[ed that s2>1I. The dEYiation is 

difficUlt to quaotifJ ,sincE it i5 b}l no aeans ole1:1y large. 

Though no particular relledlal action vas takell, this should 

be borne in lIlind when fittiJlg and eYaluatiug Ife IE~ults. ln 

those instances wher,.e inter-tatch fluctuations an' deviations 

fro. fits are appEeciable, j t aaJ be reasonable to 8S5igll 

lo'ver veights to such valuEs. 

Anothet' par aacter of interest, Dot aVailal;le in the 

e~peri.e41tal aeasureaents, aal')Je considered in a881yz1ng our 

errors. AS dis.cussed preliously, the ratio oz the flux to , . 
carrent aust Ya~y ~etveen 1 "and 2. Thas, should tJJe 

---sIi.ul~atioll resalt in • .falae >2, tais .a7 gi YE 80ae 

iocticaUOD of tJae lIDcertaiaty, h, at least, tiae carrent to 
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, 
flux conversion. The .at ter, thoug.h Dot pursnecl further 

here ... ay deserye inyestigation. 
~ ... 
~ ~ 

Both the experi.eD~l and the calculatioDal results vere 

fit by the linear aDd non-linear least squares lethods (8e69) 

to a variety of fitting functions, both for the eltraction of 

particular para.etus of interest as vell as ta slooth the 

data. Details are giyen in subseguent sectiol1s. 

So.e sillulations vere _Ade rather independentl! of the 

pllrposes of the .ain body of this vort in order to .. alidat.e 

the (Ile ",rageai. These are J:resented first. 

SECT1Q! l!.~-l~EB"AL MEU,as) ~ÇltTEI 

" Zn neutron radiographl, DeutroD scat.tering ill the 

radiographed object is a I.j~r cont.ributor t70 the b~urring of 

the final radiogcaph. Ta l:igorou81y deS)Cribe t.be quality ot 

an illa9in9 slste., the point spread ttlDetlon CPSI) aàJ be 

inteoduced. The PSF .aJ te ~ritteA as a co. position of the 

uncollided and scattered lluxes. Details .al he 1cDnd in 
r 

1 

(S&82) and references tJaeteiD. ~ ln e'lalaatioJl of the 
, 

scatte~ed eo.~onent can ~e .ost h.~ptul in deconyciutia9 the 

final iaage_ < Segal et al (5882) haYE ther.for~ calcul.ted, 

U~iDg the "OllSB transport code .. , the degree of neutrOJl 

scatterillg vhich vould OCCQI' in the gec.etr.1 f~esEnt:ed in 
1> 

Fig. IT. 1. A zero-radi 118 tea _ of .oAoèaergetlc th.ra.l 

neutrons i.pinges aor_ally G·n 4 alab of tbic:1tneas .. t. Tbe 

slab is uaifora 80 tbat t ... alld, Ls (absorpti0ll: ana scatteriAg 

.acroacopie cr.~&8 .... ctiOJl .... l:t~ Lt-~) are 'ia4epe,ac1fmt of 
, -

posi ~OD. .• detectlOJl pl ••• la .1t.uated at • d1staDce, 4, 
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Figure IV.l 

Geometry ,For Ev~luation Of 'l'hermal. Neut~OIl 

Scatter Component To Degradation Of Radi.ographig 
~ 

I~ge. The Target le Éffectively :Infinite 

Along Axes Normal To The Incident Neut~ 

Beam.lt lia. A 'fbickn... t Al,ong The Ba,"­

Direction. Scatter 1. Calculatéd For Variou. 

Value. Of r. 
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fro. the rear' face of the slab. The flux sttikiD9' the plane. 

is couDted as a fUDctioll cf radius, for different values of t 

and d as weIl. as diffetent slab material:s. 

ls a first test, ve h~ve rUD a siaulation si.l1ar to the 
. 

above. Hovever, a oumber of points .ust be ootE<1. Ve bave 

condl1cted the calcIl1aUoD for ODE lSa terial ooly - IIater. 

Vater vas assulled coaparab1e to the polyethylEne uSEd by 

!.t (OL a110st e'1ulvalently, 
,t 

:Es t) vas Itept the sa.e. Is cau be seeo fIo. 'ratlE IV. 1.,/this 
< 

.. eans greater thickDEsses of vater eust be ealloJEd. &150,' 

the pOLythene scattering CJ:OSS section used bl Segal and 

covorkers assulled anÏ50trcllic scattering of the thErla1.s due 

to the cheJllicaJ. bond effect. As discussed eaIlier, DO such 
~ . 1 

factor is introduced into our calculations. 
1 

To compare our rESlllts ta those of (5e821.:' requires 

plotttflg the. as a foneticn of E.', the ra4ia1 'distance frol 
1 . 

the bea. line. Bove ver, the Frogna ve have USE d COllots the 
~ 

neutrons crossing 'tbrough a certain l=eglol1, Le. a rIng, 

bo1unded by r1. srsr2,. TherEfore, r' vas def.i~Ed as th~ radius 

which vould diyide the ring into ,tvo saaller rings of egual 

~rea, i.e. 

ra-r'Z=t' 2-ra ... r l"= J(r i +r 2)'/2 
t \ t l • 

A function of the fot. ' aexp (-br) liAS the. least-.:guares 

fitted to tbe calcu~ated ~alues, vhere a and t ,.re free 
. 

para.et_rs. 1:D al1. cases, since va are fittiag tl1e sutterea D 

neutrons, the uDc:0111ded ellel .ust be sllbtracted ftol t:.lae 

" recorcl.d fluxes. Ttiis ia parti.cular1.J siaple iD our ca.e 

si.llee ,this .,a1.a8 ls J:etllrll'Ed bJ' the ~t.09ra •• 

Our results are ires~1.d i.a f'19.1'.21 ~~r. 1:.c;ta 31.0 aad 

~_!!"I_'._$""-__ .-, .-I,llr.-~, __ ",_.-=-<:-~ --"::?:,:-;~'f'.: "",_-:_; _:: _<":,~",::,,~,~,,;,>_.,,,6c;;-"_·:::-' -_"'_" ._, _. _~ __ -._,_, _:'_~ -:-•. _, ----:7-:0--1 
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Table IV'.l 

Comparison Of Polythene And Water Cross 

Sections 

68 
--_ .. _--_. _._,_.~-----~ 

l 
i 

! 
1 
l , . 
1 

J 

__ ~ ___ I 
i~ .~ 



.,,{ 
/ 

~ .-. ,-, 
.... , 

"-1> 

Materia1 Ea (cm- l ) E (c:m- l ) Ea/Es I:t,I:s+I:n s ~ 
1 

~ 

* S.76xlO- 3 Polyethylene 0.024 4.164 4.188 

** 6.3'9xlO- 3 Water 0.022 3.443 3.465 

* From (Se82) 
** From (La77,Appendix II) 
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Figure IV.2 

Scattered Neutron Current (n/cm2 ) Reaching The 
. 

Detection Plane As A Function Of r, The Radial" 

Di.stance From The Neutron Beam Axis. All Va1ues 

Are Absolute And Norrnalized Ta 1 Incident Neutron. 

Figure A 

Figure B 

Results for E t-3.0 and d-o.l,O.5cm s . 

Results for Est-l.O .nd d-o.l,O.5cm 

Points are calculated values (this work) 

Lines represent results of (SeS?) 
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,~Table IV. 2 

Parameters Of Fits '1'0 Data Of Fig.IV.2 

Fitting Function 
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d~.l.cm 

r~t-3.o 

d-o.5cm --- d"""'O.l'cm 

tst-l.O 
d-o-;5~ 

1""'.. 
1 ..... 

Water , 
,:-a . - b r - -, 

0.39 (±O. 01) 2.7/~.D91 

O.125.(±O.OO6) 1.a9 (±O.13) 

1.51(±0.O2) 5.78(±().O9) 

0.23(±O.O2) 2.01{±0.23) 

, 
• #' 

.'\, 
~ 

<1 

{ 0\ 

.. \: 

~ 

1 

POlythene 
-., 

a b - '\ 

0.447 3.050 
, 

.... 
0.134 1.304 

1.675 5.840 • . 
,; 

. " .. 
0.204 1.866 
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d=O.l ';Ôd d.s'clI and iJ lig ... IV.2B for [5t =1,.0. 71:e poi'&ts 
'/ J") 

repr~5ent our calculat d 'C3ata values and the trokEt lill\E!s the 
• .,. J 

titted curves guoted by (Se82). Table l.V.2 gives the values 

of the paraaeters. Onfortunately, Segal et al\ havE Dot 

quoted the.ir errors (though they ~e. to indicatE. the) are on 

the order of 5-10~) bu~. 9ratifyiDg~y, the agree.Ent is seeD 

to be good, particular ~y Ü viev of the poss,t tle ~curces of 
l, 

discrepancy Q.lcussed aboV(~. A final Foint: tbough Segal et 

al see .. to Le discussill9 .thE neutron flux in ~ the l::cdy of 

their paper. their resu~ts agree vith our calculatEd values 

of tbe neu tron curront and i t is these whicb ha VE heen 

presen ted auove. For exal~l€. for It=1.0 and d=O.lc., the 
oS 

flux to eurrent ratio at r l =0.16cII 15 1.3. It increases for 

larger ri. 

