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~ ABSTRACT .

Spatial .distributions of thermal and epithermal neu-trons
) produced by collimated radioactive isotopi;c sources have been

measured in assesblies guitable for elemental analysis of bulk

saaples by PGHCA (pronpi gaama neutron capture analysiQ. A

Monte Carlo transport code vas extensiv;;ly nodifie(fto predict “
.the enerygy ss\pectra of the neutron beams in a number of |
geonetries. Very good agreement vas obtained vith measured

) di.stributian;.‘ The collimators vere foux;d to severely modify
the neutron spectra. The woditfed spectrum is softer than thé
'original and n'ai result ih a reduced aniforaity of activation
throug"hout -th‘e sa‘nple. By judicious selection‘of the collimator

paterials and disensions one may elipinate the need for

presoderation of the impinging neutron beam.’
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- , SCREMEE - .
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{

Les dis;trihut“ifns %patiales de neutrons {herli:ques et
€pitheraiques prod?it's par des sources d° iso‘todpes radioactifs
munies d'an collinateui cnt eté Qesurées. Les mesures ont
été faites dans des systéses appropriés 3 l'avalyse
d'éléments dans des échantillons de' volume important par
PGNCA (analyseu de ganma *iapides suivant la carture
n;utron}que). Un code de transport Monte Carlo a été modifié

de facon exte}xsive de faccn d prédire les spectres en emergie

des faisceaux de neutroms pcur des gé&cmétries varifes. Un

. trds bou accord a éte obtenu entre les distritutions mesurdes

et calculées. On a trouvé gue les collimateurs mcdifiaient

considé@rablement les gspectres de neutrons. Le spectre

modifié& est plus doux gue le spectre original et [ourrait
P . .
resulter d'une uniforaité€ reduite de l'activatiom au travers

de 1'échantillon. Un choix judicieux des matériaux et des

. - -‘ - 13 » - s /
disensions des collisateurs pourrait €liminer la nécessite

d'une modération prélimimaire du faisceau de.neutrons

s

incident.
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CHAPTER JX-INTRODUCTION .

#

A ] .

Non-destructive anmalysis of materials is a field in vhich
varied nuclear techxiiques‘fi:d videspread ap)plic.ation.' The
wide fange*of situations in.which an analysis of constituents
is required mgans that no one technique is suitable in All
cases. One can roughly divide the general problem into two
categories: (1) analysis of very seall or thin saszples, often
i.nvolving a search for elenments at the trace level, (’2)
determination of constituerts in bulk samples. In the

~

folloving, a few of the most compon methods are noted.

similar. Targets are bomtarded by a radiation which ,
interacts with t;he at.::nic\electrons of nuclei in the sanmple.
A si;;nal results which identifies the target. This signal
may be tne scattering of the incident beam or the emission of
a different type of radiation. For exarple, in the cas-e of
nuclear magnetic.resonance (NMR) experikents, vhich have only
réceutly been applied to large samples (Bo82), the signal
gonsists of a resonant absorption of the incident microvaves
detected by a drop in their intensity. NMB is capable of
identifying tne chemical form of the target and matrix. 1In
imaging applications to large volumes, only hydrogen is at
present resolvable. NER is inappliqcahle to the detection of
even-even nuclei because. cf the zero net magnetic soment they
E:oésess.

The majority of ana]e.ytical mnethods use eith\qr directly or

{

indirectlyionizing radiation in contrast to the

A e
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‘radiofrejuencies of NMR. Particle induced x-ray eaission

(PIXE) makes use of the large <ross section for x-ray
production in charged particle boabardment (Jo76). X-rays
excited by protons, % particlés or heavy ions and detected by
high resolution silicon detectors make possible aultielement
analysis at high sensitivity. Incident particles in the
range of 1<5 MéV/amu interact Couloabically to remove at
least one inner shell electrom in the target atom. As
electrons from higher shells drop to fill the vacancy, x-rays
are emitted. XIn the case of light elements, the energies are
usually sufficiently lov so as to regquire speq&:}‘detectors

and windows as well as thin targets to avoid absorbing the

radiation. Above aluminus, the matter of detectionm is °

simplified by the higher energies of the x-rays. The

technique is used in surface studies, environmental analysis
and on sectioned biological samples to name but a few cases.
Systems siailar to the abcve make use of electron teams or
microprobes to excite x-rays. Background proilems due to
breasstrahlung limit the sensitivity.

A fundamentally different approach involves measuring the
energy loss of electrons traversing the target (0t82,Ad80).
This technigug employs a transiission electron microscope to
balbard the sample vith electrons in the tanjé of 100-1000
keV. An energy windovw is used to'céllect only those ;
electrons. vhich have been degraded by exciting target inner
shell electrons to vacant orbitais above the Fermi level.
For efample,‘in imaging phosghotus (LI;; absorption edge at
138 ev), electrons which have iost 150 eV are couynted.

Distributions of only tens of atoss in sub-cellular

* o 2

¢ 7
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’ biological structures have been imaged, even for some lighter
atoms. Unusually thin sasples (~30nm) are, however, required
(: to reduce energy losses due to nultifple scatteriog and the
like.

Atomic interacticns are not used exclusively when charged
particles are involved. At higher bomtarding energies,
nuclear interaction channels open .yielding ancther avenue of
analysis which has proved particularly fruitful in depth
profiling of the mear surface regious of targets. Bpth
resonant and non-rescnant reactioms which emit neutrons,
gammas or o or 3He ions can be used to determine the
concentration profiles of elerents tc a depth of several
picrons or more in a sample. A particPIarly important
application i1n materials science has been to hydrcgen

( profiling by ion ponmtardment on metals and semiconductors.
Resonant reactions such as (La77)

1§ (15K,) 12C*—) 12C+ Y(4.43MeV)

and 'H(TL1,Y¥)®Be (2£178) employ ¥ detection while a reaction
such as 1H(11B,«) 9Be uses & detection. For amalysis of
materials in living crganisegs (De81), inelastic proton
scattering nas even teen uvsed in a very limited fashion.
Proton activatiom, using 160 Mev frotoas, has been used to
measure calcium content in the spines of humans (Co81).

The advantagyes cf charged particles rest in the ability
to bend and focus them. (Ficroprobes are now in oferation in
many centers. However, the limited range in ratter of these
probes remains the ncst serious limitation on their use. For

(, analysis of large sawples, crly gamma rays and nectrons are

suitable. ' '
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A variety of techniques employ dJamma ray tomtardment to
obtain the.elenental compcsition of buwlk targets. Activation
of a target nuclide zay be achieved Ly a (¥ n) reaction
leaving a radioactive product which can be counted by gamma
or delayed neutron spectrcscopy. Beta spectroscopy is
impractical, in bulk samples. High sensitivty can be obtained
in the determination of tkte light elements, C, N and ©
(En72) . Activation ¢f the sasple can be ﬁaitly uniform due
to the low attenuation of the high energy gamzas necessary
for this techniyue. Obtaining sufficiently epergetic gammas
normally reguires a linac fcr a bremsstrahlung source.

Gammas from long-lived radioisotopes are sufficiently
energetic for use in other analysis technigues. (uantities
of elements such as Hg, Cd, Fe and PL in humans have Leen
measured using ¥ rays to excite characteristic x-ray -
fluorescence (5m82,1laB2). Attenuation of both the lovw energy
incident radiation avd the, resultant fluorescence can be

troublesome.

Attenuation difficulties are somewhat reduced ty the use
of higher energy ¥ rays (~1 Mev) for nuclear resonant
scatteriny. Here, tie full energy of the ¥ is scattereiivhen
it is 1n exact resonance with the target nnéieus. The
technijue 1s highly ¢pecific and has been used in toth
medical and geophysical ajplications (So77,Va82).

Neutrons are perhbhaps the most conmonly used radiation for
bulk analysis. Neutron activdtion analysis (NAA) nages use
of radioactive nuclides tkat result from (n,xi reaét&ons.

For slow or thermal peutrcn capture,'the resulting nucleus is

often a B emitter. Por faster neutrons above the threshold
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'limits, (o,2n), (n,p), (nA) type reactions can also lead to

radioactive species. Such higher energy neutrons are usually
produced by accelerator Lased sources. The nmost popular
method of producing a nearly monoenergetic beam is tpe
deuterou-tritium (D-T) fusion reaction producing 14-15 Mev
neutroas (Ch79). Fluxes cf up 10° n/cs2/s are achieévable.
HigﬁEr energy polyenergetic spectra are ogiainabie Hiﬁh
cyclotrons via (D,Be) or (D,Li) reactions.

Nuclear reactors are the most intemse source of neutrons
available. Thermal neutron fluxes of up to 1012 p/ca?/s are

b
routinely accesible even with small research reactors such as

the SLOWPOKE. Samaples can range up to tensxﬁf grams or aore
in size, depending on where they are to be positicrped in the
reactor for irradiation. 1Irradiation times can vary froa
seconds to months folloving which the activated samples caup
be removed for counting with/a'spectroneters or high
resolution ¥ detectors. 1Irace levels of many elements in
many types of matrices can often be determined under such
conditions (Ju78). Howvever, only informatiom relating to the
whole of the sample is oktaimable. The high spatial
resoldﬁions possible uigh chagged particle beams are
precluded by the imability to focus peutrons. Alsc, the
relatively ioa heutron energies emitted from fission reactors
are usually unsuitable for other than (n,¥) reactions.
Simplicity and portability are provideé‘by isotopic
neutron sources which will be discus;ed in some detail in
subsequent pages. Despite the rather meager fluxes usually
possible with such sources, they have truly widespread

application in medical diagmosis, in situ geochemical

. e
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analjéis and even laltoratcry mineralcgical analysis
(MaB82,Co081). Thex have even been used in nqclea: structure
studies (Va64). ’

Activation is by no means the only channel by which
neutréns can be used for analysis. 1Indeed’, there are those
nuclei for which none of the available nheutrop reactions
result in a suitable radicactive product or for which
neutrons of an energy range sﬁmevhat &ifficult to ocbtain are
required. 1In such cases, prcmpt garma neutron cagture
analysis (PGNCA) is often useful (Gr78).

An incident neutron (cr protom) may be captured by a
nucleus resulting in an excited compound nucleus. The
excitation energy must egual the suam of the kinetic and
binding energies of the captured neutron. Assuming that the
neutron 1s not scattered cut, the most common deexcitation
mode is by Yray emission. (The residual nucleus is often
unstable against ﬁ— decay.) The compound nucleus gmust exist
a sufficiently long time tc fermit the sharing of this energy
among its components. For radiative capture, the radiation
vidth is ’:’. = 4:’/'C where T is the mean lifetime of the
excited state. For slow teutrons,r} is ot the order of 0.1
eV implying a T of the order of 10-14 seconds for prcampt
epission. Tae radiation ui&th of a given nucleus changes
only slightly from resonance t' resonance and radiative
capture (Iike compound nucleus scattering) cam occur at all
neutron enerygies. Nevertlteless, the (n,¥) cross section is
largest below several hundred eV. 1Iao heavy nuclei (A>80) in
particular, radiative capture predominates (since due to the

large number of nucleons, the probability of a netutron in the
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compound nucleus receiving sufficient energy to escage is
small) jaebu)., In this slcv range below the resoﬁance
region, the cross .section varies as 1//E (or 1/v, vhere E and
v are the neutron energy and speed) for almost all nuclei,
.In the rangé of 1-50C keV, resonance scattering is most
inportant vhile for yet higher emergies,. inelastic scatter
and (n,2n) reactions ccmpete. .

PGNCA offers a detectable and unique signature for most
elements in bulk analysis. It is instantaneous and
nondestructive but suffers from a number of disadvantages.
Trace elements are usually nct detectable because of the
linmited neutron fluxes oktainable in the requisite
sample-detector geometry. Eackground froblems can be
formidable because Y ray spectroscopy must be conducted\iu
the presence of a neutron scurce. The neutrcn Source
requiresents can be difficult to meet. For exawple¢, neutrons
must be sufficiently enerc¢etic to penetrate the often large
targets uniforaly thfoughcut their volume but must ke slowed
down for (n,Y¥) £eactions to cccur., At the same tire, fast
neutron damage to and slowv neutromn activation of the
detectors must ke avcided. Despite its difficulties, the :
method can pe extrenlly useful, particularly if ccupled to
speciroscopy using ¥ rays frcm neutron inelastic scatter.

NAA and PGNCA have found videspread usage in liological
and medical applications. KAA, especially with reactor based
sources, can be almcst unsurpassed in its ability to guantify
elemental coapositions of targets suitable for positioming
near a reactor core. This cbviously requires the removal of

a sample from the organisas under study. At times this may

R
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not:be a disadvantage. Tius it is often of great interest
hov toxic metal contanination is reflected inm hair or what
levels gf certain trace eleménts are present in blood or
tegtﬁ. However, in many instances, it is required that the
in vivo tine&:voluticn of an element's concentration be
nonito:eq. Both NAA and FPGNCA offer non-invasive technigyes
vhich have been'enplcyeg Ly several groﬁpé to measure
elenental compositions in humans. A number of elesents have
been studied. A non-exhaustive list includes cadsiunm
(Kr80,Ev78) , nitrogenm (Va76) and mercury (SmB82) by PGNCA,
calcium, phosphorus, sodiumx and chlorine by NAA
(Ke82,Wi78) ,and silicon (Et82) and carbon (Ky82) Lty neutron
ine%fsfic‘scattering, i.e. (p,n'f). Facilities fér this work
usually use either radioisotcpic neutron sources or the D-T
or D-D (deuterons on deutercns, yielding 2.5MeV neutrons)
reactions.? )

In all ine situations ncted above, it is important that
the neutron distributions in the target mediux’ ke known. .In
the case of PGNCA and NARA; tlermal neutrons are most
importaat aiﬁ their spatial distribution (courled with the
attenuation of the resultant ¥ rays) determines the ultimate
sensitivity of a system. &®hen (m,n'ys), {n,2n), €tc., type
reactions are used, the change in the neutron energy-Spectra
as a function of position must be known. Little attention
has been paid in the literature to the matter of tte
modification by shielding and collimating materials of the
energy spectra of neutrom sources used in in vivo NAA and

PGNCA. It is seen however that the kare source sgectra

comnonly quoted are in fact guite different from those

e e ns e
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impinging on a target. This matter should be addressed as it
bears strongly on the feasibility of using inelastic
processes for analysis. <Such infbraation can be oktained
either by experineatélly geasuring Spatial distritutions and
energy spectra or by calculations using nnleriéallngthods to
'simulate neutron tramsport. The work reportkd here deals
with the measurement of thersal neutron flux distributions
under a variety of conditions suitable to an in vivo
elemental analysis facility as vell as the modelling of suéﬁ
distributions by the Hogfe carlo technigue. No measurements
of fast neutron energy spectra vere carried out as we lacked
a facility rfor this. However, numerical calculations in
similar gedmetries were nade and ccmpared to the rather
sparse literature availatle.

In the following, a detailed description cf thke HMonte
Carlo code used in this wvcrk is gi;en. The experimental
technigques are described in full. Results of both
experiments and célculaticns are conpared with each other and
with published results. Finally, the applicability of this
work to a facility fcr in vivo measurement of elemental

composition in humans is discussed as well as possible
L

nodificaéions to iaprove such a facility.
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- CHAPTEE_II=NUMERICAL SIMULATION
(f SECIION I1I.1-GENEEAL CONSIDERATIONS

The study of-radiation transport is a staggeringly large -~
figlg. Reguirements o; nuclear reactor theory and radiation
shielding have leé to a very great expenditure of effort in
stqdying the transport of Y rays and neutrons in garticular.
At present, twvo Rethods are most commonly used: tle Discréte
Ordinates Transport methcd (DOT) and the Monte Carxlo (ub)
method. Bota these technigues involve a numerical solution

’ of the tranport problem. Analytic solutions are certainly
more satisfying and would idéally be much aore useful.

However, déspite the uany‘prohle-s vhich can be thus solved

(Wald47), in general, most situations are not amenatle to such

an analysis, particularly if one does not vish to engage in

very seriously limiting afpproximations. Also, most such .

-calculailons are not suitable for neutromn traansport in 4’/ ’

hydrogeanous media though sosevhat reasonable agreement can

sometises be reached (Ho76). (The discrepancies afppear

because the integro-differential ejuations modelling the -

neutron's travel are continucus in Qature whiléithe process

itself consists of a nunheg of d;screte steps. The

approximation suffers most severely in the case of hydrogen

targets since the neutrom can lose so much of its energy in a

single collision with a proton of similar mass. 1Tbe approach

can be more successful with charged particle tramsport since , &

( the‘slowing down process really is continuous imn that case.)