~~g:.lQ.H Il. J-I'AS7 ll'yUQl! lll~~UATI~A> 

\ 

~ 

A second simple test invc 1. vad deter Dlining tne at tel1t1ation 

of a beall or fëtst O-T genE.Iated neutrons in their Fassage 

thr~uqQ successively thieker shields of vater. In this case, , 

the ca~culatioIJ involved a peneil beall of 15Bt:Y nEutrons • 
directed aloüg the central axis of a cylinder ol at;bi trary 

height. ono:1y neutrons of E) 12!cV vere counted. Scat tered 

neutrons were counted only for: very sldl~ sea tt Ering angles. 

Besul~s were tabulated a t different depths 1Jl the cylinder 

and thi..:i IIliS ·considered eguivalent to calculationE for 

shield~ of di,Ïl:erent thicknesses and a fixed sourcE-detect.or 

distance. The percent trams.ission of the incident 15!SeV 

flux is plotted in. Fig_IV.3. Because of Ue high energy and 
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Figure IV. 3 

Calculated Attenuation Of 15 MeV Neutron Bearn 

ThrouÇfh Water Shields Of Different Thickness. 

The Solid Line 18 A Fit To Our Data. , 

%transmission - 1.13 x exp (-O.lOlt). 

Normalized To 1 Incident Neutron. 

72 

j 

°1 

1 
J' 



/ 
.. 

r 

• < 

10' 

lB .... .0 
; 

.. 

" " 

2.5 

.' 

r,' 

< ' 

5.0 

, , , 

• 0 

1 

1 
7.5'."'10.0 

1 

• 

1. 
1.J!,.5 

; 

r 1 
15.0 - 17.5 

q, 

Thickness of shield 

." 

1 
20.0 

) . 

cm 

: 

,. 
f 
1 
t 

! 

~' . ' "' 

-~ ?,,"_~w~._ •• _t 
';'ir. '~,~ifi::·:::''''""· . 



• 
o • 

" 

( 

( 

, . 
, . 

fi' 
Darrow clugula'r ~prEad of EveD the collidE4 beal, flul and 

current values are virtual·ly identical, diffEring ty Slt' a.t 

lIilst. Fit.tin~ tb~l~a te a'D exponenti~l for thicknesses 

• 
t~6CII, fie find 

l transllission::l .13 ua .02) exp (-O. 10 1(±0. 002) t) • 

,cyt'acki (Cy15) used ,an lff~13 ligiud' scintillator to .easure 
, . 

the transmission of lQ.7lteY neutr,ons through a valiety of 

lIaterials in di..tferent ge(lr~triés. His results 'foI: a ,Darrow ! 

heall thrc>u~h wa.ter yield a li~ar attenuatioa coefficient 
• \1' 

(actudÙY, the lIacroscopic reloYal cross section) of 

l =0 .. 103 (::tO. 002) Cil-a (TablE 3.1 of cy75), in Excellent 

agreelllent vith our ~alcuiation. 
~. 

~~c~ IQ!f. IV. 9.::IH Ilt~~~ I~JU il J ~ .mm IQ. !!~l ~1!l " 

SOQEQ§ 

. 

• 

'l'he test calculations aLove havE both' i.leen rather simp.Ie 

'in that tu er test ao li.i ted lIulibe r of the paraaetErs deait 

vith in the most generai 8fflications of the ~c ilcgIam. One 
• 

final, .aore cOllflicated set of test calculations .. as carried 
i ' 

out to valid~te the aoi11ty of tlle si.u1a1:i0I1 to predict . 
,01 

ther.al a.nd epitherla.l n,utI:<lD .distributions resultiDg froa 

the slovillg dalll1 of fast neotJ:ons elii ted Dy Foint sources in 

w~ter spheres. It vas (iEcidEd to simu.late l24SbBE and 24HaBe -

neutron sources since ·thEse can be suffic.ientlt VEll lodel.l.ed 

by llonoel1ergetic SOUlice SEectra. 
J 

, :ln S.bBe source vas assu.Ed to 'elj.t pure 30keY neutrons 

into tbe cellter of a vatel s}?here of radius Ji,.;40cI. (The 

spectrua i.s actually aore ccaflicated than this ~ith N42~ of 
~ ~ 

, .. 
; 

; " 1 

1 
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" the neutrons 11i!19 il: tlle ra Dge 4.11teVSE~22kEV" N 521 in.)t"he 

range 22keV5ES46keV a~d "'51 in the range 200keVSE,S400keV 

Il , 
- (A181) .)' The resultin9 thermal neut~oD flax" q,,, ti.es the 

ra.dial distance frol the 2:curce, r, is p1ottea .. in Kg .IV. q as 

~ fauction ,of c. The results ,.have been nOl'llalized to one 

source neutron. As can be seen frpa the graph, r~ for 1'~6c • 
. 

cau be considered to lie along an eXlonen tia1..curve as 
'7 

"' theoretipa.l1y expectEd (Pe53-Sec. VIX-4c,. Be64-Sec.l'.1, 

H971 ) • (V1thout entEr iog inte excessive details, tbe 

hehaviout fiaI he eZElained as follows: in a single collision 
. 

on hydrogen,. a sourCE neutron maJ lose Iluch of its energy. 

At l?ver energies" Ue cross s~ction for subsequent 

, 
1 
1 
" 

1 
, ! , . 
1 

! 
1 
l 
1 

1 
f 

.' , 

" 

~---------------

collisions is enhanced. nus a neu troD has a 1ri9Ir---------'~'"-

probability of being lIodetated and absprbed near its first 

collision si te. The spa tial distributions of tbÉ therul and 

epithe.rmal .t:luxes sbcu~d UeD bebave lUte that of the primacy , 

neutrons which itself i5 flolortional to exp (-2"1')/1'2 where ~ 

is the total cross sEctioll at the source energl_ This is 

true for fast neutrcrs"of SEveral hundted kei. Eor 30JteV 
1 • 

n~.utrons, ho wever 6 tberllalization occurs ne al' ~ hé source. 
\ 

The flux then goes as ~(r)O(sexp(-.r/I.)/(41fDr) wherE D is the 

therJlal neutron diffusion coefficient (= ltr/~)" S is the 

source strength and 'Xtr ,i5 the tx.:ansFort BEP.) Duiations 

appear for .large r •. Par Hal cesults of the run und to 

generate the plot liere inspected and seemed te indicate 

larger than' expected f~uctuatj..ons for r>16ca. DesIite this. 

the points vere included iD the fit lIi th aJl aoèsuaEd erJ:or of 

Ji. The soliid line is ~he f itting Lunctioll it=~-r/t) 
, < 

vhere A=O.81 (±.03) and 1/l=-O.378(±.005) ca-l. ID analyzing 
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these results, ve .JIIIay considEr the vater ta be an EftectoiV'e~y 

infinite lIIe4ium. L i5 t:heo just the diffusion or relaxation 

length of the thermal neutrons, i.e. the distancE aVEr whicb 

'the thermal neutron densi ty falls by a factor of 1/e. 
t 

.. 
For 

our results, L=2. 64 Ct'. Cil) CI compared to the lI
o
EasuHd valoe of 

" 1,.' 

2.78 (±O.01) ca given in thE rEferences CJuoted abO'VE. '7he 
'r 

, , 
-. discrepancy iz introduced by the va~ues. at large rand may 

'. -
Dot be as signif~cdnt as it first apFeaIS. " (SinCE scattering 

~ < 

on hydrocjen i.s f,O'rvatd pE@ked in the lab fraie, th,e 

once-collided flux nEed not te in eguilibriul w ith thE .. 
pri.ary source neutrons. .Fi.J;:st collisions can re::ult in only . 

s_al1 changes in angle alld Ellerqy. ~hese collided neutrons . 
< 

surv.i ve out C ta greater distances lOllerag flie eDe-rgy of the 
\ 

primary cOlllpon~net. The decay then does in reality bEco,e 

steeper at la;ge 1;'- However\, initia~ expectations a'nd 
~ --

inspection of the ISe prédictions for the .... ergy sIEctra at 

different r- due to SbBe indicate .this is not ,tnE! case for 
<.. 

such 0 1011 energy neutrons. It lIaJ play a role in th BaBe 

s~.IIlUla. tian.) 

"An addit.ional cOllparison vas lIade betvt:!en our r~sults and 

some other cibsolute ones (1If:8sured and ca~culatE d) rElloIted 

by Hol~alld et al (1:1078). 7he la tter· s ca~colated laInes are 

shown :tn oPig.IV.4 for several values of r. Ho EstiJate is 

gi'Ven in tue rEference for tbe ettors 00 these ''points. _ It 
-
should be noted, llowever, tbat their reported aeasureaents 

v,ere 10p0'/. l.over t.han t.he,ir o'lin calcula~ions. FurtbEr, 

tli-eir ptedicted fl.uxes are said to have' fluctuatEd Dy as lIIuch 

- as a factor- of 2 dependiJlg on the details: of the \ 
\ 
\ 
\ 

coaputatJ,.onal procedure. Beari~g in lIiDd these caveats, .. 

,l, 
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agreement vas c~osidered ~atisfactory. 

" To turther extend this test run, another ~as .ade of a 

1MeV poi~t source in a vater-filled sphere of B=40em. This 

vas aeant to represent a 24NaBe source though the neutron 

st'ectrua i5 cons{der,ably lore coaplez (peak energy= 

951 (:t9) keV, average energy= 798 (;t11) keV) (Be81). In this 

case, the sphere cannot be ccnsidered infini te (ftfP of a l!eV 

neutron in vàter is 1.9ca). Both tbe tberaal)and the indiu. , 

resoo~nce spati~l distributions vere treated. Fot the 

la tter, tne Deu t ron fI Ul: iD the energy in terval lEVS !S3eV vas 

talen. Our calculated ~a~ues tor r2~(ther.al) aDè 

r2~(1.4beY), Doraalized to 1 source- Deutron, are fIEseoted in 

Fig.IV.S together vith sOie relative aeasu~ed valUES taken 

trom Beck.urts and liirtz (Ee611,Sec.16.2) for r2~(1.4l;eV). 

~hese 1ast have,been noraalized by takiog tht aVErage of tbe 

ratio of our values to thE aEasured ooes as Flotted on an 

arbitrary sca!e over the range ot 2cm~r~16c.. Sucb a 
, 

proced ure is adll! t tedl y extre.ely siaple but su fiiei E nt fOL 

our pur~ose. The calculated r2~(1.4eV) pOlnts ~ere then 

fltted to aD exponential, Aexp(-rr), in tbe rEgicn of 

12SrS211clI. Tbe resulting tunctl.on (A= 0.64 (:t0. 11), Z = 

0.290(1;0.012» is also dravD 00 tbepr.aph. In this case, the 

reldxation" Length to 1.116EV for z-HaBe neutrons if 

lit ;3. Il (tO. 1) Cil, in exce lleD t a9reelle~ t vi th the ulue ot 3.3 
~ 

cm over the rdDge 15~r~30c. 9uoted in (Beoij). A~ diEcussed 

above, the vaLue of L doe~ dE~eod ,on the fitting rE9i~n. It 

should be notcà that the ~tatistics in our calculation vere 

lov, pa~ticQlarlJ for r>18ca. Also, the agrEE.ent DEtveen 

our predicted theraal fluz and the .easured (Dot r~produce~ 
J 

• 
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Figure IV. 4 

Absolute r~ As A Function Of Radius Resulting 

From SbBe Point Source In A Water Sphere. 

Normalized To 1 Source Neutron. 

line 
<> 
o 

fit to our data 
this work 
calculated values from (Hn78) 
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Figure IV.5 

r
2

4l(thermal) And r 2 4l(1<EC:3eV) Calculated For A 

l MeV Point Source In A Water Sphere. The Values 

Are Absolute And Normalized ~o 1 Source Neutron. 

Solid Line ls r2~O.64.exp(-O.290r).Error Bars 

Have Been Deleted For Clarity Of Presentation. 
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here) i5 DOt as good. ThE fredicted seeas to fall scaevhat 

The above exaaFles vete considered to have shcvn the 

validi tl of the siau 1ation p:ocedore used for this vorlt. 1 n 

this section, VE report results of oor .easure.ent~ and 

calculations of the neutrcD fluxes in a 7.5 c. colliaator due 

to polyenergetic sources Ilaced in the geo.etlJ of Fig.II.2-

a set- up soitable for PG Hel. 

Tbe neutron flu~ le8ving the mouth of the coIIi.atoI: in 

Pig.II.2 viII consist of direct and scattered neutIons. The 

effect of the scattered cc,~oDent 15 to significa~tly alter 

the neutron spectrua a t lCIIEr EnErgies. I~ irradiat iDg 

targets at tue colli.atoI exit, it vas originally thought 

that a làr~er colliaatoI: \culd ittroduce 1ess of a s~ectral 

distortion but also Dot lEuit .uch in the v,y'·of. spatial 

defini tion oL -t-he irradiatEd volu.e. BecaUSE of tllis, 

attention vas facused on s.aller radii colli.atoIs. As it 

developed, this reasoning appEars ta have been fa~ltJ. 1 

nu.ber of dirterent soarc€-c<lliaator geo.eteies \ere 

investigdted but oDly one viII he discussed iD dEtail Lor 

reasons outlined belov. 

Initial experiaents uSEd the tvo 14.3ci PUBe Eoorces 

l)'ing hot'izontally en? to end benea th the botta. of the 

collimdtor. Since eJch source i5 5.5 ca long, tbis aeans 

that the colliDatox 001J liEVS a fortion ot the.. Ihile it 

is true that the principal interest in this verk is the 
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neutron flux (fast and t.erlal) vithin the irradiatEd target, 

toe geometry we are using is the saae as in neutron bovitzers 

used for D'eutron radiCJ<graFh, (Co69,Pra76). It thus becoses a 

aatter of sose interest te investigate a few of tbe 

paraaeters often considered iD optiaizinq these dewices. ID 

particular, ve investigatEd the effect of SOUlce dEptb belov 

the colliaator on the theI:Kal flux in it. The grapb of 

Pig.1V.6 shows the activating neutron flux as a function of 

beight. along the colll.lDatol: as aeasured Ivitb our "0 toils for 

a 5 ca source depth. The flux quite ob~iously falls 

exponentially. This is a feature to he found in aIl the \ 

colli.ator .easure.ents. The exponential decày results fros 

fast neutrons thermalizing in the vater shield far fI:oa the 

source and leaking into tte colliaator yoluae. 11er_al 

neutrons fro. the ia.ediate !ource vicinity F1aI a rather 

ainor role at any signifieant distanc~ from it. 1his was 

verified by iuserting a Cd !leeve ioto the colli.atoI and 

remeasur1ng the flux. In this case, only therma~ neutrons 

travelling Ln a straight li~€ trom the botto~ of tle 

collimatar are counted. 'be relative flux values are also 

shown in Pig.lV.6. This situation is at least gualitatiyely 

equivaleDt ta that of Cox et al (Co68) who delonstLated an 

increase in theraal flux frol a PoSe source vith iDcreasiDg 

lengths of colli.~tor valls. 

Cadaiu. ditfereDce aeasurements (chapter III) vere also 

aade at a source depth of 5 CI. The Cd ratio (B~= 

activity ot DarE foil/actiYity of enclosed (BE64» has a Yery 

large uncertaintl due to the lev couPting rates of the 

Cd-coyered foils. iesultsJ giyen in Pig.I'.1, indieate the 
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• Figure IV.6 

Activating Neutron FlUx (relative) Along Length 

Of A 7.6 mm Wide,50 cm Long Collimator As Measured 

By Mn Foil Activation. Source ~s PuBe At A Depth Of 

5 cm Beneath The Bottom Of The Collimator. Size 

Of Points Includea Errora. 

o : 
o : 

Measured flux in standard collimator 
Measured flux in collimator with Cadmium 

sle~Vè inaerted. 
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validity of ignoring the €ficadmium contribution to the 

manganese activation. 

As stated above, the thermal flux in the colli.atoi ~as 

.easured for a nu. ber of source deptbs: 0, 5, 10,and 15 ca. 

Exponentials vere fit to aIl the distributions and the 

titting para~eters are ,givEn in Table IV.3. 

only tAe zero depth case' s ~S lo}-e diL.teI:ed. 

" . 
As can be seen, 

Its slallover 

decay ls eVidently due to the absence of softening of the 

neut~ spe,ctrua present in the other cases bEcausE of the' 

_~_~~t.e.L~bove tbe sources. 1t i's interestiny tbat the other 

three·ditfereüt thicknessEs of vater yield the Sa&E slopes 

(vithin errors). The decrease in the total flux il in 

agreement v~th the observation ~y Cox et· al that additional 

nydrogenous aoderator material in front of thE fast source 

abso~s more thermal neutIoDS tban it froduces. It .ight in 

fact be interesting to investigatE the ose of D1 0 cr graphite 

as the additional moderatcr. However, no ~or~ vork vas done 
1 

on tbis t?pic because of two reasons. Firstly, {csitioning 

al, our sources at" the ,coLrect deptn and sym.etrically about 

the colliaator axis proveê'a difficult task iD OUI facility 

(rro. Table IV. 3 it ca D b'e f:eeD that a, disp~ace.eDt of 51cm 

in the source depth cao sbift the 9~lue of the intercept, l, 
< , 

by >101) aDd vould ha~~ DEcEssitated a differeDt s6urce 
- . 

placement design. secondly, for greater deptbs, the Be . . 
cdlculations Decame prohiLitively tiae consuaing LEcause of 

lov statistics 1n the collisato9 and the increas~d nu.ber of 
J 

'thermals in the shield. ihus a si.fler geo.etry vas sought 

for subsequent Aoalysis • • 
The lei !ABe source vas Flaced inside thE colli.atoI .. 