The neutron, being both neutral and gunite massive, is
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wnaffected by electromagnetic interactions in-a ﬁediu-. ' :
(assuning; for the mcment, that one ighores its magynetic ;
dipole moment) or by collisions with atomic elecCtroums. The °
path it takes consi§ts of a series of randonly.orien}ed
stggight line segments whcse int;rsectioh pgiuts represent ’ o
t&h;et nuclei scattering a‘néutton in a new direction. The
total path is that of a.randcm walk. _Hh&le this is certiinly
analégous to problems such as gaseous diffusion, it shadlad be
noted that neutrons are never present im such densities that
they collide with each atter. As a result,\the paths

folloved by individual neutrons are uncorrelated with each

other. Each neutron can be considered independently of the

!

rest. It is this feature that makes possible the solution-
. ’

techniques discussed below. 7The significauce of tanis to

somevhat more analytical approaches is discussed Lty Weinberg

and Wigner (We58,ch. VIII).

™
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SECTION 1L.2-DEFINIIIOKS

LTS
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Some definitious for terms which will appear throughout

»
. b i s e

this paper are in ordér. These are due mostly to Beckurts :

and Wirtz and the MCNP tramsport program User Manual (ECNP79).

- - 5

Consider a volume eclement dv=dxd}dz of a scatteriang
sedium at the position vector, ¥. Let the differenmtial
density, n(%,A,E)dvdndE, be the number of neutrons in dv at I
with direction lying in the %7lid,angle dO around the unit

vector A with energy between 'E and E+dE. a(Tr,n,E) is the . i

. density of neutrons (ca—3). Integrating over E andQ, the
L]

total number of meutroans in the r?gion dY at r is n{r)dv.

. 11 -
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- The differential neutron flux is
1 24 ' - . ‘ "
T _ . F(r,H,E)dndEdS=n (T,0,E) vARAEdS (n
(. wvhere- v=¢§3/n” is the neutron velocity. This is the

nﬁmher of neutténs at T vith energy between E and E+dE
traveliny in.a cone qf si;e dn-arouhd-ﬁlegnetrating a surface
i§’each second. In Pig.11.1, for sake of clarity, 1L has been
drawn along the polar angle €. Tthe aziwuthal angle g is not
, Shown. HNote that ds*=cosfds - ;nd that the same nuaber of
particles traveling in the direction i cross 45’ as &o-ds,
though vith different veights as explained below.
The scalar Flux is givem by ¢
‘ ‘ é(t)zn(r)<v>ﬁfn(f,ﬁ,z)vdnd£ﬂsffn(E;n"E)vdndfds'/cose ©(2)
vhere <v> is the average cf the velocity over the energy
' spectrua ;f the neutrqp density.’ i)has units of (cp“?s*lj.
. In a situation vhere there is no time dependence in tie
(“ :neutron field, the fluence, which is the t;-a inte;;al of the
flux, can be used in its‘stead. It has units of (cm—2). 1In
all the follpwing, only time statiomary neutron fi€lds are
%bonside:ed (i.e. no pnléeé sources) and the two terms will be
used iaterchangeably. To be absolutely precise, the
simulation procedure used here Calculates the/fluence.
' Finally, the neutron current
J(T) =fn (.5, E) vadnd Eds? (3)
is the number of neutrons penetrating a 1 cnzvsuiface (ds* in
| Fig.IX.1), perpendicular to the axis of the disgribution, per
second. AS ror the flux, time dependence is assused not to
exist. Note the difference lLetween equatiohs (2) and (3).

. ( g ’ BEach neutron which contritutes dS* to the calculation of the

current contributes d5t/ccs @ to the fluence. 1Im fact, in the

12
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- program outlined below, it is jcos#|ds which is tallied for
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the current. This definition differs from that in (Be6d4) in
(: . that the total rather than net number of crossings is counted
here. The other definiticn is more meaningful in nuclear

engineering vhere the net flow of neutrons through a region

is required, i.e. the neutron balance. To calculate the
probability of absorption, however, our definition is more

N appropriate.

4 e — o e

It should be clear frcm the above that in a parallel bean
normal to a counting plane tbe current and flux are equal.
It is not difficult to show (Be64) that for am isctropic

|
neutron field, the flux is twvice the current. DBetween these

tvo extremes, the ratio of flux to current varies Letween 1} i

to 2. ' s :
Sectiog I1.3-TRANSEORT ECUAIION

Any cousideration of thé subject of neutrcn spectral and 2
flux distrid@tions must ultimately seqek to obtain a solution
of the Boltzmann radiation tramsport egjuation. Though no ;

4
particular consideration cf the egonation will be made here, h

it is included for the sake of completeness. Ian its most

general form, this can be vritten as (We58,ch.IX)

a

(St70,appe.A)

° v & $FEAY avEFE A 5 (7 REAY- u
' 4

=S(FEAL +fd£’o(5.' z ("’j E'~Ea>n) §(F E)_ﬁ_)t)

2

( ' where most teras are as defined ip section II.2 except for

the introductiq@ﬂof time dependence. Also,

h 14 . *
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(E,E,0,t) is the genergl seveanimensional fhbase space,
1/v'§€ é(E,Erﬁ,t)dEdﬁl= net storage (gains minus losses)
"per. unit volume and time at poéition T and time t'
of particles of emergy E to E+dE and with directiou - ]
lying in df about A,
8 .v%(f,E,ﬁ,t)dEdn= net ccnvective loss per unit volume
and time, |
Zt(E,E)=total ¢ross secticn at T for particle of emnergy E,
z&;f.ﬂ)é(f,z,ﬁ,t)dBdnzcollision loss per unit vcluee and
time,
zéE}E'—aE,iﬂ—fﬁ) dBdJl;Adiftetentialr scattering cross L.
section which describes the pr;bability per unit
path that a particle of initial energy E' and di-
tedtioﬂji' undergoes a scattering collision at T
. sending it in.the direction dn atbout 0 vithk a new )
enerdy in dE aﬂgut E,
fts(f'z'—’ﬁ'ﬁ'—*ﬁ)'§(,f' E', ', t)dEdg=1nscattering gain per

unit volume and tisme,

PRGN L T, S

S(f.E,ﬁ,t)= source particles emitted per unit volume and
tiae.
Equation {(#4) is a bockkeeping process that egquates the

net-étozage of particles within a differential phase space

A warmi
EY

volume element (drdEdQ) tc the particle gaifl minus particle
h%osses 1n that eleaent. In the numerical proceduze%:nqst
often followed, i.;; DOT and MC, the energy dependeace of
equation (4) is represented in teras of Q finite. number of ¢
epergy groups. Indeed, in tbhe DOT method, one alsc divides "

the cartesian space into a network of -cells and replaces the

continuous angular distritution by a set of discrete

“

<
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directions with appropriate weighting factors. The Boltzmann
ejuation is iutegrated over e€ach spatial-directioral cell isn
phase space to obtain the flux balance egquation in the cell.
This is combined vith other equations relating the cell
boundary and midpoint valves. These yield a recursion
formula for the fluxes throughout the system. Beginning with
the values of- an external source, if any, vwith a guess for
the flux taroughout the system apd with boundary conditioas
along each of the spatial ftoundaries, the recursicn formula
is iterated for eacn energy group until a consistent,
converged solution is reached (Jo81,D0T77). The prograas
readily available are eitier cue or tvo dimensional in
coordinate space.

The Hclmethod is fundamentally different in its attack on
the problem. Indeed, one needrnot explicitly consider the
Boltzmann equation at all in this approach. The transport
problea is solv?d“py sinulating tue movement og individual
particles through gki/systen in a realistic fashicn fros
point or oriyin turough ccllisions with nuclei in the systen
until capture, escape, or cut-off. Particles may be rum in
sequence because of the independence of thexr/paths as noted
above. Mean values of the flux or of any other guantity of
interest are tound by analysiay the histories of a large
number of particles. In this situation, the value of any
yuantity must have an inberent statisfical error of the order
i where N is the number cf contributioms made to the
particular quantity. Inp;ractice, it is oftemn the case,‘
depending on the parameter under consi@gration, that tihis

error estimate provides orly a lower bound. Ingdeed this was

16
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found to be so im this work. Other methods of estimating the
errors must be used and thkese will be referred to later.

Because of the statistical nature of the solutions as
obtained by the MC method, various procedures are employed to
reduce their variance. These no longer treat the tarticles
as analogues of real ones but rather assign them weights
depending on their past histories. These procedutes then
increase the numher or contributions to a particular result,
scoring the weights rather than detected particles. Such
variance reducing technigues are included as options in many
of the widely used NC programs such as MORSE (St70) and ACNP
(MCEP79). However, there are instances where such procedures
are less than satisfactory (Jo81). 1In any event, such
technigues.require careful consideration when used to
determine wanich are approfrriate. Ia this vwork, eircept for
ciasing of source directicn in some of the calculations, as
explained below, no variance reduction technigues were
i1nvoked.

In tae MC metnod, simulation of experimental geometries
can be very precise even t‘or somevhat unusual cases. DOT
calculations normally require geometries with significant
symmetry. In most cases, of course,the experimental geometry
also possesses some symmetry. Even in MC coaputer codes,
this can sometimes lead tc¢ a reductiom in comjputing costs.

Though atteation has sod far been focused on neutron
transport, Ytay transﬁort, necessary because of (n,l’) or
(n,5'Y) reactions, can also be simulated in many cf the
common codes though of course at higher coaputing cost.

At the time this vork vas undertaken, none of the .

~ 17
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conputer codes referred tc aktove were availatle at NcGill.
Hovever, a MC code develofred by J.M.Rbbson was in use (Ro81).
It was originally used in shielding studies tc calculate the
spatial neutron flux distributions in spherical shields of
iron, concrete and wood surrounding a 14 MeV neutron
generator. It also calculated the total neutron and gasna
dose-rates at various distances from the source. As a test
of its validity, it was used to predict the spatial
distribution of the thermal peutron flux im a paraffim block
around a 10 Ci AnBe neutron source. In all cases €xcept that
of the iron shield, the tlermal neutron fluxes agreed very
well with measured values both in terms of the shaje of the
distriputions and absolute numbers. In the case of tmne iroan
shield, it.vas suggested th;t discrepancies vere due to a
lack of refinement in the modelling of the neutron spectrum
followviny ‘pelastic scat ters. It seeas possitle that the
lack of an (n,2n) reaction mechaniss is also partly
responsible. Some appreciation of the importance of the
(a,n'y) and (n,2n) reacticns can bhe garnered from {(In75)
where caiculated spectra cf 14 KeV peutrons passiny through
iron are presented wvwith and without these processes.

For the purposes of this work, the above code was altered
in a variety of ways. Ihre; separate versions were written ‘
to model three geometries: (1) the program SPHERE, nsodelling
a point source inside a sihere and similar to the original
code, ¢2) COLLIN, which mcdelled a source of variable length
or height resting beneath the bottom of a cylindrcal
collimator of variable size in a cylindrical shield

(Fig.I1.24) and {3) PHAWNI, vhich aodelled a neutron bean of

18
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Fig.II.2

Geometry simulated in program COLLIM.
Source is of 1léyth L and may be oriented
elither vertically or horizontally at

a depth 4.

The parameters Ty t
be varied.

= L]

o’ hw and hr may also

Geometry simulated in PHANT.

A point source rests at a distance SE6D
along the axis of a cylindrical phantom
of radius r_ and height H,

The source can illuminate a disc of
radius I, at the lower phantom face.

e St i § o AR S+




\

POINT 4 % °
SOURCT ,

FIG. A

FIC. B

et e S+ e ——
PER]

won =

- e



arbitrary diameter and divergence striking a cylisdrical

phanton on its bottom f£lat face and along its systetry axis
(Fig. ¥1.2B) . The considerations discussed belov are similar
tor all the programs. Where differences exist they will be

noted. 1In yeneral, "the frogras® will refer to all versions.

.

- O LI-4-HONTIE CARLO FRQGEAN

Several advantages are evident in the use of the KC
prograa discussed innediatgly above with respect to those
commonly available. The latter are guite enof¥mous in teras
of program size and computer memory demands. Their
generality, a feature of cbvious gfeat value, can also
igcrease t&eir running tise., Iaplementing such a system on a
particular computer installation can be guite invclved. The
progras used here wvas molded to suit our very specific needs.
To reduce memory rejuirements dnd speed execJtion, the banma
tracking of the original code was dropped. The number of
homogeneous regions’and.elements in each region were linmited.
This made it possible to irxfplement the program on a PDP-11/34
sinicomputer with 32 kilobyte of memory. The program was
very portable reguiring nc peripheral equipment. This made
it possible to transfer it to the Héaill University central
computer with only ainor sodifications in the input/outpat
statesments. Given the large memory Srpace availaﬁlb on this
nachine, the number of elements and regions could be
increased. This vas in fact done and a fev test rums were

made. The bulk of the calculations were however made on the

minicoaputer.

20



since the NMC technigue is a method of statistical trials,
it must have a vay of simulating random events and therefore
requires a randcm number ¢enerator. The generator (built
into the coaputer) used in this work eamploys the
pultiplicative congruential method. It is perfectly
deterministic in that if initiated at the same point it will
alvays yielrd. the sane éeguen‘ce of numbers. MNevertleless, the
nuabers Evithix‘x any one seguence appear to be randcmly
distributed. They are, ip fact, pseudo-randos.

,A random number is prcduced from the fornula'
-=(2“+3)xhnod (2?2). ’}

xnﬂ
Integers are stored in 16 Lits and tvo integers are used to

generate each randcos number which-then seérves as the seed forA
the next. ‘ 1ia practice, the algorithe consists of sultiplying
tvo numbers and retaining the least significant bits of the
resultant. Such an algoriths has a finite period after vhich
tue seguence recycles. Ir this case the period is omnly
several hundred million. It is guite possible tc exhaust
this period in scme of tl.\e calculations done for this work.
While a highly sophisticated generator is availatle a"t‘ﬂcGill
(vith a perio® of avout 5x102%-Ja80) and indeed is
isplemented on the main unﬁetsity: conputer, it vas felt that
this was not required since it is virtually certain that even
were the yemerator to begin recycling, it vould do so at a
point ian the conputation different than that at wtich it
began. Thus, for example, if the first generator cali
produces a value for a certain direction cosine, as loang as

" the cycle does not restart cn a call for that same direction

cosine, the *randomness® of the results is preserved. The




same consideration is true with respect to the guestion of
just how randon is a sequence of pseudo-randor npukters a‘nd
vhat intluence this would have on the results. Tbe point is
not trivial since sore random number generators inp ccmaon use
are not very good (for exanplg, the IBN supplied subroutine
RARNDU (JaB0)) .

Any calculation of neutron transéort reguires as input
the cross section of a reaction for a specific nucllide as a
function of energy. It is the relative size cf one cross
section to the other vhich deterwines vhica interactidn takes
place at a collision and the total craoss section which
determines the occurrence of a collision. 1In this progras,
three interaction mechanieas are nodelled: (1) elastic
scatter, (é) inelastic scatter, and (3) capture. Their
respective cross section/s for a nucleus j and neutron energy
k are Oe—Jk ,cra& and O;J* - The total macroscopic cross
section of a4 region at a reutron energy k is
Zao = T G (T - ogu)
vhere P, 1s the concentration (nuclei/cz3) of element

J
(isotope) j 1u that regioc. Ug_ﬂincludes the prccesses of
(n,¥), (n,p), (n,o), etc. ‘The mean free path of a neutron is
the average distance it will travel before undergcing a
collision and is given by )=1/z'_-“. The cross sections used
in this work were all taken from BNL-325 (Ga76). They vere
stored iu a multidimensional array which covered the range
betveen thermal and 15 MeV energies in 26 neutron groups.
The energy liamits ef this 26 group d;t_a library structure are

given in Taple IXI.1. Feutrons with energy greater than the

upper liamit of group {i} (B{i}) and less than E{i+1) were

22
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assigned to group {i+1} and all data were drawn frca the
cross section array for thiﬁ group. To speed calculation, no
interpolation was used for neutrons whose enetgies did not
match-a group boundary. Since the lethargy_ interval between
t¥o groups is given by (La77,ch.3)
u=ln (E (i+1} VE{i}) ,

it can be seen that below 1 NeV the group structure
represents almost ,;a;ual lethargy intervals. 1Indeed, even for
the higher energies, the lethargy intervals vary their size
by less tnan a factor of seven for evem the worst case. ’

The above cross secticn structure is by no meaams gptilal.
Ar evaluated cross section library with a 36 (collapsible to
21) group structure wvas oktained tovards the €nd of this work ~
(DLC31,197§). The energy structure in this library is biased
at high energies owing to their importance in tissue dose
delivery. Also, the groufps are tailored to al.lov for major
peaks and valieys in the total neutromn cross sections for
nitrogyen, oxyyen, silicon and iron. Since the likrary I,ras
prepared from evaluated pcint-wise cross section data by
using a 1/t weighting spectrus, it is by no means obvious
that it would be perfectly applicable to our case where the
neutron spectra are radically different from the 1/F
situation (Ce82). Nevertkeless, some test runs with this
li brary would be valuable.