82 



( 

1 
\ 

(~ 

• 

'. 

" 

/ 

Table 
( 

IV .. 3 ' 

; 

~~ -bz Parameters of eA~onential fits (ae ) to 

activatingyneutron fluence distributions along 

collimator for different source depths of the 

PuBe capsules ... 
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F'igure IV.7 

Cadmium Ratios Along Length Of Collimator As 

Measured With Cadmium Enclosed Mn Foils For 

PuBe Sources At Oepth Of 5 cm. 
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resting on the bottoll alotl9 its axis. Flux IlEasllrellents were 

eclrried out dS betore .. TtE distr~bl1tion dl)a1.D follollEà ail 

exponential exeept for the IlE"lsured fOl.nt nearest the souroe 

(Fig. IV. 1:1) • counting statü::ties contributed aa- hIor of 2-3~ 

t 
per point. l'or j'urposes of the no.erical si Il ulaticn, ve 

assuaed a point source at ZEtO depth. "flle neutron spectruII, 

taken froll (Ge75), bas be€n aèapted to our coarse enErgy lIIesh 
, 

and is taoulated in Table 1V.4. PIC simul.at.l.ons WEce run fo.r 

300keV, 1,2, ••• ,8 and 9 PlEV neutrons. The flUl and curcent 

passin9 thcouyh a 7.6 Cil dia lieteI dise due to eacb source 

energy vece tdbulated as a tunction of height alctg the 

collimatoc. hesults vere nc,clllalized to a single input 

neutron and 1cllz area and tbe neutron spectrull lilas foldcd 1.0. 

A final filt vas tben made to the resultant di~trUution for 

heHghts >BclII. Wh.lle tbe ElcFes oÎ the calculat.ed and 

.' 
œeasll'red dl.st.ributlons arL iD .:xcellent agreEIIEnt, the 

aosolute ill,lxes are not. lhe calculat€.d therllial distrlbutlon 

(norllal.lzed tu 1 A.Be Deutrer:) 1.,5 

~ (z)=(2.47xù.02)xl0- 3 exPI-0.075(±0.OO1)z) n/cllz/s wblle that 
c 

of :tbe"JeasurcJ ~s q>(zJ=14.QSf-O. 14),;dO- 3 exp (-O.Oi 1qJ:O.001)z) 
E 

n/CII2/s (assullliD9 a source strengtb of 2.1110. D/5). Thus, 

at z::O, ~c/t, =0. 5biO.02. SEvEral reasons for tbi! large 

discrepancy 11011 De {Jostulated. The actual AIIB'1e scurce is an 

eltcnded obJect IIhose centeI lay Nl.5 ca aDove thE colliaator 
Îtr n 

botta:.. l'h~s CQ1l1d in and of itself iDcreasE the .easureù 

fl~][ by N15~ (as estillërted f~CRl Fig. IV. 8). SiIlce, .as ,!oted 

pceviously, such cylindrical sources are not isotlcfic but 

ra.diate a reduced flux a 1cD9 the cyliodrical aIis, t.he nallber 

of neutrons entering iuto the side shie1ding "aU 'to undeJ:go 
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TABLE IV.4 

Spectra of AroBe neutron sources as gi ven by 

( Geiger ~nd van der Zwan and Kluge and Weise And 

adapted te our cearse energy mesh. The spectra 

are nermali zed te l source neutron and are 

gi ven in the uni ta of neutrons per MeV. 
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Ene rgy range Normalized intensity n/MeV 

(Ge75) (K1.82) 

0-0.3 :MeV 0.04 0.05 

0.3-1.0 9. 08 0.09 

1.0-2.0 0.06 0.09 

2.0-3.0 0.10 0.1.2 

3.0-4.0 0.18 0.16 

4.0-5.0 0.15 0.15 

5.0-6.0 0.1-4 0.12 

6.0-7.0 0.07 0.09 

( 7.0-8.0 0.08 0.07 

8.0-9.0 0.05 0.04 

9.0-10.0 0.05 0.03 

( 
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Figure IV. 8 
i 

Activating Neutron Flux Distributions In Collirnator 

For lei AroBe Source. The Solid Lina Is A Fit To The 

Calculated Distribution (using spectrurn of K182) 

-3 2 l%>(z)-(3.62±O.07)x 10 ·e.xp{-O.075(±O.OOI)z)c.jcrn js. 

This Is Normalized To One Source Neutron per sec. 

Source Output Asswned To Be 2 .lxlO 6 njs. 

The Measu:r::ed Distribubion Has Been Normalized To 

Calculation At z-o. 
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subsequent ther.alization vculd be enhanced and weuld yield 

an effectively 1I0ce intense f:ource. Such an EffEct vou1d 

undoubtedly be very small, b cvever. Far aore i_l'0rtant1y, 

the lov eDer~H' reglon of the AaBe spectrua is ollly foorll 

kno"n and 1s deFendent on the details of source construction 

as vell as other fdctors. Kluge and Weise (KI82) rEcently 

reported a aeasurelIIent of a 1. SCi A Il Be source in the range of 

0.1-118e' using a .lHe spectlcmeter consist1D9 of two surface 

barT ier detectors sandv icUn 9 ~He gas. Theie spectr u., 

adapted to our energy 9rot~ structure, is also qiven in Table 

1V.4. Add~t~onal ther.al neutrons are also E.ittE~ froll the 

source and certainly con tIit ute but the ir rela t i v€ ef tect is 

elpec:ted to be s.a11 (RiBl). Production of neutrons of 

~100keV dlso occurSDut tbE size of the cOliponEDt is unkoovn • 

• nen the spectrull of (KIB2) is used to calculate th spatial 

dl.strinutLon dS beiora, tte result cao be fitted t2~8c.) bl 

~c.(2)=(3.b2±O.07)J[10-.JeIp(-O_075'i:O_001)Z) n/ca 2 /f.. At :z=0, 

~/ifi =O./H(±ù.03). This is dravn in Fig.IV.S. Elperi.enta1 c. ré 

points Ldve bt:!ûn DorllalizEd to calculated at tbe intercepte 

The coablnatioll of positicning error and spectru. 

1I0dificatl..OD can tnus acccunt tor the discrepdncy bet"een tbe 

calculated and .easared Yalues to vell vitbin the 

experi.ental calibration uDcertainty. 

On~y one reference could be tound for cOI(.ariscn to the 

above res\11ts. pracy and Hague (pr76) measu'red th ther.al 

flux along a 5 ca dia.eter cclli.atoL in a vax bO\Îtzer 

assembly. Ta~1ng the region 5S2~20c. as qiveD iD their 

F~9.3. ve Lound a slope ct -0.075 C.~l in ritting their data 

to an exponential function, in 'agree.eot "i~ this vorlt. 
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l sinljle .easure.eot. 1IdS aade vhere foils veu activated, 

not a10D9 th~ centrdl axis, tut oear the collimatcI valle In 

a fell of tne lIC rUDs, the neutroos io the collillator vere 

separate.ly couDted iD a dise of cadi us 1.9 c. and a r iD9 of 

inner radius 1.'J c. and outEr 3.8 ce. 10 differeDce vas 

Louod as a function of radiQ~ at a gi,en Àeight and tbe flux 

vas takeD ta De unlfor.. this hE1d true for the fast flux as 

vell, i.e., at the collillator's exit, and along lIost of its 

~ength, the neutrons appearEd to be trave~liD9 in a uniiorll 

bea. and .Ilot along sfherical radi~. 

1 

The insensitivity OL thE distribution slofE and the 

~onco.itant sensitivity cl tbe absolute flllX values on the 

details~of the input neutron spectrua deserve particular 

attention. Sl.nce we lack a neutron spectroscopy taci~~t)', 

attention lIIust ne paid to atsolute and .Ilot just rüative 

thermal neutron .easurellents VAeD try1n9 ta deterline a 

possible st:''-ctrull fOI our sourct:. unfortllnatEly, such a 

situatl.on lIakes frEcise stateaents ccncerning the fpectru. 

difficult siAc~ 50 much is dependent on poorly kncvn 
<» 

parameters. 