The case of thermal neutrcn interactions (in our case,
neutrons of E <€ 0.1eV) reguires a note of explapation. As is
vell known, chesical binding effects can affect tke cross
section value of light nuclei for low energy neutrouns vhen

the collision energy is ccmiarable or smaller than the

23
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vibratiopal guantu® {phomnon) of the oscillatory ‘movement of
the nucleus around its eguilibriua posj.tion (ve58,ch. IV and
Cu65,ch.l). For very low energies, the scattering cross
section is increased by the order of ((A+1) /A)|2. Fér
hydrogen, for example, the SCatté':ing cross sectioq is
virtually constant between 1 and 1000 eV, varying Letween
20,3-20.4 barns. It climbs belov 1 eV reaching a value ot
36b at 0.025 eV for H, and 53b for H,0. It monotcaically
increas;.es at yet 16we§ ehergies. For heavier nuclei the
effect is reduced because ({A+1)/i)2—1 and because ti:e
vibrational frequency goes down for increasing A ttereby
lovering the energy at which the chemical bindigg is
manifested. The MCNP code (MCNP79) has an optionm vwhich
models bot.h. the chemical Lkinding as well as crystalline
effects (not discussed here) for low energy neutrcans im a

linited number of materials. In our program this has been

dealt with simply by using thekg‘BllL-JZS hydrogen cross section

as measured in vater targets. No other compounds are
considered. This approxisaticn vas seen to vork well in
modelling thermal neutron scatter in one of the tests
subsequently described. »

Attenpts were made to spced some of the dalculations by
employing various types cf cut—-offs acting on scattered
neutrons and directional lLiasing of the source neutrons. TO
be specific¢, ian the vérsicn PHM&T, source neutrons vere
generated so that all fell within the cone defined_ by the
angle, 9=arctan(t~ /55D) ul-:ere r, t, alvays (see Fig.II.2B).
Tnis guaranteed that all reuvtroms struck the target. The

relationship betveen such a source and an isotropically

A

25

s iy e [

A e, e o W e o = e -

PR

T e ki 3 sl L M sl K



P ad

S T

L ' . ,
eaitting one is sisple to._d€tive (appendix A).
It wanld have been possible to introduce directional,

biasing in COLLIM as well since there is no need to project

.neutrons at the open mouth of the collilator. This vas not

done. However, the program did tally sepatately the’
uncollided neutron flux which exited the mouth as uellzas the
total fl.t_lx. This made it possible to evaluate the neutron
gain due to the ccllimator, at the input energy, i‘;th a
siguificantly reduced statistical variance t;han vculd have
been present had the uncollided £lux  been calculated
analytically or in a separate simulation.

In the original MC prcgran (iioﬁ‘l) s all neutrons vere
folloved until either capture O't escape. This strategy is
feasible oz;ly in the case of spherical symmetry 5ince then
only the radial coordinate c¢f any neutromn is of consequence.
since counting is done on neutroms crossing spherical shells,
neutrons of all angular ccordinates contribute and good
statistics are not not difficult to accuaulate. 1In our casej
however, angular distributicns of t&\e peutrons 'are isportant
even though cylindrical symmetry is maintained. Kot all
neutrons contribute to our linited coimting regicms and

. \
folloving those .that do nct is very time consuling indeed.

It is observed that the greatest amount of t};ue in our MC

-

simulations of water filled geometries is consuaed by the -
tracking of 'thernal neutrcns since the t;ti.o of the elastic
scattering to capture cross Bections is

o, (uater)/a- (vater)~160, Put simply, ther,nal neutroas bonnc?e
about a great deal befote being resoved. Time Ysaninga: in thé

R

handling of such neutrous can therefore he of great value. .
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‘Yersions PHANT and COLLIA employed cut-offs acting on

thermal n?utrons. The mean free path (MFP) of ttern;;: in
water is short, typically much smaller than the dimensions of
the systea. Therefore, tlermals that vere more than a preset
numsber of NFP's away from the counting region vere dropped
fros further éonsidetatign since there va; no realistic
likelihood that they would éver contribute. (Typically, the
distance was chosen such that _the flux arriving at the
counting region fron a discard zone would be <1% of the flux
at the scattering center- 4C MFP's wvere commonly used thouéh
30 or ;ven 20 would h vg Lteen reasonable choices.) »

Y fThe number of thermal collisions could also be used to
discard neutroas once a preset maximum had been exceeded. 1In
PHANT, ap £o 400 collisions were typically allowed. 1In
COLLIM, no more than 200 were permitted. Tallies of all
di scarded neutrons vere kept including the nuxber teruinated
by eagh condition. The ccllision number maximum was adjusted
to elimiuate no more thaan ~5% of all thermal peutions by thas
method. It was e‘pircally determined that discarding this
percentage had no statistically significant effect on results
obtained with either progras version.

The last type of cut-off used*was based on‘neutron
energy. In a variety of imstances, vwe w&re concerned with
determining energy spectra rpther than thermal meutron
spatial dastributions. Hcwever, since the slc!}ng down of
few HeV neutrons by elastic scatter on hydrogenm is a very

efficient process (only 18 such collisions in pure nydrogen

and 20 in water are required to slov a 2 MeV neutron to

+ 0.025 eV) the fluxes of neutrcns per energy interval between

-2?
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the ipput energy and equilibrium thermal energy Can bte very
lov.’ To allow a calculation to concentrate o deteramining
these values, neutroans could be discarded once they had
dropped below an adjustalle energy threshold.

A flovchart of the prcygras (version COLLIM) it given in
Fig.II.3 and further discussion will be referenced to it.

Fig.II.3A represents the input section where the
parapmeters explhined.above are read into the proyram. The
nuclear teaperature notgd in this section is explained belovw.
FPig.II.3B is the flowchart cf a neutron history and _ds for
the most part sq}f-explanatcry. A few points need detailing.

When a neutron is created at the source with random
direction, directicn cosine v is set equal to zerc. This is
valid becagse of cylindrical symmetry. Also the direction

cosines are not all independent being related by

i
o

. u2¢va+u2=1

The distance, DTC, the neutron travels before underyoing
a collision is chosen as in (Ze63). The neutron is projected
along 1ts direction cosines. If it intercepts a Loundary
within the distance DTC, it is moved to the intersection
point and a new DTC is 'played for. W®hen a neutron finally.
does collide, the type of interaction m»ust be selected and
the appropriate subroutine called.

‘Piy.II.3C is a flowchart for the logic of am elastic
scatter event. The neutrcn velocity vector is égrst
transformed to the center of mass (Cn) frame. i—set of unew
direction cosines is then selected. The spherical polar

angles are used since they are independent of each other.

The angle, ¢' +«is chosen fros an eguiprobable distribution
(3
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over 2w radians. The choice 6£ 6!, is not as
straightforvard, except in the case of hydrogen, tecause the
scattering is generally f¢aked in the forward direction. For
bydrogen it is assumed isctropic over the energy range of
interest (BNiQOO-GoﬁZ). For other elements, scattering
angles are selected in many [frograums by calculificns using
tables of Legendre pclyncaial coefficients vhich kave been
fitted to the data. -A different tack was followed in this
work. The anglé 0!, is given by (Ro81)
e;“ =exp (d (E4-1))arccos (1-2R)
where d=0. 14EV/2A/3, E is in Me¥, A is tle
nuclear mass and R is a randcae pumber such that
O<R<1.

The distributions given by this formula do not match the
preasured ones e¥act1y. Neither do many of the more
complicated proﬁedures often used (for example,Nai5). This
method has tne advantages of simplicity and of no memory
requirement for tables. Fig.II.% compares the approximation
function to data given in ENL-400 for oxygen at two energies.

Folloving the selection of g aud ¢! , the neutron's
original direction is rotated by the appropriate amcunts and
transforaed back intc the lab frame. Details on the
deriva£io£s of the rctation formulae may be fcund in (Ca59).

Elastic scatter cf therxal neutrons is handled
differently than the above. The energy of the neutron is
fixed at 0,025 eV since ve use only a one-group thermal
energy structure. Bcth O and ¢ are selected frce isotropic
distributions, ) ]

If the incident neutron's energy, E, exceeds the energy

29
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Pigure 1II.3
Flov‘ﬂcha;t Of Monte Carlo Neutron Transport

Simulation Program '

Figure A: Input Section

Figure B: Main Program Logic For Tracking
A Neutron

Figure 'C: lLogic For Elastic Scatter Event

Figure D: Logic For Inelastic Scatter Event
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Figure 1II.4
Angular Distribution Of Neutrons Elastically

Scattered Off€ 160

O BNL 400

0 Approximation Used In This Work

-

Figure A Bombarding Energy = 4 MeV

Figure B Bombarding Energy = 14 MeV
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Of the first excited state of the target nucleus, inelastic
scatter begins to compete with the elastic process. It“iSW
then possible for the neutrcn to lose some of its energy

leaving the ptoﬁuct pucleus in an excited state which then

-decays to ground via Y emission. The treatment of the

process in this work is ofpen to question in that it uses a
statistical analysis of tie nuclear levels even for light
nuclei though such ap apgroach is strictly valid cnly for
heavy ones. This is done for the sake of simplicity. 1In
this approach (Sh65,ch.III), the scattered neutror's energy,
BE', is assumed'uaxuellian. The probability density function
of the distribution is proportional to E'exp(-E*'/T) where
T=ayE is the nuclear temperature of the évaporaticn spectrus,
a=constant depending on the nucleus and O<E'<E. T is related
to the teamperature I9 for 14 MeV neutron bombardment by
T=79,/E (HeV) /14 vhere TO is taken fros (Go71). Neutroans are
boiled off the nucleus isotropica11y~in the lab frame.
Individual levels are igncred in this scheme and panifest
themselves indirectly via their contributions to the
inelastic cross section. The flowchart is presented in
Fig.IYI.3D. The formula for sglecting E' is

1= (1+E'/T) exp (~E'/T) =R (1- (1+E/T) exp (-E/T))

. where R=random number. Sclving for E' invalves a

transcendental equation which can be solved for Ly an
- 1]

iteration method.

SECTION II.5-SIMULATIOENS
’

The NC programs discussed above were used in a variety of

. sipulations. The results were compared with measurements

32
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made by us as well as with puhliéhed res;lts'cf cther

experilentsténd pumerical siluiations cévering a range of

situations. Though a detailed descriptioa ﬁ}llibe postponed

nntil chapter Iv,othe scenarios studied are listed here for

con;eniénce: )

1) point spread functions due to thermal neutrom scatter in
neutron radiography,

2) attenvation of 15 MeV neutron beasms,

3) thermal and epithersal neutron d;stéihntions due to fast
sodrces in water-filled sphere§, .

4) thermal neutron spatial distributions and neutron energy

o \
spectra in collimators in vater shields due to internal fast

sources, .
5) thermal ;eutron spatial distributions in phantoms due to ex—\
ternal fast sources.

The simulated phantows noted above were assured to >
contain water only. Tissue eguivalent (TE) liquids were used
neither in tne calculations nor in the measurements. This
approximation significantly reduced mepory regﬁitelents since

water contains only tvo elements while TE targets conta;;T’iEQ
s \_/\\/ ‘1

four or more, The justification for this is discessed later.

[
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As already noted, neutrons msay be produced via several
mechanisas. Isotopic sources, tc be discussed here, offer a
number of significant advantages despite their liritations.
They are small, relatively inexpgnsive, portable and simple
to operate. Their neutror cutput is constant in time varying
only as the radioisotope decays. Delivered doses can
therefore. be held fixed sizxply by setting exposure times.

The sources are reliable and, unlike amn acceleratcr, require
no particular operaior sufervisiomn or control. Physically
they are Eather saall, sisplifying shielding requirerents.
Also, the lover energy source neutroas result in Ligher
thermal neutron fluxes in the target per unit dose relative
to 14 ¥eV neutrons (Co73). This is of obvious value when
using (n,Y) reactions for amnalysis.

Three fundamentally different isotopichsources are
available: (¥,n), («,n)_,and spontaneous fissicm (£F). Omnly
the latter twvo nave found significant application in
elemental analysis. - N

(V}n{ reactions are often used to provid%\lou energy,
nearly momnoenergetic neuticn spectra. Photons abcve the"
neutron binding energy of a nucleus cau caus€ keutron
emission. Only deuterius and beryllium have been used as
target aaterials because of their lov (¥,n) thresholds of 2.2
MeV and 1.7 MeV, respectively. Preseatly, the most wvidely

used source is 32+5b-Be. Tt has the lowest average neutron
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energy (24 keV) among all isotopic sources, a half-life of
60.3 days and is produced by irradiating the‘sb filament 1o a
reactor. Imn such a source, meutron production can be shut
down by physically separating the X’sog;ce from the Be
target. However, the intense VYradiation (1.7 HMeV) and the
lov neutron yield are trotblesome. The source is sometimes
used to provide a very pure thermal neutron spectrua (Ch80).

The only SF source in general use is 2%2Ccf, wlkich also
decays bg o emission. Scre details are given in lable mM.1.
Its neutron spectrum is siszilar to that of 238y fission and
its specific neutron output is the highest of any isotopic
source. Sources with emissions up to 1010 pny/s are available
and have the advantages of lov Yintensity, ssall fhysical
size, low Qeat ontput, los heliup production and low toxicity
(Anershas Industrial Badiation Products Catalogue,1979).
252Cf has been used extensively in partial body NAA and PGNCaA
‘{Mo81,Cudl). 1lhe lover ernergy, hence shorter penetration, of
232Cf neuwtrons relative tc the energy of («,n) souvrces is
usually considered to limit application to body regions near
the skin surface. Studies have centered om activation of Ca
in limbs and the spine and EGNCAlof Hg and Cd in tke liver
and kidney. 2%52Cf is alsc used in a variety of non-medical
analysas applications (Gr78). The main impediments are its
short ha&f-life and the irability of the lower ene¢rgy
neutrous to excite anything ctaer than (,Y) reactiong.

A number o} different (%,n) ggurces are ccumercially
available., These consist of ap intimate mixturé of amn
emitting i1sotope and a target medium. Among the « emitters

eaployed today are 2%'Am, 23%pu and 23%pu. 22éRa is used in

- T
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many older sources. Several light elements such as Be, B and

Li can serve as the taryet but the highest neutron yield is

obtained with Be. 1In this vork, a single 1 Ci (37 GBg) and

one 10 CTi 241A3pe and two 14.3 Ci 238pyBe sourtes vere used

and attention will focus c¢n these. All were obtained froa
the Monsanto Corporation. 1Their neutron spectra are very
similar and poth types are ccemonly used in NAA and PGNCA.
Some data about the sources are givem in Table III.1. The
average ene;gjes listed should be taken as obly apfroximate

for reasons outlined below. 1The PuBe sources are doubly

encapsulated in stainless steel. Each is 5.5 ce tigh and 3.5

ca in diameter. The 10 Ci AzBe is roughly the same size.

1

" The 1 Ci AmBe is approximately 2ca x3cn.

Neutron production in the americium and plutcriue sources

proceeds by the %Be («,n) 2 2C reaction. The resulting neutron

spectrum is polyenergetic. Though one wvould expect discrete

-

o energies to result in discrete neutron emergies, in

practice this does not occur. d particles have short range

and lose energy rapidly in traversing the source matrix. It

is due to this that the ‘A exitter and Be must be intimately
mixed. The Ambe is packaqed as a comfpacted mixture of
americiua oxide and berylliux metal ;;wder. The FPuBe is
prepared as a metallic alloy. éonsegnently, the o spectrus
striking the Be nuclei fs continuous, ssearing out the
resultant neutroh spectrus. The precise details depend on
the specifics of manufacture. For exanmple, large americiua
oxide grains would cause slcwing dovn in the A& emitter

itself. The spectruam is further complicated by lcv energy

neutrons from the break-uwl reaction
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Table III.1

Properties Of Some Isotopic Neutron

E } ‘
C Sources Used In PGNCA And NAA
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SOURCE E, (Mev)

(a,n)

2385, pe 5.50 (72%)
5.46 (28%)

241, Be 5.48 (85%).

5.44 (13%)

Spontaneous Fission

2524¢ 6.12 (84%)

_6.08 (16%)

T 1R S <8 (5T e e

.

Y

. exposure Average Principal x
Ti Neutron Yield at 1lm /cj neqt;gn E v anaggées |
¥

n/s/g  n/s/Ci i
87.7y sx10!  3x10® 1mRem/hr 4. 4MeV 43.5%V. i
33y 1x107  2.1x10°  2.5mRem/hr  4.4MeV 59.5keV %
fﬁﬂ
¥

2.65y* 2.3x10%2 4.3x10°  300mRem/hr  2.3MeV 42keV ’

100keV

*Effective '1‘i - T} for o decay-2.73y

T* for SF

Data taken from (Le78), Amersham Radiation Products catalogue, Monsanto specifications

-B85.5y
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%Be(A,')*E€c*— 8Be+n .
Also, the 32C pnucleus may be left in an excited state
9Be (x,n)12C*+— 12C+Y(4.44 or 3.21 MeV)

thus subtracting th; excitation energy froa that of the
neutron. For A emitters in cur energy range of interest,
only the 4.44 and 7.65 MeV levels of 12C can ke exacited.
Furtheraore, (n,2n), (n,an'), (n,n) or even (n,£f) reutron
interactions 1n the source further medify the spectrum. Some
of these factors are a function of source size and
encapsulation material and thickness. Detailed discussioas
are given in (An72), (vi?3), (Ku?7), and (Ge75) . 1In general,
the largyer the source the scfter the spectrum. 1In the case
of sources containing fissile material such as 23%Fu, the
spectrua c;n be further modified by fissions induced'in‘the
source by moderated neutrcas zeflgfted back into it by its
radiation shielding (Ca70). Thus, even the panner in which
it is stored may affect tie spectrus.

Throughout this work, it was assumed that ewmission from

r

the sdurces vas isotropic. This is not strictly thke case due
to the scattering of neutrons 1in the cylindrical
eacapsulations. Transmission along tﬁé cylindrical axis of
the source can be as much as 20% lover than norwmal to it.
This factor is also a function of source size (Ra78). The
spectrum also differs along the two axes. It is ¢enerally
softer alomg the cylindrical cne. Additionally, due to
details ot manufacture, tke exission even in the radial
direction is not necessarily uniforam. This camn be verified

for individual sources by auvtoradiography. 1Tke deviation

fros isotropy cam be marked (Bo73).
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Many measuteaents and theoretical calculaticns of
isotopic neutron source sjectra have been published. It

occurs that the general shapes of 239py-, 238puy-, and

241)g-Be spectra are similar but differences do €xist between

different types and even different sSizes of sources.

Precision measurements are difficult since spectrua

deconvolution‘itself can introduce significant differences in
independent determinations. Experimental measuresents have
Leen made with a variety cf devices such as organic
scintillatifé (Ci68,4081), 38e7spectronetetsu(K182) and
nuclear en%lsions (An62, Bl167) . Most such measurements, as
vell as thed:stical calculations, are somewhat unreliable
below about 2 EBQ. Addixionally, no theoretical evaluations
for 23°Pu§e sources could ke found. Hovever, the close
sinilarity ino the’clenergjes of 238Pu and 2¢!Aa ucqld suggest
coyparable similarity in their neutron spectra, Larring the
differences ia the slowing cf’the ®{'s due to their different
coustructions. The spectra fimally chosen for use in the NMC
calculations vere those ot (Ge75) for 241AmBe and (B167) for

238pyBe. Further details and graphs of the spectra used are

given in chapter four.

SECTION I1I.Z2-OHIELDING

Shielding of sources cserves two gurposes. A jioper
shielding arrangjement shcould protect the gamma detectors used
in (n,¥) experiments from the direct neutron and gamma

radiation of the sources as well as ainimize gamma Laciﬁround

due to neutron interactions in the rcos and construction
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materials. Also, it aust serve as a biological skield to
reduce the radiaticn dose in the vicinity of the sources to
tolerable levels. Neutrons of up to several HNeV are strongly
attenuated by hydrogen containing materials due to the large
(n,p) elastic cross secticn. Compounds such as H,0, CH,
(paraffin) or polyethyleae ((Cul)“) are sost suitable due to
ready availability and low cost., Higher energy neutroans
(such as those produced ty [-T reactions) are vell shielded
by heavy elements such as ircn or lead (Cy75, 5t81, Ro81).
For heavier elements at higher energies, inelastic scattering
is most effective. 1In our case, sources vere shie€lded by a
combination of a 75 cm diameter water tank and additional
paraffin blocks. Ordinary tap vater wvas used in the
expérinent;s measuring neutron distributions along the
collinmator. For the measurements of distributions=s in the
phantom, it was found that thermal neutrons leaking from the
vater shield contributed significantly to a depth of 6-7 ca.
Therefore, tor this part of the work, 0.5% (by weight) boron
in the form of sodium borate (borax) wvwas dissolved into the
wvater. Additionally, the phantom rested on cadsium sheet &
which covered its sides as well, The boron also reduced bi
approximately 30-409 the 2.2 NeV gaama flux esitted by the
snield due to the H (n,¥) 2H reaction. The lower emergy Jray
produced by
108 (n,d) TLi*—7Li+ ¥(478keV)

is more easily shielded.

‘a sketch of the shielding arraixgelent and source ’
placement is given in Fig.II.2. Tvo sizes of ccllinmators

vere used. They vere constructed of rigid Plexiglas tabing

=
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of length 45 ca and inner diameters of 7.5 c» and 20 ca. The
distance betveen the bottcms of the collimators and the
phantos was kept at 55 cm. Euoyancy presented copsiderable
difficulty especially in the case of the larger tube.

Indeed, lead blocks had to be placed inside of it to
facilitate placement. Interchange betveen the two
collimators could be performed by an individual im a satter
of minutes. The sources theaselves were kept in a vatertight
polyethylene bottle to prevent corrosion. They cculd be
positioned at any depth beneath the collimator bottoam. When
not in use, they vere lovered and covered by 60 cm of uatet.’

As they were stored in a kasement, no additiopal shielding

vas regquired beneath thes.

SECTION I11.J-TABGET HEDIUR

As noted previous}y, tke phantos measurements were
conducted using vater rather tham a TE liquid. This vas done
for the sake of convenience and because of liaitations
imposed by the computer use€d for the simulation studies.
Water is usually considered an adeguate model of husan soft
tissue (Am74,Cré1). To ke more accurate vould reguire the
introduct:ion aof ssall gquantities o:‘. carbon and nitrogen
principally as vell as calciua, chloripe and sodiuns. ’
However, formulations d‘iffet from author to author and tissue
type to tissue type (Au68,Nu80). Simulating a comlination of
the skeletal systeam and sgft tissue can be doze (Za79) but

reqguires care to maintain mevutron transport egquivalence

since, usually, the TE liquid is prepared as a simfle
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solution while in the body scme elements are considerably
localized. When usipng water, the only suggested correction
would be a density ccrrection since soft tissue is given as
1.1 g/cald, ‘
Oordinary tap ;ater was used vith no filtraticn or
distillation. A samfle cf Ncntreal water was found
equivalent to distilled in thermal neutron transport

properties vhen testel om a thermal /column at Chalk River

"Nuclear Laboratories (J. M.Bobson,personal copsunication).

The phantoa walls vere constructed of 3 ma Plexziglas
(methyl methacrylate). Ip terms of neutron interactionms,
water and Plexiglas are guite simpilar (Dr80). Again, only a
density correction is necessary since the density of the
latter is 1.18 g/cam3. The phantom was of dimensions 30x30x40
ca3 vhere the last represents th:e maxinum depth tg which it
could be filled. It was supported 10 cm above the collirator

mouth on an aluminiur flatfcrme.

SECTION LII.4=NEUTRC) ERGBES

As neutral particles, neutroms cannot directly produce
ionization in detectors. They can however be detected a‘nd
counted by a number of techniques using activationm products,
reactions with nuclei in progortional or ionizaticn counters,
interactions in photcgraphic emulsions, damage tracks left in
materials such as plastics, etc. In this work, neutron '
activation of metallic foils wvas used to map the 'spa;ial
distributions of the thexrsal neutron fluxes. Foils offer a
nupber of advantages. They are relatively Cheap, insensiti;ﬁ
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to gammas below th% (Y,n) threshold, independent cf external
connections and rugged. 7They can be made sufficiently small
to avoid or at least ninieize f£lux depression. They are time
integrating and as such are not suitable for time dependent
fluxes. Howvever, this is of no consequence in this work.

Any element with a large activation cross se¢ction and
wvhich yields a radioactive rroduct with a coavenient,
half-life, wvhich can be shaped as desired (either in pure
form or in compound cr allcy) and which is chemically inert,
can be used as a neutron detector. A number cf €lements
meets these requirements in the thermal, resonance and fast
energy regions (RE79) thcugh the region of 10-500 kév remains
dificult to measure. only thermal and resonance (n,l)
activation is considered Ltelcw. Characteristics of three
very common thersal peutrcn detectors are givea im Table
IXI.2. Tvo other elements vhich have much to reccromend them
are vanadium and tinm (Gl7€). They have not heen listed due
to their short half lives.

Consider a foil cf density N nuclei/ce3 and vclume ¥
capturing neutrons at the rate of R, [per second with a
resultant radioactive product of half-life 7, (mean life
T=T,, /1n2). The number of radioactive nuclei, N*, obeys

dN*/dt=R, ~N*/T (1).
The activity of ; foil vhich has cooled for t_, seconds
following an irradiation cf duratiom t, is given Lky
B(t, ot )=E (1-exp(-Y s/t))exp (-t /T) 2.
The count rate, corrected for total detection efficiemcy,€ ., °
including geometry effects and the like is |

C ‘tc 'ti ) =€R (tc tti) ) (3’ -

43 : :

e T e R

T A

g S
L pee s PR
e




st e v W g g

oot

- v
P ot

J—————~ Y

g mre A

(J

T P

The saturated activity is that activity which vould be
observed immediately after am infinite irradiatiom (in
practice, t >7TV1 )
C, =C (t¢-=0.tl =00) =¢R, (4) .
The pusber of counts observed in the interval L, -t is given
by t, ' ]
| I=fcuc.t, )t =TIC(t, /& )=C(t,,t; )} (5) -
The count rate at saturation is
Co =1/7/ (exp (~t, /7) ~exp(~t, /7)) / (-exp (-t; /7)) (6)-
Assuaing € is knovn, the thermal neutrom flux cam be obtained
fros
é =R _/ (BeV) neutrons/caz/sec L7

<

vhere 0" is the 0.025 eV capture cross section (see appendix

B). € is in fact usually difficult to ascertain from

fundamental principles. Iherefore, for absolute

_deterninations, it is more usual to use a calibrated foil or

source to fix this system fparameter.

A nuloe; of reasons led to the selection cf manganese as
the detector for this work despite the availability of the
other elements listed in Tatle III.2. An absclute
calibration methodology had been previously established for
Sn (J.M.Bobson,personal communication). The Mn foils
(actually, Hn(88%)Hi (125), 0.005" (0.125am or 90 mg/ca?) -
nominal thickness) were rugged emough to sustain repeated

handling. Both the iadius and gold feoils vere so soft and

thin that they could be torn easily and should ideally bhave

been used with some sort cf backing. The nickel conteat of-

the Mn foils presented no significant interférence as can be

seen from Table III.3. The cnly reaction of rossible cénpein
A . \}'

4l

A 43 gy o Gy - A K

it s bz S

.

N kS e SONOS £ Sy 3 & s Ak bt aiE st d an

2




. : N ~ - L - Ta - - he r . ’ - o
. - . . B - 3. _t [y <. - s - P, B, dm o b Ly
e A ) : P g ridier s

.- e Loy R s ke FORRRIEN 50 S - ; o St S0

1 ’
} . i
- ! PR ” .
v N h * . et w , R
¥ T ' " N « B 3 . N . n
N - “ | 1 - - — 7 -t -
A . ) Py f , s . ¢ ° . L e
- > 0 -
- i * - o " ¥ L.
A ) o=t Lo )
o M - ° P . . - - -
¢ ' v - . N . B . oot s
v N - - » N V! R
Ne . R s R ' [ ‘o
! f . . . ) 4 ) Lo ,
. . N ,
| . . ’ .
. : . - . .
- bl ~ * - AY
- - -
- > . . ,
. ) Ce
‘ - , * ‘ ek :
X . 6 - . Tt w s
- “ PO - o s 3
- f . 3, - M W E e
, . _ 5 - . e, R B
) * s - N - <. - ol et LR I
. : : > ST N R e X2 e e
i od . ; . . AN s ».r.ﬂ,.r,.kw,wﬁﬁu.,,
A o . ' “ - . N - LEPEART AN
: , i .
S B R N .
. . R
t *
; S . 0 | | .
- ) N - e} ;
| : S .
\ v._ m r
n * '
; . ' ~N - ] -
. . (=] -4 >
- . -t L4 ord .
‘ n m m
- o -
; . -u < -
Lol o
; - , B .0
o : D :
i
o /.Y i >
+ > ~
A i
. '
4 m .
ks ¢ i +
* trn . - ; )
- @ = - &
! . : ) . .
R : ’ B \ . N . .
. < ST T N
- ' N [ . e
. . . P . .
\ - . AV
. . 4 * <oy . > ~ 1 ‘ ¢ \
, ! . . S s
- ' v - ' P LAY
= -. (-
PO ) PR 4 “ -
. - - an L . - .
i ) - - ] - W
X e ' ~ . I B .
LA i 5 - :
B , x o
1 - .
. .
-

» * - . e e e A b o i v & e carc
o . N T [X13 &

Pt LAy~ gk




_Isotopic
Raaction Abundance

TiQof'prnduct

o(n,y)barns*

Radia
of pr

Piyst .
apd;nance

197

Au(anrlsa

S ]
1008 ¢ 2,695days

1151n(n,y)116min

~

95.7% 54.1nmin

55

 Sun(n,y)>8 1008 2.58hrg

*Measured at 2200m/s

Data taken from (Le78), (Mu8l)
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Only the most intense ‘radiations have been listed.
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Table 1II.3

Activation Reactions Of Ni In MnNi Foils

Us‘ed For Neutron Flux Measurements

o
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N, ~
1
1
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1] ’4’ “
¥ Reaction
o
581 (n,v)n4
S0n1 (n,v) S1ms
- - ‘lﬂi(anlszﬂi
A - 2950, %
3 6491 (n,v) ®5n1

"Abundarice

68.3% ™\

26.1%
1.13%
3.59%

0.91%

Ti o(n,y)barng
7.5x10%y 4.6:0.3
stable 2.9+0.2
stable 2.5t0.8
100y 14.520.3
2,.52hrs 1.52:0.03

Y

Radiation

Electron
capture

B 0.065 Mev

8 2.14 Mev

0.65
Y 1.482
1,116

0
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(¢*Ni(n, )*SNi) can Le ignored due to the lowv isotofpic
abundance of ®4Ni. 1he ;elatively lov o (n,€) of 5%HMn means
that self-shielding and flux depression are not serious and
that the foils could be sfpaced clésely together (see appendix
C). The Mn g ~rays are not as strongly absorted in the foils
themselves as are thcse duve to other elements (Fig.III.1).
This is not of great significance in our case since the foils
are sufficiently transparent that the activation throughout
their volume is uniform. Finally, the first resopance of Mn
is far removed from the tkiermal region (Table III.Z) and -
causes no perturbatiocn to the 1/v propotionality of the cross
section. As a result, it vas found eapirically that the
toils could be used to measure the thermal fluences without
recourse to cademium difference measurements as €xplained
belov.

% The principal disadvantage with these proles was that
their count rates were ty;ic%lly low necessitating lcnger
counting intervals. Corrcsion of the foils did occur wvhen
they were used in the water ;hantcndPut, as wWould be
expected, the oxidation was found to make no difference. To
eliminate possfble ccntasinants such as sodius frcs human
perspiration, the foils were washed in acetone before and
after use. To ensure that no Mn was being dissolved off the
foils by the water in the fphantom, a foil uas*inletsed in
water for several days and then reweighed. Nc mass was lost.

Some of tme perturbaticn effects discussed above and in
appendix C were experimentally investigated for tkis work.
Specifically, self-sitielding, flux depression and

absorption were considered in a set of simple tests.
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Figure III.l

Absorption Of 8 's Emitted From A Thin
! (;} Foil As A Function Of Thickness Of An
Absorber Of The Same Composition As The
Foil. Graphs Are Normalized To 100%

Transmission At Zero Absorber Thickness.