Gi ven tbe ql1ite sc4tistactory agree.ent bEtwEEll ca lculated 

and aeasl1red ther aal dis"ttib utions, an at te.~t vaE .4 de ta 

calculate the neutron spectt& in the colliaator and at its 
, c· 

exit. Suça calcuiations baYE been aade for reactor ther.al 

and cold neutron Dea.s. in guide tubes (Ch69,Ch11) tut not for 

hi'1b energy (.(, n) sources tor (n,6) and (D ,A' J') e Ifer iaents. 

The matter bas received sCie e~peri.enta1 attention iD tast 

neutron cross sectl.on stadies usin9 D-l sources. Khan et al 

(Kh8l) Doted an increase ira tbe neutron f 1ueDce a t a t.arget 
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due to 01 collimatoI: and sU99Ested that the entaDCt;Unt was 

du~ to low èuer~y ueutron~ scatterlog orf t.ne coll~matol: 

vd~ls. Tn~'j diù not lHasure tiu:= en~r'lY ot tbe scatter(;.J 

Ilcutrons. 1l1e c'ol.lilla tOI influence on the D-'I S}-EctIU/II bas 
. 

diso been aa&.lressed Dy iDYEsUgatOts in ra1iatlcn 1:hetapy. 

lldnnan et al (HaH) [eported the apl-earance oi a 10wer enery'j 

componelJ.t Ln t.he 1-8 tteV rEgion but found li. tUe E flect due . . 
to the i,;olll.'!l<ltor shape or constitueIlts (polytbenE: or steel). 

lJlC 1el)radeJ neutron i.JItersj ty increases iii tb deCI:Ea:dn9 

ne utto" eneryy a.nd, surpr i5i091y , vith increasing colll.ma tor 

dl. ameter. MeaureÎlen ts of the ef fect of wax collilll a t~rJ 011 

the spectrd of AliBe and 23-FuEe sources have LeED IE:fOI teJ by 

Cox anù cleave (C075) and, Jjost recently, ~OUr.tfCld ("l082). 

both could medsure tlle Jlcutrcn Sfêctra to a lcwer €nergy of 

about 1.5 rteV. The two IlEdsurt:lIlents disdyraE tbrc: \lghout u.p 

st'ectrul.. • tOI: cXcl:llt-le, Ccx and Clcave repc>rt the EI:E'ctru.ù to 

L~ ar0t't>,Lnq 6J":.J..ow J Mev wi.i1E l'iountforcl st.OWS ~t l rC[(.d!::>~u(J. 

for t..ne c.! lç:ula t ion '1 th~ ne u tl cn St,oct l cl, cl rJ asse ;nlJly 

w;),s silclu.!ated for wl!ich tLE ,dt?P:Il of watcr oelow t..h€ EO'lrCE: 

(the rCl:.l~ctor) W<lS LlO cm, tre ShH~ld.Lny w<111 WolS 32 Cili tlllCJt 

anj tue colli.œatdlt !lad a. àiatetcr oi 3 cm and height OL ~o 

Clu. NE::utCons wt:!t"e cut off lElow the tillergies of 100 kt:=V. 
, 

counti'n~ stati5ti05 "ete 10111 foc illdividl1al runs. Slnce 

.ioun tforJ LOUll.à no ditference lU t hin nis errOiS tE t IIceù PuBe 

dud AliIbC source,a and the latter' S sfectrullJ na.: all Eoddy Deen 

cOllsiderej dDove, it vas u$Ed as our illfut. 'Ihe resultant 

spec,truli L5 shown l.n Fig. IV. 9 together witn tb~ or i~inal. 

t'OC ~ur1Joses 0:1 presenta ti-Cll, the da ta has been tinned into 1 

l:IcV in tt:!rva..lS ceveu thouyb calculations vere ude for tne .. 
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Figure IV.9 

Calculated neutron spectra due to AmBe source 

in collimator (height~O cm, diameter-8 cm): 

o 
o 

Original bare 'source spectrum 

Spectrurn at mouth of collimator 

Curves are eyeguides only. 
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Figure IV.lO 

Spectra at two heights in the collirnator due 

-
(, to an AroBe source. Curve i8 eyeguide only. "-

(-~ 
Ô Spectrum at 20 cm height. 

0 Spectrum at 40 cm height (mouth of collimator) • 

.\ 
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ranges 0.03-0. 1 deY, 0.1-0. 3"eY and o. 3-l.0Ile, iaèJEpEDdently) 

and the points Elotted at 0.5"e' intervals. ThE dashed 

!ines are eyeguides only. 'l'he increase in t.he nEutron flux 
*' 

occurs across the entire ~I=ectru. and· is 51 tetvEen 9-108e'_ 
1l 

Though D.ot reproduced herE, the spectru. of "'082) 'Ieasured 
j 

for a 23 CI lon~ collilator) ls in very good agreE.ut vith 

ouOS vhiJ,Ae tha t of (C075' differs sbarply. Slight 
Il /~-

di!,ferences in the geomet.r:iEs of the aoderators caJlnot 
" 

explaiD. tbe discrepancies and the reasons for: the. relain 

unresolved. Because of (Il,J) discri.inatioD difficulties in 

the liquid sc~n tilla tor, Bcuntford vas unab~e to e2tend .bis 

aeasureaellts Deloll 1. 5 ~e~. As can be sean in Fi S.I'.9. the 

neutron intensi t} continues to cliah a t lov energies. ~ ID 

F~9. H.l 0, ve have plotted the neutron spectra at the 

collhator exit (height .. 40cI) and vithin thE callilator at 

a hei9ht OL 20 ca. The la t ter ~ considerably softer. If 
)< 

one considers the second caSE equivalent to 8 collilator of 

larger radius (collillator diaaeter to length Latie = 8/20 

cOllparod to 8/410 at the louth) then this agrees vith the 

reported obs~rvations that liider colliaators SO,ttED the 
1 

spectru. aore. in contradistinction to our initial 
() 

expectations. The ana1091 is not perfect siDce iD out case 

nelltrons can be scattered I:;a<:k dovn fro. higher regions of 

the colliaator. NeverthelEss, tbE:!re is at least qualitatiye 

agreellen t lItith the publisl:ed results. 

2I~cf has cOle into use in PGIICI. The 1011er aEaa eper9J 

and penetratioD of its neatr.ODs .baYE! beell assulEd to liait. 

its ap~licat-ions to I=r()bi~g D~ar-surface ele.ental 

co.positions iD extended objects. 1lecelltly, 80J:gaD 'et a1 
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Figure IV. 11 

Spectra at cÇ)llimator exit as calculatec! for , 

252C.f and An)Be sources. 

spectrum due to Cf 

o Spectrum due ta AmBe 

\ ~ 
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noted lLttle d1iference in the penetration of collimated 

D~utroBs fro. 252Cf and 238FuBe vhen using steel-lined, 

Pb-dop~d ~olythene colliœators. The presence of heavy 

elements w111 of course Dave a major effect OD tbe higher 

energy neutrons but, as a first approxillation, W~ baye 

considered a 25ZCf source 1D a vater shielded collimator • 
.. 

The spt:ctrull vas tak.en to bE given by N (E)CII /ÉEXp (-liT) vhcre 

T=1.42 MeV (ln75)~ The 'SF€ctrulI at the lDoath of thE 

colli.ator 1S yiven in Fig 1V.11 togetber w1th tbat due to 

the AmBe cdlculated abovE. !he solid line 15 the fUDCJion 

N(E)CII ~e.x:P(-E/l.2~. Both the 252Ct and :lUA.Be spe1ra are 

softened Dut tbey are far frclI si.ilar. If in fact the 

spectra of tbese types of scorc~s are simliar in the faci11ty 
1 

of (Kod1), 1t wust be due te inelastic scatter1ng on the 

heavy wetals used for shie1ding against the gam_a ladiation 

froll toe sources. 

In the 1nit1al experilents to measure the activating 

neutron flux 1D our phantcm, ve used the tvo 

source-colli.ator configuIations discussed in section S, 

except that Ille replaced tie saa11 AaBe source O} tte lOCi 

one. The experiaentai aethod has already bee~ discussed. 

The distribution one expects te find aaJ be characterized as 
1'f 

a Gaussian with an exponEmtial tail. The near-surface region 

is a bu~ld-up region vhere the ther.al flux increases vith 

increasing depth due to thermalization of the incident fast 

bea.. The far regioD fo11o~E the vell knovD eXfon~Dtial 

\ 
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decay due to theraèl neutIo~ absorption as discossEd above. 