»

Based on Fig 11.1.8 (Be64)
+
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Though a discussion of the foil counting systesm is
deferred, 1t can be noted that the ‘detector looked at only
one side of a foil. By flipping a foil over and 1re€counting
it, one can obtain a meastre of the joint effect of
pon-uniformity in activation throughout the probe vclume as
vell as p'absorption withic the foil. This was done on
several occasions for foils which had been irradiated in the
shield's collimator. Withim statistical errors, no
differences were observed implying that self-shielding need
not concern us. Though nc serious work vas done using
indium, it is instructive to note that a single measuresent

vith an In roil of thzgkness ~110 44m (~80 ng/cm?) found a

‘discrepancy of ~4% more than accounted for by statistics when

counting oprosite sides. Since the patter vas not pursued,
1t is dirficult to derinitively state that thifuas due to
self-shielding, but this is a sdtter requiring more
consideration when using Ic.

Another test done for irradiations in the ccllimator
involved a sandwich of three Mn foils. As discussed in the
next chapter, calcuations indicate that the flux ipn the
collimator is very close tc isotropic, especially nearer the
bottom. VNevertheless, scpe small anisotropy is act ruled
out. Thus, the outer two fcils of the sandvich meecd not
necesgarily yield Sie same activity. Activity would be
lovest in the third foil. 1This was in fact otserved but the
difference betveen the middle and third foil was crly
1.620.34 while Lketween the cuter two it was 3.520.t%. This
is in very good agreement with the value predicted for PS in

appendix C. The agreement say of course be only fortuitous
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since [, is given for the highly anistropic case of a meutron
beam. It thus seems clear that not only thersal Lut also
resonance self-shielding effects are small for these foils.
As a result, hovever, it is also difficult to olktain an
"uncontaminated" measurement of the 1/v part cf the spectrua
by filteriny out resonance neutrons (Be64,Fig.12.1.7).

Flux density depression at a distance fros a fcil was
considered tor irradiaticns dome in both the collimator and
in the phantom since it de;er-ines the minimus spacing of
foils. Though the depression is most severe in hydrogenous
moderators, since the perturbed flux density exteands a
distance on the order of the thermal neutron diffusion
length, spacings can be sraller in such moderatore. 1In this
work, Mn fails of nominal areas of 1 ca? and 5 ce2 were used.
The foils were roughly sguare in shape. To calculate .
perturbation effects, these were considered equivalent to
circular oils of radia C.6 cm and 1.3 cm. At a distance ot
2 cm fron tae larger omes, the perturbatioa is calculated‘to
be <1% (app.C) 1n water. QIrradiations of foils were made in
the phantom it the presence and absence of other feoils 2 cm
distant. Bo differences vere discernible. 1In tie ccllimator
measurements (in—air scattering), the minimum spacing used
was 5 cu and again no effects were observed due tc
neighboriny foils.

Cadmium difiference (CD) Emeasurements, already tefe;red to
aboge, vwere carried out only iin the collimator and only for
the smaller foils since the ogiets did not fit im the Cd

boxes. These cases were noeinally .037" (.095cm or 810

mg/cm2) thick and completely enclosed the foils allowing no
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-leakage paths, €4 is very ncarly a perfect filter with a
very steep cut-off allowirg cnly higher energy neutrcns to
penetrate to activate the detector. By activating a foil
with and without a Cd cover, the epithermal (or epicadmiua)
flux can be separated from the thermal. 1Im carrying out
these measureaents, the fcllcwing considerations held.

The Mn cross section goes as 1/v in the range of
interest. It is thus best to define an effective Cd cut-off
energy, Eca' and set the cadsiua correction factor ‘fbd) to 1
(Pr76,ch.7). (Ql_=l(epi)/l(cd) is t?e ratio of tbhe
epitheramal component of the total activation of a Lkare foil
to the epithermal activation of the covered foil. Without
engaging in a détailed discussion concerning the
determinaéion of F., , it say be noted that 1t varies as a
genction of the detector type and size as vell as the neutroan
t;ergy spectrua aad angular'distribution.) Selecting the
proper E., 1s a somewhat askiguous procedure since it depends
on éﬁé 3ame parameters as Fea and these are not well
determined in-our case. For examp¥*e, the neutron field ia
the ¢ollimator is intermediate between an isotropic ome and a
monodirectional beam and the degree of anisotropy varies with
the height trom tne source. Nevertheless, it seems evident
from Fig.9-11 of (ANL5800) that\Ec‘=0.50t0.02 eV certainly
brackets the correct value for our situation. The CD
neisurelents reported in the next chapter thus regresent
evaluation§ of the neutron flux for energies of E<0.5eV and
E>0.5e¥. In the most extiere case, i.e. the measurements

pearest the sources at a distance of 5 ca, the epicadmium

flux contributed only about z%X of the activity im the Mn~
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foils. Therefore, in all otier work, no CD detersinations
were made and all contrituotions were assumed due to the
subcadmiua neutrons.

Positioning of foils jresented some difficulties since
one aust take care that the fositioning apparatus does itself
not perturb the neutron field. In the case of the phantoa,
foils were placed on aluxipum slats which slid into grooves-
milled 1nto two Plexiglas sheets. These sheets fcrmed the
only two walls of an otherwise open "box" held together by
thin plexi bars placed at the cormners. Though the plexi is

similar to vater in its neutrcn transport properties, the

.sheets vere spaced 20 cm apart to minimize tbeir irflueance on

the foils which vere usually along the center line of the
suppor; (fér "on-beam axis" measuregents). The aluminunm
slats themselves could be a perturbing influence. Though
o(n,X) for al is swmall (0.23 b) and would certainly not
depress the flux near the foils, the slats displace wvater.
Slncg thelir macrcscopic crcss sections (Z;?°-177 cm—1,
2;=0.138 ca—1) are very different from those of water
(z;;o.ozzz ca—k, Z%=3.uu cm—1), they could affect the local
neutron distributions. Tc check this, tvo sizes of slats
were used: 2.5x20x0.17 c¢»3 apd 1.5220x0.08 ca3. Foils wvere
alvays pladed so as. to be normal to the cylindrical axis of
the collima . Additionally, plexi slats (0.16 ca thick)
uege used to replace the Al in cne run. These vere not used
in general since they vere very flexible and for
repositioning accuracy ch scre rigid Al ones vere preferred.
It vas found tPat the aluzinum made no differemce. To

further verify the innocucus nature of the plexi, cne rum was
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made with a sheet of apprcximately 0.6 ca thick fplexi )
directly beneath cne of tike fcils at a depth of 4 cm. As can
be seen from the gragrhs in chapter 1V, at this point the
thermal flux space distrilution is rather flat and the
density difference between Plexiglas and water should have no
effect. One is therefore testing for the influence of the
different elemental compositions. As expected, no effect
(t2%) wvas observed. This does, however, disagree'uith
results quoted by (S&62) where a 10% reduction in the thermal
neutron flux vas aoted due to the presence of Persgex
plastic. Their result resains unexplained.

Some irradjations wvere also made off-axis in tbe phanton,
i.e. foils were displaced laterally to the side of the
collimator axis. d&ly a few such measurements vwere made for
purposes of comparison to calculation. Typically, as a check
on position;ng accuracy, 2 fcils vere irradiated e
sinultaneously in symmetric placement about the central axis.

As stated previously, in-phantor neasurements were made
vith the phantom placed atove the mouth of the ccllimator.
Such a situation can howvever be diff;cult to simulate
numerically because the neutrﬁﬂﬂspect:un striking‘the target
has been‘significantly modified (softened). The Cd sheet
elininates néutrons telovw 0.5 eV only. Not 6nly the spectrua
exiting the collimator need te considered but alsc the
leakage spectrum froam the vicigity of the shield néar the
pouth. (Quite aside froa energf considerations, the angular
distribution of the emitted neutioné&.conpled vith the

variations of all these factor%_as a function of position

along the bottom face of the phanto-} further cenplicate the
7
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situation. Therefore, to Oktain "cleaner™ and.more readily

definable irradiation conditions, a set of runs uas made with

~the phantom standing imn the middle of a large rooa avay fron

scattering surfaces and with the 1 Ci AmBe source suspended
~10 ca below it. The phantcs was approximately 1.5 m above
the floor and at least 2 zeters from the nearest sall and the
ceiling.

Two different assemblies were used to positiovn foils

,along the length of the 7.5 cm collimator for fluz

measurements in this geosmetry. 1In one, thin Al rings, across
vhich could be stretched adhesive tape, vere affixed to a
plexi ®"spine". 1In the other, 0.16 cm thick plexi slats wvere
inserted into a wooden oné. A holder vas placed in the
colli-atot.such that the spine would rest upright against the
collimator wall and either the tape ‘or slat would hold the
foil perpendicular to the cylindrical axis ip the center,
though to test for uniformity across the horizontal flane,
foils were algo irradiated near the collimator wall c¢n one
occasion. 1n this ta ion, the amount of asderating and
scattering material next to the foil in the ccllimator vas
lxnimized.\ To determine the fperturbing ingluences of the

different foil holders, both verE irradiated sepaiately in

identical geometries. Alsc, an irradiation vas made using

"the second assembly.vith ap additional 0.16 cm plexi resting

on the backs of scme of the regular slats. The plexi was’

found to increase the measured thermal neutron flux by,

evidently, scattering back into the foil thersal peutrons

L4

vhich had _previously escajed capture. The increase,

difficult to measure since it involves small differences
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betveen somewvhat large quantities, Was 4(t1)% when using the
second asseably. Despite this, since foil placement vas both
easier and more reliable, tiis Hevice was noryally‘used and a
correction applied to the data.

Foils were beld in place with twc types of adhesive tape,
one a standard "Scotch" trand tape and the other a »
wvater-proof one. Neither wag found to have any effect.

As noted previously, two sizes of folls were used in this
work. The selection of a particular size was deterzined by
the intensity of the‘field to be measured. Fluxes in the
collinator were sufficiently high that the 1 cm? fcils
yielded sufficient activity for counting. In the phantoa
measureaents, the S5 cm2 fcils vere needed to accumulate‘
adequate statistics. Some care nust be éxercised in usiang
differently sized foils since they sampie different regions
of thé plane in which they rest. Before comparing results
thus obtained, one nust ensufe that the field is vuniforam
across the plane. It was found both experimentally and by
calculation that the as;ulption of uniformity is vaifq in the -
case of the collimator but not the phanton: For the |
dimensions of the foils used in this vork, hosever, no

r .
cqrection was deemed necessary.

14

SECTION LLI.5-COUNTIDG OF EEQEE ACTIVITY ,

As seen in Table III.Z2, either f or Y detection can be
used in cofinting the activity of the panganese foils.
Y-counting is oftem preferfed (YoB82) . However, since the

equipment necessary for A .detection was immediately
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’ available and, far more importantly, a calibration scheme héd ‘

S
o

been established usind(ﬁ' detection, this method was chosen. ‘ j

‘ AL

A Block diagram of the éounting apparatus is sketched in
. Pig.III.2. Foils were placed at’'a fixed distance cf ~1 ca
f:on‘ihe front face of a plastic scintillator (NE102) coupled
to a photomultiplier tube (FH%).‘ Pulses were taken off the

PMT dynode and sent through a preamp and amplifier to a

[P

single channel analyzer (SCA). Pulses above the lover level
discriminator transg%tted +5V logic signals tc the scaler.
Timing of thé;systen, i.e. length of counting interval and
delay betveen counting intervals, vere controlled by timers
T, and T, » respectively, The length of the entire counting
cycle togetaner with the nnnp#r of counts recorded were then
printed out:

(; A pléstic scintillator is a particulasiy»suitakle choice
for f detection since it is not encapsulated. As a result,
there is no vindov to attenuate the incident £ rays.' The
scintillator and PMT vere cc:plgtely wrapped in black \
electrical tape over Al fcil to shntréut ambient l1ight. Thin
Al foil only was stretched across the front of the NEW2.
Since a 1 MeV electron has a ramnge greater than 0.2 ca'in Al
{(Le76,appen.V¥II), this cuts fff only lower energy rarticles
which'are in any event discrininated against. k

As sta;ed previously, aksolute flux values could be-
assigned to the activated Mn foils counted in the abave
systea. To do this, a 1cnz ¥n foil which had ptevxously been
; calibrated by irradiation in a knova neutron flux was used:
( . (Ro81). Follov;ng its calibraticn irradiation, the count

rate of this foil vas Compared to that of a particular

r
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uranius foil counted in tke ;dentical‘geouetty, 1hi; latter
source has aa essentihlly cépsﬁant activity (for 23'0,'

Ty, =4.47x49Y° years). Thus, countiﬁg both the‘calitrating Ma
and uranium foils in our system allows for am absclute
determination of‘the flux frcas their ratio. UOncertainty inm
the original calibration, however, means th&i the absolute

values cannot be considered more accurate thanm £15%X, though

.

~this is a systematic error and relative fluxes are much more
accurate. r
A number of potential difficulties exist uith the above

system. As can be seen from the décay chain in Fig.ITI.3
{5e56), thg U foil is. a ccnsiderable 0(egittet.‘ Electrons

are enitted at.several faints in the chain. However, since ,/
the fange ok é 6 %eV¢x in Al is only 0.003 cm, these should

be stopped completely by the foil on the front face of the °
NE102. additiomally, thé light output of even a 6 MeV#A in i
NE102 is cénsiderably less than that of a 1 MeV electron
(Nuclear Enterprises catalog) and as such is effectively
rejected vhen discrimipating against low energy electrons.
These effect; vere in fact verified by inter;csiqgﬁiqrious
thicknesses of Al foil between the U and the scintildator.
Results, 'plotted in Pig.IIX.4, are consistent with exclusive
p- pfodu;ti&n in the source. They indicate that even vith
no additional absorber present, no 4's are counted. _

Another possible source cf‘cgnCezn is the setting of.the° g

biasing level against low enefgy eléctrons. The r 2 spectrg{
of the 238y daughter nuclei are different from that of Séun.

Therefore, different discriminator settings could result ian . s

di fferent ratios of their activities. This vas checked by I A

[
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counting an activated Mn foil and the U foil with differeat
d15crininator'settings. It vas found that their ratios vwere
unaffected\excépt when the lcwest energy electrons (<100 keV)
vere included. Tae energy calibration is very rough (as
deterained with a 207RBji ccnversion electron source) but as a
general chnclusion it was found that,'in our range€ of
interest, the discrisinatcr setting had no effect.

A3 noted previously, tvo different sizes of foils were
ased: 1x1 ca? ;nd 2.3x2.3 cm2, E;;n if centered at tbe same
poiné, yﬂich they vere not, the solid angle subtended by the
seiond rectangle at a disc¢c (representing the HE10Z) of radius
2 co and height of 1 cm akove the source is 7(+2)% less than
for the sumaller. This was calculated with a very siaple AC
program uritten tor this purgose. Because of slightly
different positionings, in fact, the'normalized ccunt rate
due to the laryger foils is 20(:x2)% less, in agreement with a
calculation with the MC. Results were adjusted ;lcordingly.

The @ounting electronics displayed good stability with

time. BResults of all runs vere mnormalized by ccurting with

the U £oil berore ed&h rup. In all experiments, count rates

were below 100 Hz. A test made at a count rate of 200 Hz

shoved no dead time effects.
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Fiqure III.2 .

Counting Electronies For B~ Detection

All Numbers Refer To ORTEC (EGG)
Module Numbers .
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Figure III.3

Decay Chain of 238y

8" 's And u's Are Emitted At various Points In
The Chain, Numbers Represent Energy Of Most

Intense Radiation (MeV)
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Figure III.4
238

Count Rate Of

5

U Foil As A Function Of

C3 The Aluminum Absorber

i i A

.
,
.
- :,
.
-
¢
- o4
. o
. :
- B
s r
- ¢




vk

RELATIVE COUNT RATE

6000
5750 ]
5500 1
5250
5000
4750 ]

4500 |

4250

N

4000

U U
10

. mg/cm

1

;- 30 . 40 .
Alumj.nug thickness

‘2

ra -
»
-
B -
t o
i -
1o
T S
’ R . e il - -
R v R SRR ~~.J.~ P
PR Pt B2 e
e - TR e i s R
P T -m s

. - e T
' % - . ‘. (%

— = - F3 *

. = R R %
o - - e - - ==
» . i = -
B T o W
B 1 B o
L - - -




! CHAPTER IV-RESCL1S AND DISCUSSION

Several potential sources of errors are to be found in
the measurement of tle thermal neutron flaux spatial
distributions. Perturbaticns caused by the activation foils
theaselves have already been dealt with as have sclid angle
effects introduced inp counting foils of different sizes.
Foil weights were determined to better than 0.2%,
sufficiently seall =c as to Le relatively imsignificant. As

. earl%er discussed, tte 'sale assuppticn vas made with respect
to the error arising from igmoring the epicadiiume flux. The
main sources of inprecision‘and inaccuracy in relative flux

¢ C determinations were counting statistwics and positioning
. errors. The latter verd Jartly systematic and depended on

i the source-target gecmetry and the foil holders used. The

reproducibilaty of results was taken to be a Reasure of the
non-systematic comporent in the errors reported below.

Statistic;l counting errors varied widely depending on the

intensity of the flui being seasured l;nt, ig general, were
taken to be /N Hhe;e N vas the nuamber of coun‘ts ccllected.

The error in the timing of the counhting interval sas taken to

be negligible. Thus, fros egquation III.7, the standard

. deviatiqn ot a relative flux deterrzination was taken to be

? S (3) /4= IV, +AZN, / (N_~-AR,)

vhere N_. is the total nusler of counts recorded io time at,

e .

time to reduce the variance, A is the factor for mormalizing

is the number of Lackgrcund ccunts collected over a long
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the background to the interval at and §=N -N,. For the
absolute value of the flux, an additional error of :+15% is
due to the uncertainty in ‘é’he origingl calibration in
addition to the statistical variance in counting the
calibrating foils.

The numerical sisulations present a host cf potential
sources of error of which sore are inherent in the
methodology. To begin wifjh, the results can bte no Letter
than the available data fcr the cross sections. It is not
alvays clear just what uncertainties should be assigned to
such data and, indeed, there are procedures ushich attempt to
correct cross section likbraries by ccmparing sisulations
which use them to berchmark experinents (Jo81), Furthermore,
as noted previously, the energy group structure may introduce

systematic errors by being tco coarse or weighted incorrectly

(Ce82 and DLC31-section 4). The inaccuracy in modelling the

r

elastic scatter angular distribution may also contribute.
Obtaining an a priori estimate of the effect of all these
factors is uel} nigh impossible (or at least cxtremely
difficult) and so their irdividual contributions were
ignored. It wvwas simply assumed that a comparison of final
results with experisental data vould provide an overall
assessment of their collective significance.

Quite apart from the above considerations, any’ results
obtained with the MC program are subject to statistical
fluctuations. For a larg® number, N,of particles of’unit
weight crossing a particular region, the error im N should
again be V¥ if one assumes a Gaussian (or Poisson)

distribution. The ajpplicability of this definiticn to the

63
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simulation results is not always obvious. For ¢xasple, in

accumulating the flux acrcss a particular boundary, ve are

N
counting not simply N but Fz/cosel. The additicpal randoa ‘

A
parameter amust introduce anm additional uncertainty but how to

appropriately account for it is not clear simce it is
certainly not indepéndent cf B (i.e. the value of"e\decides
pot only the weighting of the comtribution to the flux but
also vhether the neutron nill*cr;ass at all). Then again, one
nust be concerned with any frossible effects of the fpseudo, as
opposed to true, randosness of the simulation. To gauge the )
influence of all these considerations, several simulations
vere brokea up iato s‘-allet' Latches of neutron histories so
that partial results could i:e compared. 1In general, it wvas
found that .for large N (iV104) the results definritely
appeared to follow Poisson counting statistics. For ssaller
samples (Nw~102) the results seemed to occasionally fluctuate

somevhat more, i.e. it appeared that s2>N. The deviation is

4~

difficult to gquantify .since it is by no means overly large.
Though no particular reaedial act\ion vas taken, this should
be borne in aind vhen fitting andi evaluating MC results. 1In
those instances vhere inter—tatch fluctuations ané¢ deviations
from fits are appreciable, it may be reasonable to assigm
lower weights to such values.

Anotaer parameter ¢f interest, not availakle in the
experiseatal measurements, xay be considered in analyzing our

errors. As discussed previously, the ratio of the flux to

current aust vary between 1 and 2. Thus, should the

simulation result in a valoe >2, this may give some

indication of the uncertainty in, at least, the current to .

)
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flux conversion. The matter, though not pursued further
here, may deserve investigatiog:

Both the experimental and thé calculational results vere
fit by the linear and nobn-linear least squares unethods (Be69)
to a variety of fitting functions, both for the extraction of
particular parameters of interest as vell as to smooth the
data. Detail§ are givean in subsequent sectioms. |

Somne simulations were made rather independen&lf of the
purposes of the main body of this work in order toc validate

the MC progran. These are presented first.

bN

SECTION IV.2-THERMAL HEUJRON SCAITER
. ”»

In neutron radiography, bneutron scattering in the
radiographed object is a major conttlbutor to the blurring of
the final radiograph. To rigorously describe the guality of
an imaging system, the point spread function (PSF) may be
introduced. The PSF may Lte writtem as a composition of the
uncollided and scattered fluxes. Details may be found in
(Se82) and references therein. ~ An evaluation of the
scattered component can he’lost helpful in deconvcluting the
final image. jSeqal et al (Se82) have therefoiq calculated,
using the MORSE transport code, the degree of neutron
scattering which vould occur in the gecmetry presented in
P1g IV.1. & zero-radius team of monoenergetic thermal
neutrons i-pxnges normally on a slah of thickness, t. The
slab is uniform so that Z‘*and’ Z‘ (absorption and scattering
macroscopic cross sections, Zt; Z:‘Z’) are'indepgndfwnt of

position. A detection plane is situated at a ﬁistanco, a,

b o et e
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Figure 1IV.1

i Geo:;\etry For Evaluation Of Thermal Neutron ,

C§ . Scatter Component To Degradation Of Ra;l;dgraphie - o *
Image. The Target Is Effectively fnfinite ' %
Along Axes Normal To The Incident Néutron
Beam.It Has A Thickness t Along The Beam ’

>

Direction. Scatter Is Calculated For Various -

{

Values Of r.
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from the rear face of the slab. The f]:nx striking the plane .
is counted as a function cf radius for diffe:ent values of t
and d as well as diffeten.t slab materiars.'

As a first test, we have run a simulation sililarr to the
above, \ Hovever, a number of points must be noted; Ne have
conducted the calculation for one aaterial only - wsater.
Water was assumed comparable to the polyethylene used by
Segal et al provided that the ztt (or almost equivalently,
Zst) vas kept the sase., As can be seen from Takle IV.1, ‘this
means greater thicknesses of uéte\r sust be en;loyed.' Alsd,‘
the polythene scatteringqctoss section used by Segal and
coworkers assumed anisotrcpic scattering of the thkersals due
to the cheaical bond effect. As discussed earlier, no such
factor is introduced into our calculations. )’

To compare our resulte to those of (5e82) requires
plotting them as a fnn(cticn of L, t(he radial distance froa
the beas line. However, the program we have used counts the

v

neutrons crossing through a certain region, i.e. a ring,

’

bo[uudéd by L, scsc,. Therefore, r' was defined as tha/t radius

which would divide the ring into two smaller rings of equal

. area, i.e. ' : .

r2-rt2=r'2-r2u, r*= .,/(?22_*-:;57/2 .
A fuhction of the forim . a’exp (-br) vas thea least-sguares
fitted to the calculated values, vhere a and t are free
para'neters.l In all cases, since ve are fittipg the scattetedo‘

neutrons, the uncollided chnes must be subtracted froa the

%

recorded fluxes. This is particularly simple in cur case
sin;:e,thié value is retursed hy' the program.

Our results are r.rese::}sd in Pig-IV.2) for § t=30 and

L 2
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Table 1IV.1

Comparison Of Polythene And Water Cross

Sections
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S o mmae e oy

Material

*
Polyethylene

* R
Water

From (Se82)

a (cm-1

0.024

0.022

From (La77,Appendix II)

R

R

s (em

4.164

3.443

a/ s

5.76x10"3

6.39x10"

= I

4.188

3.465
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Figure 1IV.2

Scattered Neutron Current (n/cmz) Reaching The
Petection Plane As A Function Of r, The Radial’
Distance From The Neutron Beam Axis. All vValues

Are Absolute And Normalized To 1 Incident Neutron.

Figure A Results for Zst—3._0 and d—O.l,O.Scm

Figure B Results for Zst—l.o and d@=0.1,0.5cm

-

Points are calculated values (this work)

Lines represent results of (Se82)
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- Table 1IV.2
Parameters Of Fits To Data Of Fig.IV.2

Fitting Function  a<exp {~br)
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th-B.O

d=0,lem

d=0.5cm
d=0.1lcm

d=0:5cm

Water

a

0.39(%0.01)

0.125(£0.006)
1.51(20.02)

+

"0.23(20.02)

-~

b

;g

2.77¢ Q.OS)

1.09 (+0.13)
5.78(x0.09)

2.01(+0.23)

e

Polythene
=2 b
0.447 3.050
0.134 1.304
1.675 5.840
0.204 1.866
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?"“‘ * 1
d=0.1 and d.5'ca and iz Fig.IV.2B for ¥t=1.0. 1Ite poifts

v l ¥ . .
reprgsent our calculated data values and thJe krcker 11n<es the

ve s
fitted curves gquoted by (Se82). Table 1V.2 gives the values

of the parameters. Unfortunately, Segal et al\have not

- ]

quoted their errors (though they beer to indicate.they are on
the orfier of 5-10%) but, gratifyingly, the agreesent is seen
to be guod, particularly ih view of the possitle scurces of
discrepancy dicussed above. A final fpoint: ‘ihough Segal et
al seem to oe discussing the neutron flux in l\:the tcdy of
theiﬂ; paper, their results agree with our calculated values
of the neutron current and it is these which ixave been

presen ted aoove. For exarple, for Ist=1-0 apnd d=0.1cm, the
flux to current ratio at ‘r'=0. l6cm is 1.3. It increases for

»

larger r'.

1

SECTION 1V.3-FAST NEUIEON ATIENUATION:
\

;; second simple test invclved determining tne atternuation
of a beanm of fast D-T gencrated neutrons in their fassage
thtgugn successivel& thicker shields of water. 1In this case,
the calculation involved & pencil beam of 158eV neutrons
directed along the central axis of a cylinder of arbitrary
height. Ondy neutrons of E>12MeV were couunted. Scattered
neutrons were counted cnly for very small scattering anglese.
Resul¥s vere tabulated at different depths in the cylinder
and this wdas 'considered equivalent to calculations for
shields of dirrerent thicknesses and a fixed source-detector
distance. The percent tramssission of the -incident 15M8ev

flux is plotted in Fig.IV.3. Because of the high energy and

7n
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( Calculated Attenuation Of 15 MeV Neutron Beam

Through Water Shields Of Different Thickness.
3 The Solid Line Is A Fit To Ou‘r Data.
. $transmission = 1.13 x exp (-0.101t).

Normalized To 1 Incident Neutron.
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Y ‘
parrov angular spread of even the collided beanm, flux and
current values are virtually identical, differing ky s1% at

- - -

most. Fitting theﬁﬁ;;a tc an exponential for thicknesses
tn.>.6cu, se find * '

% transaission=1.13(20.02) exp(-0.101(£0.002)t) .
Cytacki (Cy75) used an 35213_ ligiud scintillator toc aeasure
the transmission of 14.7MeV neutrons through a variety of
paterials in ditferent geuétries. His results for a narrov
beam thrc'mghvu"atet yield a 1i;zar attenuation coefficient

(a&tudily, the macroscopic removal cross section) of

Y=0.103(£0.002) ca-! (Table 3.1 of cy75), in excellent °

agteement vith our calculatlcn. ' ’
a - v

SECTION LV.4-THERMAL ELUX IN 3 SFHERE DUE TQ u;: .Esm

SOURCES

4

The tes't, calculat}ions akove kave both bLeen rather simb}e
*in that tney test da, limited number of the paran‘etets dealt
with in the nost general applications of the MC prcgram. Qne'
. fiual, a0re complicated set of test calculations was catried.
out to val:.da.te the abli.tty of the simulation to predict
thernal and epithermal neutron distributions resulting frcl
the sloving down of fast peutrons enitted nby Foint sources in
wvater spheres. It vas decided to sipulate 1245pBe and 2¢NaBe -
neutron sources since -these can be sufficiently vell node].led‘
by no}xoener‘getic sonxscé spectra.

An ShBe soux.:ce vas assumed to eait pure 30keV neutrons

into the ceuter of a vater sfphere of radius R=40cm. (The

spectrua is actually more ccmplicated thanm this with 5,'\!&21 of
s .

!
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' the neutrons lying ir the range 4.7keVSE<22keV, ~$2% inithe
C; range 22keV<E<46keV and ~5% in the range 200keVSESL00ke¥

-(A181) .) ' The resulting thermal neutron flux, ) , times the

radial distance from the scurce, r, is plotted; in Mg.IV.4 as °

toe
P ——

<

M*M*wrwmg"ﬁ PN

g

. a function of r. The results bave been normalized to one .

o

R

oy R T e o

source neutron. As camn be seen from the graph, r¢ for r26ca

can be considered tc lie along an ex;onex{tial.cnrve as
: 7
theoretically expected (Fe53-Sec.VII-Uc, Bebl-Sec.17.1,
A A .

Ng71) . (vipthout entering into excessive details, the
behaviour may be explained as follows: in a single collision
on hydrogen, a source neutron may lose much of its eﬁergy.

At lower energies, thke cross section for subsequent

collisions is enhanced. 1hus a neutron has a hWigh——

probability of being moderated and absprbed near its first

collision site. The spatial distributions of thé thermal and
4

epithersal tluxes shculd then behave like that of the primary

neutrons which itself is froportional to exp(-Zr)/r2 where =

is the total cross section at the source energy. 7This is
true for fast peutrc¢rs.of several hundred keV. For 30kev
ne_utrons,‘ however, thermalization occurs neat/ £he source,
The flu\i then goes as &(r)xSexp(-r/L)/(4nDr) vhere D is the
theramal neutron diffusion coefficient (= )tr/;) s S is the
source strength amd X is the transport MFP.) Deviations
ap;;ear for large r. Partial (results of the run used to
genefate the plot were inspected and seemed tc indicate
larger than‘ex‘pected f.luctuat}ons for r>16¢an. Destite this,
the points were iancluded in the fit vwith an assumed error of
Ji. fThe solid line is ]th‘e fitting fynction c§=ne¥p (~r/L)

vhere A=0.81(t.03) and 1/1--0.378(t.C05) cm—1i. Ip analyzing
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these results, ve ;ay consider the water ;:o be an effectively o
infinite pedium. L is then just the diffusiém or relaxation
length of the thermal neutrons, i.e. the distance over which i
"the ;:hernal neutron deasity ‘falls by a factor of 1/e.‘ ’Fof
our results, L=2.6H4 (+.Cl8)ca compared to the peasured value of
2.178 (:tOlOl)cn given in the zeﬁier‘ences\'quoted above. The

"* discrepancy ,is introduced by ‘the values at large r and nay
‘not be as significa\nt as it first appears. . {(Simce scattering
on hydrogen ismf.oruard peaked in the lab frame, the
once-collided flux need not ke in equilibrius with the

primary source neutrons. First collisions can result in only '

- i
small changes in angle and energy. <These collided neutrons i

s
i
i

-l

survive out to greater distamces lovering the emergy of the
. \
pripary componenet. The decay then does in reality becope

steeper at laz{:‘ge . H{Uever\, initial expectations and

.

' inspection of the MC preédictions for the degergy sfpectra at

different r due to Sbbe indicate this is not tne case for
< . )
such lo¥ energy neutrons. It may play a role in tle NaBe

.
T e, AL G s Do, & e e ol e

"SLnula,tiou.)

*An additiomnal conpérison was made between our results and
sone other absolute ones (measured and calculated) reported
by Holland et al (H978). 1The latter®s calculated values are
shown 2n J;ig.Iv.u for several values of r. No estimate is
given in tke refetex;c;e for the errors on these -points. It
should be noted, aovever, that theitnreported mReasurements

were 10-30% lower than their own calculations. Further,

their predicted fluxes are said to have fluctvated by as such
\

, \
computational procedure. Bearing in mind these caveats,

as a factor of 2 depending on the details of the

-
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ayreement vas considered satisfactory.