Our flcst ~easure.ents disflayed r ~ot the build-up region r 

but rather a plateau folloVEd by exponential oEcaJ. The 

plateau vas causEd hy the large thermal neutron leakage ioto ,. 
the phantom from the shleld and vas eliminate4 bJ surrouodiog 

the phan tom with cadmiu.. Little vill be saio a~cut tbese 

sets of experiœents. Tbe distribution vas found fO peak at a 

very shallov deptb of 3.0 cm. (To be more prEcisE, tbe 1mBe 
,!>, 

source in the 1.6 ca diaaeter colliaator gave a pEak deptb of 

2.~±O.1 cm. The PuBe sources, resting beoeath thE s •• e 

colliaator. yave a peak depth of 3.040.1 ca. Besting beneath 

the 20c. diaaeter colli.ator, they gave 3.2tO.1 ca. The 

1~ge collimator containEd lE ad blocks for ballast.) This ia 

significant~y less tban eJfected for our sources' Energies 

Even wben assuming the softenEd spectrum of secticD 5 rather 

than the orig~n.l. 1 neutron bea. of as lov an ener9Y as 1 

MeV (~edm rddius =4cm. iafingi~g a10ng the axis of the 

phantom) vas !ound to Iield a peak depth of 3.8±O.1 ca iD a 
• 

!te rune Tb~.s value caO" also be estimated fro. tve group 
~--

theory (Lab1) -ÏUlJa the egnatiQIÀ ~""-. =.,-lio IDfl.~rl, t.liI.(-.l.ot 

vhere Z"'MII is the peak deltb, 4 is_t.h.e t.hA fast neutron 

relaxation length and Lp i5 ~he ther.al diffusion lenqth. 

Lp =2.7H ca and for PoSe n~utroDS in vater (si~ilax to lase), 

L«=1/r=10.3%O.7 ca (Be64,. Sec.16.2). Therefore z_.= Sc •• 

Thus it vould appear that thE neutron spectrui exiting froa 

our irradiation asse.Dly ls considerably softEr ttan thought. 

Indeed, a pea~ depth of oEly 3 c. imflies an inciaent neutron 

eoergy of only seyeral 10'5 of keY's (H081), vell telov the , 
range of our calculatipns or any available aeasure.eots. ' 
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Tois mal be du€ to neutrons ~xiting the colli.atoi or the 

sbielding asseably. Bl ~ay cf coaparison, fternagb (Be71) 

aeasured a peak depth cf cnly ~2 ca due to a PuBe source in a 

val colliaatpr. This ls uDusually lov and a àepth ot 4-5 ca 
\ 

ls aore typ1cal (La64,e081). Though no precise elplanation 

i5 ~ffered bere. it aaJ ~E Dcted that these last tvo ased 

heavy metals in colliaating the beaas vhile bath our facility 

(fOL tne small colliaator) and that of (Be77) dld Dot. 

ConceivablJ. in the former case, neutrons could be scattered 

iuto the col11aator .oatb after having lost relativelJ little 

energy in dn inelastic collision on Pb or Pe vhilE lD our 

cdse energJ degradation vas lare severe due ta elastic 

scatter on H. 

One addit~oDa~ point cf interest i5 worth .entlooin9 

b~re. In 90in9 tro. the saaller to tbe larger collilator. 

the tbermal flu~ in the pbantc. increased br a factor of 

Q.2tO.2 at dll aeasured depths. 

Toe above Fcocedare vas abandooed wben it appeared ve 

could Dot proper~y c~aracteriz€ the ~eutron SfectIua striking 

our target. 1 sia~ler geeaetc} vas chosen iD which the 

ori9i~l la~e spectrua could be assu.ed. The lei source vas 

placed 00 a tbio steel platfera at a distance of 10 c. helow 

our phdntoa. ~he res~ltant absol~te ther.al meutIon flux 

distribution as a function of height a10n9 thE axis fa 

plotted in Pig.lV.12 in the range O.3SzS1Q.3 ca. ln error ot 

±5~ has beeu assuaed for Each foint as esti.ated lco. the 

reproducibility of results iD 4 indeFeodent runS. 7he 

rrinCipal sources of this error are countiag statistics of 

the individual foi~s theaselyes 8S vell as of the acaniua 
'\.-

97 
l' 



( 

( 

\ 

ca11brdt1ng foil vith sOie due to p05itioD1Dg errer. Tbe 

UDc~rtâinty in the absolute calibration bas net ~~ED included 

in this est~œate. The re~ult5 shown in the graph ~ere taleD 

tros one particular run and the errors OD the points vithin 

tilis siD~le rUD vere i2". 'lbe distribution peaks at a depth 

of 4. 6 :t0. 1 C III. 

To extract infor.ahon .sUCb as the peak deptbs reported 

above, it vaS decide to fit the neutron distxibutions with 

analyt~c tunctions. GiVED tbe so.eti.es considerahle' 

III stati5tica1 fluctuations in our MC results (particularly for 

hi~her ener~y incident neutrcns or at greater depths into the 

phantoœ for lower eoergy ODES), it vas felt tbat tbe 

s~oothing result10g tro • .sucb a least-squares fit vould be 

d~sirdble. o~ tbearetical grounds, one could assumE the 

pOLots ta obey a function of the form aexp(bz 2 ) for s.all z 

and elp(-Cz) for large z. lt ls, hovever, USEful to he able 

ta t~t tue data over the Iull region ot lnterest witb a 

slngle functlon. FijishilO Et al (fu75) haVE fit r 2 f for a 

~oiDt RaBe source in a water s~here asing a sErie~ of 

veiqhted La~uerre pclynolials. Dsing a lIodified program tro. 

(Be69), ve atteapt€d te fit our distritution for ~ vith the 

salle set of polynollials (te fourth order in z) hot .could not 

achieve satisiactory results. ie fouod it possible to fit 

the data adequately vith th~ first fev TchebejcbEV 

polynomials using 

l ' .. t ~(Z)={41 +a2.z+~3(2Z2-1)+a,,(4Z;J-JZ)+as(8Z.-8ZZ+1)}EXP(a,Z) 

~vhere the ai's dr~ adjustatlE para.eters. ROVeYEI, a siap1er 

function was diseovered te 91'ye pot significaDtly vorse 

results vith fever free para.eters: 
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The peak depth is tben gi,en by 

Given th~ ade9uacy of thE fitt~ng function, 8E ~Ere faced 

vith tvo choiccs in evaluatiDg our ftC data. Euns "ere made 

at energLes hetveen 0.3 and 10 !eV for a point sotlCe 10 ca 

belov the pbantoa and irradiating its entire surface. 

Taer.al neutrons vere tabulated vhen c~ossin9 discs of 2 Cil 

~adii at 1 c. depth inter vals 1}in9 a10n9 the cylindrica1 

phantoll axis. One could tben fit each runes results and add 

tbe points evaluated froa thE fits to arrive at tiE final 

distribution. IDstead, it ~as decided to add togEtber the 

rav values and fit the rEsult. It is this vhich is shawn in 

F~g_IV.12 normalized to a seuree strength of ~. 1.10. n/s. AS 

can he seen, the results agree very vell vitb our 

experimental points both in shape and absolutE value. At 

&àallover deptos, the exçeriaental foints are sO.E~hat 

higher: Th~s lIay bE due to a larger tban eXpEctE~ lov energy 

flux as prev~ously à~scussed or beeausE of neutrons degraded 

and r~flected lack into the fbantoa by the steel sUFPort. 

Given the ~.precise infoLaation available about oOr 

particular source's lov ener9J neutron spectrua, the results 

in Fig_IV.12 are certainly guite satisfactory. '111e!tC 

prediction peaks at S.O±O.1 c" a sOllevhat greatEr defth than 

for the measured. (The value at z~12c. has been c.itted trom 

the fit because it deviatEd signiticAntly. This illroved the 

,: considerdLly but did little to the peak defth.) 7bis 

further sUPForts the likelihoad af lover energy im1iogin9 

neutrons. It aaJ he DotEd that ~he ther.al fluz ~GeE Dot 

fall to zero at zero deptb desfite the presence ot a Cd sheet 
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Figure IV.12 

Absolute thermal neutron flux vs depth 

a10ng the central axis of a water fi11ed 

phantom due ta a bare 1 Ci AroBe source (2.1xlO' n/s) 

10 cm be1aw it. 

Solid line is fit to the calculated values 
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on the outside of the Fhantca. This is due te nEutrons 

inside tue phantom leaking cot. Also, though it Ray appear 

that at Idrger z the eXl'ErillEntal points are falling too 

quickly w~tn respect to the calcolated, a single aeasureœent 

at a de~th of 16.3 c. in another run did not droF tElo" the 

predicted fluxes. fte~surE.ents at greater deftbs ~ere 

dl.f-ticult due to lov induced activities inthE foillt. 

From the results preS€DtEd iD the prevl.cus sEctions, a 

number of conclusl.ons aaJ be drawo ccncerniD9 the importance 

of the l.rradiatl.on geoaetry and conditions of Oftilizing a 

facility for NAA or PGNCA of extended .a~Sl.ve targets. 