To rurther extend this test run, another vas made of a
14eV point source in a vater—filled sphere of BE=40cm. This
wvas meant to represent a 24NaBe source though the neutron
spectrua is consihepably ore complex (peak energy=
957(&9)kev, average energy= 798(+71)keV) (ReB81). In this
case, the sphere camnnot be ccnsidered infiuite (BFP of a 1MeV
peutron in ;dter is 1.9ca). Both the therlal)and the indiun
resonance spatial distributions wvere treated. For the
latter, the neutron flux in the energy interval 1eVSE<3eV wvas
taken. Our calculated values for rzé(therlal) and
r26(1.0097), normalized tc 1 source. peutron, are presented in
Fig.IV.5 together with sose relative measured values taken
trom Beckurts aand Hirt; {Eeb U4 ,Sec.16.2) for r2§(1.n6eV).
These last have been normalized by takimng thé average of the
ratio of our values to the measured ones as rlotted on an
arbitrary scale over the range of 2cmfr<léca. Such a
procedure is admittedly ex%renely simple but sufficient for
our purpose. The calculated rzé(l.ueV) points were then
fitted to an exponential, Aexp(-Ir), im the regicn of
12sr<24cma. The resulting function (A= 0.64(10.11),Z =
0.290(20.012)) is also drawn on theﬂqaph. In this case, the
relaxation length to 1.46€V for 24NaBe neutrops is
1/ =3.4(t0.1)ca, in excellent agreement with the value of 3.3
cmn over the range 15¢r<30ca guoted in (Be6uf: As discussed
above, the value of T does derend on the fitting region. It
snhould be noted that the statistics in our calculatioan vere
lovw, pg:ticularly for r>18¢cm. Also, the agreement betwveen

our predicted thermal flux and the measured (not réproduced
g /
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Figure 1IV.4

Absolute r¢ As A Function Of Radius Resulting
From SbBe Point Source In A Water Sphere,

Normalized To 1 Source Neutron,

line : fit to our data
O : this work
0O : calculated values from (Hn78)
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Figure 1IV.5

2d>(l<E<3eV) Calculated For A

r2¢(thermal) And r
1 MeV Point Source In A Water Sphere. The Values
Are Absolute And Normalized To 1 Source Neutron.
Solid Line Is r2¢—0.64-exp (-0.290r) .Exrror Bars

Have Been Deleted For Clarity Of Presentation.
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here) is not as good. The predicted seems to fall scmewvhat

faster for largye I

SECTION IV.5-FLUXES IN CCLLIEATORS

The above examples wvere considered to have shcvn the
validity of the sinulatio; frocedure used for this work. In
this section, ve report results of our measurements and
calculations of the neutrcn fluxes inm a 7.5 ca collimator due
to polyenergetic sources glaced in the geometiy of Fig.IIl.2-
a set-up suitable for PGNCA.

The neutron flux leaving the mouth of the collimator in
Pig.II.2 will consist of direct and scattered neutrons. The
effect of.the scattered ccajomnent is to significartly alter
the neutron spectrus at lc;e: energies. Ip irradiating
targets at tue collimator exit, it was originally thought

that a largyer collimator wculd irtroduce less of a spectral

L

distortion but also not ferzit much in the ugy’o{ spatial :
definition of the irradiated volume. Because of this,
attention was focused on ssaller radii collisators. As it
developed, thié reasoning appears to have been factlty. A
nuaber of dirterent scurce-ccllimator geometries were
investigdted but only one vwill be discussed in detail for
reasons outlined below.
Initial experiments used the two 14.3Ci PuBe sources
lying horizontally end to end bemeath the bottom of the
colliiator. Since eJZh source is 5.5 cm long, this means

that the collisator only views a portion of them. #While it

is true that the principal interest in this wcrk is the
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neutron f£lux (faét and therxal) within the irradiated target,
the geometry we are using is the same as in neutron hovitzers
used for nmeutroa radiograghy (Co6é9,Pra76). It.thns becores a
matter of some interest tc investigate a few of the
para;etets often considered in optimizing these devices. 1In
particular, ve investigated the effect of source depth below
the collimator on the thexzal flux in it. The gragh of ‘
Fig.IV.6 shows the activating neutron flux as a function of
height along the collimator as measured /vith our Mm foils for
a 5 ca source depth. The flux guite obviously falls ’
exponentially. This is a feature to be found in all the \
collimator ;easurenents. The exponential decay results froa
fast neutrons thermalizing in the vater shield far from the
source and.leaking into tte collilato; volume. Tlermal
neutrons from the immediate source vicinity play a rather
minor role at any significant distance from it. This wvas
verified by iuserting a Cd-sleeve into the collimator and
remeasuring the flux. 1In this case, only thermal neutrons
travelling 1n a straight line from the bottor of tle
collimator are counted. 9The relative flux values are also
shovn in Pig.IV.6. This situation is at least qualitatively
egquivalent to that of Cox et al {Co68) who demonstrated an
increase in thermal flux from a PoBe source with increasing
lengths of collimator walls. P

Cadmium difference measurements (chapter I1I) wvere also
made at a source depth of 5 ca. The Cd ratio (RC&=
activity of pare foil/activity of enclosed (Beb6d)) has a very

large uncertainty duoe to the lcw counting rates of the

Cd-covered foils. Results, given in Fig.IV.?7, indicate the
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Figure 1IV.6

Activating Neutron Flux (relative) Along Length

Of A 7.6 mm Wide,50 cm Long Collimator As Measured

By Mn Foil Activation. Source Is PuBe At A Depth Of

5 cm Beneath The Bottom 0f The Collimator. Size

Of Points Includes Errors.-

Y
0

v

: Measured flux in standard collimator
: Measured flux in collimator with Cadmium

sleeve inserted.
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validity of ignoring the epicadmium comntribution to the
manganese activation.

As stated above, the thermal flux in the collimator was
measured for a number of source depfhs: 0, 5, 10';nd 15 ca.
Exponentials wvere fit to all the distributions and the
fitting parameters aretgiven in Table IV.3. As can be seen,
only tae zero depth case's -slope differed. Its sltallower
decay ié evidently due to the absence of Softening of the
neut spé;trun-present in the other cases Lecause of the:

cizbove the sources, it i's interestiny that tte other
1hree'different thicknesses of water yield the saxe slopes
(within errors). The decrease in the total flux ;; in
agreement with the observation by Cox et al that additional
hydrogenoug moderator materiai in front of the fast source

absoa&s more thermal neutrons than it produces. It might in

fact be interesting to investigate the use of D,0 ctr graphite

as the additional moderatcr. However, no zore work was done
on this topic because of {uo Ceasons. Firstly, gpcsitioning
of- our sources at.the correct deptn and symmetrically about
the collimator axis proveé‘abdifficult task in our facility
(zrom Table IV.3 it can be =een that a.displacement of <lcau
in the source depth can skift the value pf the intercept, A,
by >10%) and would have rpecessitated a different scurce
placeﬁent desién. Secondly, for greater depths, the BMC
calculations pecame prohiritively time consuping Lecause of

lov statistics in the collilatoy and the increased number of
P

‘thermals in the shield. Thus a simpler gecmetry was sought

for subsequent analys}s.

The 1Ci AaBe source was placed inside the collimator

LN
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Table 1IV.3 (
Parameters of eXponential fits (ae”P?%) to \

aetivating,neutron fluence distributions along

collimator for different source depths of the

PuBe capsules.
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Figure IV.7

(; Cadmium Ratios Along Length Of Collimator As
Measured With Cadmium Enclosed Mn Foils For

PuBe Sources At Depth Of 5 cm.
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resting on the bottom along its axis. Flux measlrements were
carried out as betore, Tie distrabution ajgain fcollowed au
exponehtial except for the neasured fpoint nearest the souroce
(Fig. IV.8). Counting statistics contributed an &rror of 2-3i%
per point, For purposes of the nuné;ical simulaticn, ve
assumed a poiut source at ze€ro depth. Tné neutrobn spectrunm,
taken from (Ge75), has been adapted to our coarse €n€rgy mesh
and is tabulated in Table IV.Q: MC simulations vwere run for
300kev, 1, 2,..., 8 and 9 MeV pneutrons, The flux and current
passing tnrouyh a 7.6 cm diameter disc due to each source
energy were taubulated as a function of height alcrg the
collimator. kesults were ngrmalized to a siogle inpuot
peutron and l1cm? area and the peutron spectruam vas folded 1ia.
A final fi¢ wvas then made ;o the resultant distritutioa for
beights >8cm. While the slcfpes of the calculated and
measuered dLstrinutxonsjare,in excellent agreement, the
absolute fluxes are not. The calculated thermal distriputaion
(hormalized to 1 AwBe mneutrcc) 1s
¢Q(z)=(2.“7:0.02)x10-3exp|-0.075(10.001)z) n/cm2/s while that
of 'the peasured 1is @E(z)=m.0510. 14) k10— 3exp (-0.074 (£0.001) z)
n/cm2/s (assuming a source strength of 2.1x10€ ny/s). Thus,
at z=0, §./p,=0.5620.02. Several reasoms for this large
discrepancy may pe postulated. The actual AwB® scurce is an
extended object whose center lay ~1.5 cm avove the collimator
.-
bottoi. This could in and of itself increase the seasured
flgx by ~154 (as estimated frecu Fig.Iv.8). Siuce, as noted
previously, such cylindrical sources are not isoticpic but

radiate a reduced flux alcng the cylindrical axis, the number

ofi heutrons entering imto the side shielding wall to undergo

.
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TABLE IV.{

Spectra of AmBe neutron sources as given by
Geiger and van der Zwan and Kluge and Weise and
adapted to our coarse energy'mesh. The spectra
are normalized to 1 source neutron and are

given in the units of neutrons per MeV.
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A 0 B

Energy range Normalized intensity n/MeV

) (Ge75) (K182)
0-0.3  Mev 0.04 0.05
0.3-1.0 0.08 0.09
1.0-2.0 0.06 0.09
2.0-3.0 0.10 0.12
3.0-4.0 0.18 0.16
4.0-5.0 0.15 0.15
5.0-6.0 0.14 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



»

Figure 1IV.8
/

Activating Neutron Flux Distributions In Collimator
For 1Ci AmBe Source. The So0lid Line Is A Fit To The

Calculated Distribution (using spectrum of KI182)

3

(2)=(3.62:0.07)x 10 >-exp (-0.075(£0.001)z) n/cm®/s.

This Is Normalized To One Source Neutron per sec.

6

Source Output Assumed To Be 2.1x10  n/s.

o>

The Measured Distribution Has Been Normalized To

Calculation At z=0.

3
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subsequent thermalization wculd be enhanced and would yield
an effectively more intense stsource. Such an effect would
undoubtedly be very small, hcwever. Far more impcrtantly,
the lov energy region of the AmBe spectrum is only foorly
knowvn and is dependent on tge details of source ccanstruction
as well as other factors. Kluge and Weise (K182) receatly
reported a measureament of a 1.5Ci AmBe source in the range of
0.1-118eV using a 3He spectrcmeter consisting of two surface
barrier deteétors sandviching 3He gas. Their spectrus,
adapted to our energy grotf structure, is also given in Table
IV.4. Addaitironal thermal neutrons are also emitted from the
source and certaianly contritvte but their relative effect is
expected to be small (Rif1). Production of meutrcns of
<100keV also occursbut the size of the component is unknova.
knen the spectrum of (K182Z) is used to calculate tie spatial
distripution as before, thke result can be fitted (228ca) by
@C(z)=(3.o2:o.o7)x1o-aexp(-0-075(:0-001)2) n/ca2/s. At 2=0,
Qc/qsgzu.auxo.oa)- This is dravn in Fig.IV.8. Experisental
points have been norsalized to calculated at the intercept.
The combinatiou of positicning error and spectrus
modification can thus acccunt tor the discrepancy between the
calcul ated and measured values to well within tthe
experimental calibration uncertainty.

Only one reference could be found for cosgariscn to the
above results., Pracy aad Hagque (Pr76) measured tle thermal
flux along a 5 cm diameter ccllimator in a vax horitzer
assenbly. Taking the region 5<2<20cm as given im their
Fi1g.3, we found a slope cf ~0.075 ca—1 in fitting their data

to an exponential function, in‘:agreement vith this vork.
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A sinyle measuresent uas made vhere foils vere activated,
uvot along the central axis, tut pear the collimatcr wall. In
a few of tne 8C runs, the pneutrons in the collimator wvere
sepérately counted in a disc of radius 1.9 ca and a riang of
inner radius 1.9 cm» and outer 3.8 ce. No difference wvas
found as a function of radius at a given height and the flux
vas taken to be uniform. 7This held true for the fast flux as
vell, i.e. at the collimator®s exit, and along most of its
length, the neutroas appeared to be travelling ipn a uniform
bean and not along sgpherical radii.
| The insensitivity of the distribution slope and the
¢onco-itant sensitivity ct the absolute flux values on the
details of the input neutron spectrﬁn deserve particular
attention. Since we lack a neutron spectroscopy tacility,
attention must be paid to aksolute and not just relative
thermal ncutron measurements waneb trying to deteriine a
possible spcctrum for our source. Unfortunatefy. such a '
situation wakes frecise statements ccncerning the spectrua
difficult siace s0 nucﬂ is dependent on poorly kncwn

&
parameters.

Given the quite sdatisfactory agreerent betweer calculated
and measured thermal distributions, an atteapt was made to
calcula&e the neutron spectra in the collimatcer and at its
exit. Such calculations bhave been made for reactor thermal
and cold aneutron peams in guide tubes (Ch69,Ch71) Ltut not for
high energy («,n) sources tor (n,5) and (n,n*Y) exjeriments.
The matter has received scse experimental attention in fast
neutron cross section studies using D-1 sources. Khan et al

(Kh81) noted an increase in the neutron fluence at a target
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due to a4 collimator aud suggested that the enkancement was
duc to low cueryy ueutrons scattering orf tme collinator
valls., Tney did not measur€ tae enerjy ot the scattered
vcutrons. ine coilimator iunfluence on the D-1 spectrum has
also bheen addressed by inves%igato:s in radiaticn tterapy.
Hannan et al {Ha73) reported the aprearance of a lover enerygy
compoueunt 1a the 1-8 MeV region but found iittle efrect due
to the collimator shape or constituents (polythene or steel).
1ne Jdeyraded neutron intersity increases with decreasing
neutrou eneryy and, surprisiogly, with increasing collimator
diameter. Meaurements of the effect of vax collimators| oa
the spectra of AmBe aund 238Puke sources'have-zeen reported by
Cox and Cleave (Co75) and, wmost recently, sourtfcrd (v032).
both could measure tne neuvutIch spectra to a lcower e€nergy of
about 1.5 HMeV. The two reasurements disagree thrcughout the
spectruw. tor cxaaple, Ccx and Clecave report the sipectrua to
Le aropping wuciow 3 Hev while Mountford shows 1t 1rcreasiuag.
For tne culcuiation c¢ir the aeuticn spectra, an asseably
wasS Siwutatred for which tlLe ﬁepth of water pelow the source
(the reriector) was 40 cm, tte shielding wall was 32 cu tulck
ani tne collimatd® had a diameter of 8 cm and heighkt or 40
Cll. Neutrons were cut off Lelow the énergies of 100 kev.
Countiny sStatistics were low for individual runs. Slhce
dountford zround no ditference within nis errois between PuBe
and Aupe sources and the latter's spectrum nas already peen
cousidered apove, it was used as our input. The resultant
spectrua 1S shown in Fig.IV.S together witn the original.
ror purposes or presentaticn, the data has been Linned into 1

deV intervals (even thouyh calculations vere rade for tne
-
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Figure IV.9

Calculated neutron spectra due to AmBe source

in collimator (height=40 cm, diameter—8 cm)_

O Original bare ‘source spectrum

O Spectrum at mouth of collimator

Curves are eyeguides only.
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Figure IV.10

Spectra at two heights in the collimator due

to an AmBe source. Curve is eyeguide only.

{ Spectrum at 20 cm height.

0 spectrum at 40 cm height (mouth of
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ranges 0.03-0. 1de¥, 0.1-0.3MeV and 0.3-1.0MeV independently)
and the points [lotted at 0.5NeV iuteivals.' The dashed
lines are eyeguides only. The increase in the pneutron flux

*

occurs across the entire spectrum and - is 5% letween 9-10MeV.
®

Though not reproduced here, the spectrum of (NoB82) (seasnred

]

for a 23 ca lony colliaator) is in very good agreement with

ouxﬂz/s vhile that of (Co75) differs sharply. Slight
diﬁ(ﬁfere;ces in the geometries of the moderators cannot
expiain the discrepanci;s and the reasons for thes remain
unresolved. Because of (n,f) discrimination difficulties in
the liquid scantillator, Ecuntford vas unable to extend his
measuremeunts pelov 1.5 MeV. As can be seen in Fig.IV.9, the
neutron intensity continuves to climb at lowv energies. "In
Plg.IV.lO,. we have plotted the neutromn spectra at the
collinator exit (height = 40cnm) and within the ccllisator at
a height or 20 ca. The latter j\sy considerably softer. If
one considers the second case equivalent to a collirmator of
larger radius (collimator diameter to length ratic = 8/20
compared to 8/40 at the mcuth) then this agrees with the
reported obsetvat/ions that wider collimators soften thev
spectrum more, in contradistinction to our imitial
expectations. The amnalogy is not perfect sinceoin our case
neutrons can be scattered kack down from higher regions of
the collimator. Nevertheless, there is at least qualitative
agreement with the publisted results.