The neutron vedas incid€ut OD a target ale s~verely 

afiect~d by tb~ collimation in teras of botà the1.r EDergy and 

s~atlal dl.strlbut~ons. lhcu~h in many published l€forts 1.t 

bas beeu assuœed tOdt cOlliEatioD does litt lE aorE tban 

detl.ne tDe l.rrad1.ated surface (as evidecced by tbeir guoti09 

the aver3ge neutron energJ of the isotopie source for the 

average energy of the colli&ated bea.), it is seen in this ~ 

vork that this is far fro. the reality of the situation. To 

oegin vith, dB irradiator can increase the intensity of the 
"'-

ntutron beaa fro. a source oYer that expected ~n the basis of 

S~id angle copsideratioDs alone. ~ ?n the colIi.atols 

considered in tbis vork, tbis cccurs due to elastic scatter 

off the colli.ator valle Fex a vater shield, ioe1astic 

scatter OD oxygeD flays a ainer role even at 10 "EV. TAe 

incre.ent can be significa»t. lor a qO c. 10»9 co11i.ator of 
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radi US j. 8 ca, the increa!:e a t the exi t is 5' for !:ource 

neutrons ~n tbe 9 - 10 KEY range, i.e., the highEst energy of 

the isoto~ic sources cODsidELed here. At lOVEr source 

Energies, the e.obancellent i!: .greater due to the larger (n,p) 

elastic scattering cross sEction. Additionally, DeutroDS 

scattered dowu into the lo\er energ} groups from higber 

energies also contr~bute at the colliaator exit. the net 

e~fect ~s to sOlten toe sIectrum and increase the effective 

source ~nteDs~ty, even at those lov Energies where the 

original source ~s a weak Eaitter. Large dia.etEI 

col11.ators may increase the lover energy contrihut~on _ore 

due to tbe larger sol~d angle subtended by thE cclliaatoI 

wall as v1ewed by the neutrcn sourCE. ftore source neutrons 

mdy scatter off it, 10sin9 energy bEfore reacbing tbe 

phantow. Tn1S eftect bas been clai_ed by Koontfold. It vas 

out specLf~c~lly LDvestigatEd ln the course ot this vork but 

may be s~g~~stej ~y our calculated spectra vitbin the 

coll1œator. ÛUI ccm~ariscD eXfer~mentE using the PuEe 

sources ~nd 7.6 ca and 20 c. vide collimators arE not 

cooclus1ve on ta~s ~o~nt ~iDce ~D the tormer collimator, ~art 

of the source vas sbieldEd f~o. Yiev of the pbaDtca ty vater, 
• 

while iu the latter, soae ft vas placed in the ·colli.ator. 

Since th~ coll~.ator experi.~nts were eyentually dxopped, 

this matter vas not pursuEd. Nevertheless, tbe tEntative 

rasults s~eœed to shov little etfect on the Sfectlua as 

a~asured 01 the peak depth. AdditioDally, thE fact tbat the 

incr~ase 10 tAe thermal tluence due ta tbe large cclliaator 

vas the saae at aIl depths in the phantoa,vould sU9gEst 

little difference in the Deut~oD !:pectra, 1.e., a Bof ter 
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spectrum would have resull~d in a more stceply fallin9 

ther.al distribution. Thus the neutron spectrua of the 

·partially shielJed dnd moderated sources in the slall 

colli.atoe maJ be similar te that of the ful11 e1losed 

(except for some Pt) sources in the larger onE. 1his is in 

qualitat4ve agreement vith ~ountford's results. lavson et al 

(La64) found a lIIarked increasE in the thermal flol along the 

center liD~ of a phantoa dUE to large collimatoxs tut little 

change in peak deFth. These authors suggestEd that the 
f 

incredse was due ta thermalization of fast neutrcDS in the ... 
aore dist4nt farts of the hea. in the fhantom followed by 

their diffusioD ~nto the center. The cons~steocy ct the peak 

depth would ~Qdlcate little change iD the 4ncideot spectrua 

thou9h they found the incrEase in the thermal flux to hE far 

~reater that that ln the leasured fast dose. Tbe ~resence of 

large dmounts of Pb in their facllity may lIIak~ ccmlaxison ta 

our vork difL~cult. The ~atter is certainly wortb fUIther 

investigdt.tOU, particularlj by cdlculation 4'0 vie" of the 

difficulty ln pertor.iog leasucements below 2 ~eV. 

When using (n,n'r) r€actions for analysis, tlE mattfr of 

tre pr~c4s~ neut~on spectrui taxes on great significdnce. 

While colli.ation increasEs the fast flu~, it incxeases the 

lov energy flux Even aorE. Given that ~(n,l) > ~,D,D'I) in 

.ost cases, this wou ld i nC.IEaSe the bacJc.ground ~ radiation, 

driving dovn the sensitivjty ot such a system. In this 

" instance, the harder the spectru. the tetter. 

Coaparisons betveen OUI numerical simulations and 

aeasureaents of the ther.al neutron distributions iD our 

phantoas and collimators made it quite eyident that our 
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irradiation asse.hly emitteà d large flux of lov Energy 

neutrons. The peak deptb ohtained ~ith our original 

source-sbieldiog configuration vas 3.0 ca. Por 8ff8ratus 

using heav} aetctls for cclli .ation, peak depths of ~4 c. ha~e 

been typically reported, indicating harder incident neutrons. 

The soften~ng of high ener9Y neutrons hy Pb 01 Pe i.$ of 

• course vell knovn,dnd has bee~ used to reduce tbe 

fdst/thermal ratio in neutron hovitzers (Cox 1974). 

nove~er,it 1S possible tbat a correct configuraticn of these 

e1ements 1n a hovitzer would result in a harder SpEctrum than 1 
--' 
would appear in theit absEDCE as éliscussed in sEction 5. The 

matter has not been directl} addressed to date. 1he addition 

of an (n,2n) reactioD mechanisa to our MC code sbculd ailov 

an investigation of this EffEct. 

Part of the original intent of this york vas ta study the 

features of an Lrradiation system for a PGNCA tacility to 

measure eleœeutal composit1cns in human beings. 5ach 

iacLlittes bave D~en constructed at a fev latoratcries and a 

~~ber ~i points maI be made concerning general design 

considerations of such apparatus. 

The achleye.ent of umifora activation and detEction of 

Elements of interest is a matter of Auch concerne Sc.e 

researchers (Ya1b,fte71) have e.ployed pre~odeIatoIs, i.e., a 

thickness ot aoderator interlo~ed between neutroD ~OQrce and 
" 

target, i~ dn atte.pt ta Eli.ioate the build-up rEgion of the 

actiTating neutIon distritution. It i5 quite eyident fro. 

the work reported here that the detailed construction of SQch 

a preaoderator .ust be considered independently for each 

irradiation asse.bly. 1t is even possible to elilinate the 
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build-up ragion by Ilalling use of therllal neutrons leaking out 

of the colliœ<itor shield. Hovever, in lIost cases, borate'd 1 

compounds are used for shielding to reduce H capture of 

neutrons dnd the resultant Y tackground, thus elilinating the 
-therma1 neutron leakage. It .~ght be fossible to reintroduce 

a ther.al neutron output tro. the colli.ator by 11n1n9 it 

vith heavy water. This weuld have the advantage aver a 

preaoderator of not attenuating the incident flux. The 

increased cdt'tuce cate tthicll lIight resalt because of this iD 

shal10v reg10ns of the body light be of considerable 

importance in œeasuring nitrogen (for protein detEIllinatioD) 

in severely wasted subjects (Ch82). 

Tbe effect of collimation on fast neutron spectra has 

been shown to De highly significant. It .ay te rEasonable to 

Tary 8 PGHCA system fOI different tlfes of lIeasure.ents 

rather than mak~ng do vitb a fixed arrangement. For Example, 

if heavy metal liners in a ccliimator do inde€d yiEld barder · i 
j spectra thau simFle hydro~eDcus shields, tnesc could he used 

to advantcl'1e iD aD (n,n"() facility, '-iuite aFart fIc. the 

shield~D9 8gainst y radiation vhich they voulà sU~fly. Por 

aeasuring n~ar-surface rE~ions the softer s~Ectra tre. a vax 

or vater Aovitzer aight hE preferred due to the higher , 
therma1 flux/unit dose thEY would deli~er (8081). 

In sumaary, a ~uite simI1e and straightforVaL& ftonte 

carlo code has bean develcled to calculate neutron spectra 

and spatial distributions in gEo.etries suitatle 10r PGNCA or 

III of bulk ~argets snch as bu.an beings. .e haY-E 

constructed dn irradiation faci1it1, using isctoFic neutron 

eaitters, in vhich ve ÀaTe carried out. nu.ber of 
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aeasureœent~ of the actiyating neutron flux in soch 
ç. 

geo.etries. Our aeasureaent'E and calGulations are in 
'\ ' 

e~treaelY good ag~ent if~ recognize that knc~lEdge 

conceroiDg the lov ener9J range of our neutron SOULces is 

sparse. In prïncipal, one should aeasure the neatEoP 

spectrua of each particulaE source since outEat aaJ be 

inhoaogenous and the lov EPergy ~art of the sFect~ua is 

dependent on the source ccnstroction. Such aeasurements cao 

be extreœel.y diffié::ul.t 'allô a coabiDation of techniguEs 

involv~ng activation foils, ~organic ~cintillators, aad<~He 
\ . 

100izat10n chaabers aay tE DEcessary to propeclf cbaracterize 
"). 

the neutron spectrua lea~ing a colli.ator and at Yarious 

points in a phantoa. CalculatioDs have shovn the DêutroD 

spectra and flux to vary vith collimator constructon. The 

addition ta the prograa 01 an (n,2~) reaction aechanisa and 

an incredse in the nuaber of homogenous regiolls aoè ele.ents 

which it ca~ bandle abould allcv a convenicn~ aetbcd of 

studyin~ the eftect of valious aetal inserts in cclliaators. 

This would probably necessitate transferring the ,rograa ta a 

larger co.~uter, but its Foctability vould perait this vitb 

litt~e diffic~tJ. 
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lt is ouvious that a source eaittiD9 neutrons cnl} into a 

cone is equivaleDt te a IiCXE! inteDse isotropie source, as 

sean by a ta.rget wlthin tlJe cone. ~ tbe relaticnsbi~ bet..Jleen 

the intensities of sucb Eources is detenined bl bOIl auch 
~ 

solid angle i5 sllbtended tl' the cone (lig_1 1). Pcr a point 

source, this is ratber easy to deter.ine. 

,10r d pOl.Dt. soucce 01 intensity s, the nUlbeI: of neutroDS 

passing througb a dise of racius r~ is the nEutrcn COI:rent 

(NC) 

Therefore, if S' neutrons ale eaitted into a cone of 

9~~11 =tcUl-ilb/SSD, this is EquivalEnt to an isctrclic source 

of strength 

5=.2S· / (1;-ccs (tau- I r /SSD» 
. 

The neutron f~u~ (MY) can alfo be ca~culated in thia case. 
, 
Each neutron is assi911ed a "eight of l;cos # as sesn in 

Fig.A2. Therefore, 

NF • 

:: - ~ ln [ Cos (-hl" -1 t;/ssp)] 
,,' 
\ 

, 
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Figure Al 

Point source emitting neutrons into a cone. 

Figure A 2 
llJ 

Contribution of a neutron passing through a 

disc of unit thickness at an anqle e to ~he 

normal. 

Contribution to current -1 

Contribution to flux -1/0086 
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The folloviog i5 adapted. fro. ,(Cu65) and (l"e53). 

Equation 111.7 actuallJ refers; not to the thEr.al flu:.: 

{whicb iB the flux of al.l ther.al neutrons lUlpE cl together bJ 

the integra1 (see equatioD, II.2) 

Ja.,.v Io../cv 
~t:h· ~ ~(e)Jf - D hlE) '/(11) dE" 

but rather to tbe flllX, ~o' vbich ls calcu1ated bJ assuai09 

that all Ileutrons are at tllE energy O.02SeY, corresçonding to ,. 
a velocity of "0 =22001/s. 'o.la tbe .ost probable yelocity 

of a lIa:.:vellian yelocity distribution at a te.peratare of 

1'=293°(( and .LS given bJ .,. =2k7/.. 'lhe neutron flu as 4 r 

fllnction of velocity is given bJ 
y.l.. 

) 3!L V' e - V v.; 
~ {V,,· , 

Ver (iF" 
...... 

vhere n is tbe neutron densi ty. 15&U.in9 that I:elov a 
'1' 

resonaDce the cross section ,of the foil ia plcportiona1 to 

1/v sa 

s Nver.! 
o 

vhere the intagral should re4111 on11 be takED to the aaxiaua 

t.her.al ve!l.ocity. Since the integrand drops off quicklJ, au 

upper boud of rxJ i5 Yalid. 

the average (ther.al) flux cao be shawn to be 

~~. :,-~,,:: 1.12.2 ~ 
Since cross sections are lIorla11y quoted for O.025eY fluxes,. 

~~ i8 the appropriate distritutioD to be Qsed ia actiyatioa. 
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The folloving i5 adaptEd fro. (Pr76) and 'ANL~eOO). 

ln activation foil viII generally absorb enougb neutrons 

to perturb the flnx density in its environs. Tbese 

perturbations are identifiable in tvo categories: (1) 

self-shieldiug, vhich ls thE reduction in fl.Ul dEDSity at the 

interior of the detectar teca'use of attennatian in the outer 

layers, and (2) flnx depre5sioD directlf outside tbE detector 

due to noutcou re.ova1- a neutron vhich has been captured can 

no longer contribute ta tbe flux. The second i5 of no 

consequence in .easure.ents in a neutron beaa EVEn tbough the 

flul behind the foil. 15 IcweIEd. 

Fig. Cl i5 a sketch of tbe situation at halld. <Po is the 

nnperturbed flux prior to abeorber insertion. <9s > ls the 

average surLace flux at t.be absorber boundar J. <fv> is the 

averag~ V01UilE flux insidE tte absarJ:;er. ~(X) i5 the flux at 

a distance, x, tro. tbe tcil in the lIoderator. 7bED the fInI 

density depression factor at the surface is giveD b} 

Pd ('t, 't) =-<is >/ ~Q 
vhere r=I(scatter) /l:.(total) is a para.eter of the ndiu. in 

vhich the foil is ia.beddE è and T= 1:~d vhere l:a. is the 

.acroscopic absorption cr css section of the foil, includiog 

pro'cesses such as (n,p), (n,2n), etc., and d is its 

thickness. A nu.ber of calculations and aeasureaents are 

availabl~or evaluatillg 'ei Cr,"q. Tbese vi II DOt. tE detailed 

here. Ileasured values fox 1~ (r,t:) in vater as a function of 
~ 

• 
1: are presented in P ig.C2. 

l'lux dens! ty depressioD at a point avay fro. t he absorber 
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deter.iDes hGW closely toils caD be spaced vithout 

interferl.Dg vl.tb one anotter. The values of ~("I) /~o are 

plotted in fi9.C3 as a function of J in vater for ~. foils of 

radius 1.2ca. The 9ra~h bas Leen calculated u5i~S 
t(·) s 1 _ ~ IlL) [ e-XA.. - e. -1R."~x"'/I. J 
'0 ~:r(l/'ltr) I{'"C) [1- e-VI.] 

vnere for vdter L=2.76 C. is the ther.al neutron diffusion 

length, .lt,.=O.4JCIII is the transport flFP, \=O.lIIe. is the 

scattering ftF~ and f(~)=CO.5-E,(T»)/(.3J+E~(T) vhErE E3 and 

Eat are eXI'0nen tial integIals tabula ted in se veral references 

(eg. ANL5800). The Equation should be considered ~alid onl}' 

for x> Âs' i. e. avay froa thE foil surface. lotE that the 

eyuation 1.5 yiven l.Dcorrectly in (pr76). 

The selr-shielding factoI is defined bJ 

YS CT) = <tv >1<'5 > 

For th111 f0115 (~<O.05), a ~alid apfroxiaation is given br 

f (or·)=1-T(1-1n"t:) for a foil in an isotropie (cr D~a[ly 50) 
S 

fl.eld. For a foil perfendicolar to a neutron beaa, 

Fs h)=(1a...ext'C--Z:»/'t. If the foil is at an an91e,9, to tAe 

bea., ""( is replaced by T/COS(J tecaUSE: of the iocrulsEd pa. th 

lengths of DeutLoos in the foil. The nor.al teaa and 

isotropie cases are plottEd in fiq.C4. 

The inte~ral flux pertuxtation, i.e. the coabiuEd effect 

of tbe ~ and Fd factors, in vater for a dise sha~Ed BD foil 

of radius 1.2c. is gi~eD in lig.9-4 of lHL5800 as a functioA 

ofL. for ItD,-,~=1.083c.-l and, in ourcdsE. thE thicJtness 
'\. 

ls d=O.0125c. fliPlying t=O.01375. <lv>/f. la thED 

apprGxi.ateli O.95.tO.05 sc t'bat a lIeasured flu~ ia at .ost a 

ver}' fev percent off the actual. Por the placea.nt of foils, 
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Figure Cl 

Geometrie sketch of flux depression 

and,self-shieldinq_ 
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Figure C2 

Measured flux depression due to an In 

absorber dise (r -1.2 cm) in water as a 

function of T-' r d a • 

Adapted from ANL5800,Fig.9-â> 
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Figure C3 

Calculated ratio of flux near foil to flux 

far from foil for a Mn dise (r -1.2 cm) vs 

distance fram foil. 
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Figure C4 

Self-shi.eldinç factor for norma1 be8Jl\ and 

isotropie irradilt:ton of a plane foil va 

foi: ~hickness t-lad . 

Calculated using eq.14,lS of chapter 1 of (pr76). 
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