252cf has come into use in PGNCA. The lower me€an epergy
and penetratiom of its neutrons have been assumed to limit
its ap“plicat\:ions to grobirg ngar-—surface elemental

compositions in extended objects. Recently, Morgan et al
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Figure IV.1ll

Spectra at collimator exit as calculated for

252Cilf and AmBe sources.

( 4 Spectrum due to Cf

U0 spectrum due to AmBe
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noted little difference ib the penetfation of collimated
neutrous from 2%2Cf and 23%FuBe wvhen using steel-lined,
Pb-doped polythene collimators. The presence of heavy
elerents will of course anave a major effect on the higher
energy heutroas but, as a first approximation, ve bave
considered a 252Cf scurce in a vater shielded collimator.
The spectrum was takenm to be giveggby N(ErlJEpr(—E/T) vhere
T=1.42 HeV (In75). The ‘stectrum at the mouth of the
collimator 1s yiven in Fig IV.11 together wvith that due to
the AmBe calculated above. The solid line i1s the fubncgiun

N (E)« \/Eexp(-E/1.23d. Both the 2352Ct and 24tAmBe specfyra are
softened put they are far frcm sismilar. If in fact the
spectra of }nese types of scorces are similar in the facilaty
of (Mod1), 1t must be due to inelastic scattering on the
heavy metals used for shielding against the gamea radiation

from tne sources.

SECTION IV.u-FLUXES IN IABGEIS

In the 1nitial experirents to measure the activating
neutron flux 10 our phantcm, we used the tvo
source-~collimator configuiations discussed in section 5,
except that we replaced tle small AmBe source by tke 10Ci
one. The experimental method has already been discussed.

The distribution cone expects to find may be cbaracgerized as
‘a Gaussian with an exponerntial tail. The near—surface region
is a buirld-up region where the thermal flux increases with

increasiny depth due to therralization of the incident fast

bean. The far region followe the well knovn exponenmtial
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decay due to thermal neutror absorption as discussed above.
Our first measurements displayed, not the bujld-up region,
but rather a plateau followed by exponential decay. The
plg;eau was caused by the large thermal npneutron leakage into
the phantom from the shield and vas eliminated by surrounding
the phanton with cadmium. Little will be said abcut these
sets of experiments. The distribution vas found % peak at a
very shallow depth of 3.0 cma. (To be more precise, the AtPe
source in the 7.6 ca di;letez collimator gave a peak depth of
2.940.1 cn. The PuBe sources, resting beneath the same
collimator, gyave a peak depth of 3.040.1 ca. Resting beneath
the 20ca diameter collimator, they gave 3.2+0.1 cm. The
la#rge collimator contained lead blocks for ballast.) This is
significauily less than expected for our sources' energies
even when assuming the softened spectrum of secticn 5 ratbher
t;an the original. A neutron beaam of as lovw an energy as 1
MeV (beam radius =4cm, ispinging along the axis of the
phantom) was round to yield a peak depth of 3.8+0.1 cm» in a

L]
MC run. This value can’ als¢ be estimated fros twc group

theory (Lae7) from the eguation— 2. =lgh; 1a{karE, )/ tk—L,)
where z,,  is the peak depth, Ly is the the fast neutron
relaxation length and L, is the thermal diffusion length.
Lp=2.78 ca and for PoBe neutrons in vater (sisilar to AamBe),
LR=1/t=10.310.7 cm (Beb4, Sec.16.2). Therefore z,,, = 5Sca.
Thus it would appear that the neutron spectrur exiting froa
our irradiation assembly is considerably softer thkan thought.
Indeed, a peak depth of crly 3 cm imfplies an incident peutron
energy of only several 10'%s of kev;; (MoB81), well Lkelow the

range of our calculatipns or any available measurements. °
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Tnis may be due to neutrons exiting the collirator or the
shielding asscably. By way cf coaparison, Hernagh (Me?77)
measured a peak depth cf cnly ~2 cm due to a PuBe source in a
vax collimater. This is unusually low and a depth of 4-5 ca
is more typical (La68,Mo081). Though no precise explanation
is &fferéd here, it may be moted that these last two used
heavy metals in collimating the beams while both our facility
(for tne small collimator) amd that of (Ne77) did not.
Conceivably, in the former case, neutrons could be scattered
into the collimator mouth after hévinq lost relatively little
energy in ap inelastic collision on Pb or Pe while in our
case energy deqgradation wvas msore severe due to elastic
scatter on H.

One aﬁditlonal point cf interest is worth mentioning
here. In going from the smaller to the larger collisator,
the thermal flux in the phantcm increased by a factor of
4.24¢0.2 at all measured depths.

Tne above procedure was Abandoned when it appeared we
could not properly characterize the neutron spectrum striking
our target. A sSimpler gecmetry was chosen in which the
origimal AmbBe spectrum could be assumed. The 1Ci source vas
placed on a thin steel platfcra at a distance of 10 ca below
our phantos., The resultant absolute thermal reuticn flux
distribution as a function of height along the axis is )
plotted in Fig.IV.12 in the range 0.3<z514.3 ca. An error of
+5% has been assumed for ¢ach point as estimated from the
reproducibility of results in 4 inderendent rumns. The
?:incipal sources of this error are counting statistics of

the individual foils themselves as vell as of the uraniua
A"
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calibrating foil with sose due to positioning errcr. The
uncertainty in the absolute calitration has nct been included
in this estimate. The results shown ig the graph were taken
from one particular run and the errors on the points within
this singyle rum vere $2%. The distribution peaks at a depth
of 4.640.1 cu.

To extract informsation such as the peak depths reported
above, it was decide to fit the neutrom distributions wvith
analytic tunctions. Given the sometimes considerable
statistical fluctuations in our MC results (partf%ularly for
higher emeryy incident neutrcns or at greater depths into the
phantos for lower energy cnes), it was felt that the
smsoothing resuilting from such a least-squares fit would be
desirable. Ou theoretical grounds, obe could assupe€ the
points to obey a function of the form aexp(b22) for seall z
and exp(-cz) for large z. 1t is, however, useful to be able
to tit tue data over the rull region or interest with a
single function. Fijishiro et al (Fu75) have fit r2¢ for a
point RaBe source in a water sphere using a series of
veighted Laguerre pclynorials. OUsing a modified program froa
(Be69), ve attempted tc fit our distribution for ¢ vith the
same set of polynomials (tc fourth order in 2) but could amot
achieve satisiactory results. #e found it possikble to fit
the data adequately with the first few Tchebeychev
polynoni;ls using

@(z)=[ai+azz+a3(2zz-1)¢a~(423-32)oas(sz‘—azﬂfl)}eip(a‘z)
where the a;'s ére adjustakle parameters. Hovever, a simpler
function wvas discovered tc give pot significantly wvorse

results vith fewer free paraseters:
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d(z) = (a, z+a,) 3 expla,2) -

The peak depth is then given by zNMx----(aia}/a,,bal)/a1 .

Given the adeguacy of the fitting functionm, v¢ vere faced
with tvo choices in evaluating our BMC data. Funs were pade
at energires between 0.3 and 10 MeV for a p;int socrce 10 cm
belov the phantom and irradiating its entire surface.
Thermal neutrons were tabulated when crossing discs of 2 cm
radii at 1 cm depth intervals lying along the cyliundrical
phantom axis. One could then fit each run's results and add
the points evaluatefl from the fits to arrive at tie final
distribution. Instead, it was decided to add together the
raw values and fit the result. It is this which is shown in
F1g.IV.1Z2 normalized to a scurce strength of 2.1x10¢ n/s. As
can be seen, the results agree very vell vith our
experimental points both in shape apd absolute value. At
shallover depths, the exrerimental points are somewhat
higher. Thls may be due to a larger than expecteé low energy
flux as previously discussed or because of neutrons degraded
and refliected Lack into the phantom Ly the steel support.
Given the i1mprecise inforsaticn available about our
particular source's low energy neutron spectrum, the results
in Fig.IV.12 are certainly guite satisfactory. Tke AC
prediction peaks at 5.0t0.1 cm, a somevhat ygreater depth tkan
for the measured. (The value at z=12cm has been caitted froa
the fit because it deviated significantly. This isfroved the

1 4
further supports the likelihocd of lower energy isfpinging

}2 considerably but did little to the peak depth.) This

neutrons. It may be noted that the thermal flux dces not

fall to zero at zero depth despite the éresence of a Cd sheet
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Figure IV.12

Absolute thermal neutron flux vs depth

along the central axis of a water filled

phantom due to a bare 1 Ci AmBe source (2.1x10‘

10 cm below it.

Solid line is fit to the calculated values

¢ (x)—(a1x+a2) a3 . exp (a4x)
*

a;= 1.95 x10~ >
a,= 2.58 xlo”5

ay= 1.1147

a,~ -,2250
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on the outside of the fFhantce. This is due tc neutrons
inside tue phantoa leaking cut. Also, though it may appear
that at larger 2z the experimental points are falling too
quickly wita respect to tke calculated, a single seasurement
at a depth of 16.3 cm in apother runm did not drofp ltelow the
predicted fluxes. Measuresents at greater depths were

difficult due to low induced activities in the foils%

SECTION LIV.7-DISCUSSION AND SUMEARY

FProm the results presented in the previcus sections, a
number of conclusions ®may be drawn ccncerning the importance
of the irradiation geometry and conditions op optisizing a
facility for NAA or PGNCA of extended massive targets.

The neutron beams incident on a target are severely
affected by the collimaticn in teres of both thelr e€bergy and
spatial distributions., Tkcuyh in many published 1eports 1t
has been assumed tbat colliration does little aore than
define tne irradiated surface (as evidecnced by their guoting
the average neutron energy of the isotopic scurce for the
average energy of the collizated beam), it is seen in this ‘/
work that this is far from the reality of the situvation. To
pegin with, amn irradiator can increase the intensity of the
pgutron beam from a soarce cver that expected on the basis of
soyid angle considerations alone. . In the collimatozrs
considered ia this work, this cccurs due to elastic scatter
of f the collimator vall. Foxr a vater shield, inelastic
scatter on oxygen plays a mincr role even at 10 MeV. Tne

increment can be sigmificant. PFor a 40 cam long collimator of
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radius 3.8 ca, the increase at the exit is 5% for source
neutrons 1in the 9 - 10 MeV range, i.e., the highest energy of
the isotopic sources considered here. At lower source
energies, the enbanceaent is greater due to the larger (n,p)
elastic scattering cross section. Additionally, rceutrons
scattered dowu into the lower energy groups from higher
energies also contribute at the collimator exit. The net
etfect 1s to sotten tne sfectrus and increase the effective
source intensity, even at those low energies where the
original source 1s a weak e€emitter. Large diasmeter
collimators may increase the lower energy contribution nmore
due to the larger solid apgle subtended by the ccllimator
vall as vieved by the neutrcn source. MNore Sgurce neutrons
may scatter off it, losing energy before reaching the
phantom. Tnis effect has been claimed by Mountford. It was
not specifically 1nvestigated in the course of this work but
may be sugjested by ocur calculated spectra vwithino the
collimator. (Gur ccmpariscn experiments using the Puke
sources and 7.6 cm and 20 cs wide collipmators are not
couclusive on tals point s£ince in the tormer collimator, part
of the sourcs vas shielded from view of the phantcm Lty water,
vhile in the latter, scme FL was placed in the collimator.
Since the collimator experisents vere eventually dropped,
this matter was not pursued. Nevertheless, the tentative
results seemed to show little erfect on the spectiuam as
neasures vy the peak depth. Additionally, the fact that the
increase in tae thermal tluence due to the larxge ccllimator
vas the same at all depths in the phantom,vould suggest

little difference in the neutron spectra, i.e., a softer
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spectrunm would have resulted in a more steeply falling

thermal distribution. Thus the neutron spectrum of the

‘partially shielded and moderated sources in the sizall

collimator may be similar tc that of the fully erxjosed
{except for some PL) sources in the larger one. 1his is in
qualitative agreement with Mcuntford's results. lavson et al
(La64) found a marked increase€ in the thermal flux along the
center line of a phantom due to large collimators Lut little
change in peak depth. These authors suggested that the
i;czedse ¥as due to thermalization of fast neutrcrs in the
more distant parts of the b:al in the fhantoa fcllowed by
their diffusion i1nto the center. The consistency cf the peak
depth would indicate little change in the incident spectrum

though they found the increase in the thermal flux toc be far

Jreater that that 1in the measured fast dose. The fresence of

large amounts of Pb in their facility wmay make ccmjparison to
our vork difricult. The satter is certainly worth further
investigatiou, particularly by calculation 1n views of the
difficulty 1n pertorming seasurements below 2 HMeV.

¥hen using (n,n'y) reactions for analysis, tle matter of
tfe precise neutron Spectrus takes on great significance.
While collisation increases the fast flux, it increases the
low energy tlux even more€. Given that ¢g(n,¥) > O (p,n'Y) in
most cases, this would increase the background Y radiation,
driving down the sensitivity of such a systea. In this
instance,\the harder the spectrum the retter.

Comparisons between our numerical simulations and

measurements of the thermal neutron distributions in our

phantoas and collimators made it gquite evident that our
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irradiation assembly enmitted a large flux of lov €nergy
neutrons. The peak depth obtained with our original
source-shielding configquration was 3.0 ca. For afraratus
using heavy metals for ccllimsation, peak depths of 24 cm have
been typically reported, indicating harder incident neutrons.
The softenéng of high energy neutrons by Pb o1 Fe is of
course well known and has béen used t& reduce the
fast/thermal ratio in neutrom howitzers (Cox 1974).
Hovever,it 1s possible that a correct configuraticn of these
¢lements 1h a howitzer would result in a harder spectrua than
;:ild appear in their absence as discussed in section 5. The
pmatter has not been directly addressed to date. 1The addition
of an (n,2u) reaction mechanisa to our MC code shculd allow
an investiéation of this effect.

Part of the original intent of this vork was to study the
features of an 1rradiation system for a PGNCA facility to
measure elemeuntal compositices in human beings. Soch
fac11itées have peen constructed at a few lakoratcries and a
number of points may be made concerning general design
considerations of such apraratus. -

The achievement of uriforam activation and detection of
elements of interest is a matter of much concerm. Scme
researchers (Va76,Me77) have employed preamoderators, i.e., a
thickness of moderator interrosed between neutron source and
target, 11 an attempt to elisipate the build-up tegion’of the
activating neutron distritutiom. It is guite evident froa
the wvork reported here that the detailed construction of such
a premoderator must be considered independently for each

irradiation asseably. It is even possible to eliszibnate the
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build-up region by making use of thermal meutrons leaking out
of the collimator shield. However, in most cases, borated ;
compounds are used for shielding to reduce H capture of
neutrons and the resultant Y rackground, thus elixinating the
thermal neutron leakage. It mjight be possible/to reintroduce
a thermal neutron output frce the collimator by lining it
with heavy water. This wculd have the advantage over a
premoderator of not attenuating the incident flux. The
increased captute rate which might result because of this in
shallow regions of the body xight be of considerable '
importance in measuring nitrogen (for protein determination)
in severely wasted suybjects (Ch82).

The effect of colliwation on fast neutron spectra has
been shown to pe bighly significant. It may Le reasonable to
vary a PGNCA system for different tyres of measurements
rather than making do with a fixed arrangement. For exaaple,
if heavy metal liners in a cclliwator do indeed yield harder
spectra than siwmple hydrogemcus shields, tnesc could be used
to advantage in an (m,n'Y) facility, Juite apart frca the
shielding against Y radiation which they would supply. For
measuring near-surface regions the softer spectra frcm a vax
or vater nowitzer might be preferred due to the higher -
thermal flux/unit dose %hey vould deliver (MoB1).

In sunmary, a gyuite simple and straightforwaré Naomte
Carlo code has becn develored to calculate neutron spectra
and spatial distributions in geonetries suitaile fcr PGNCA or
¥AA of bulk targets such as human beings. %e have ’
constructed an irradiatioa facility, using isotofic neutron

/

emitters, in which we bave carried out a3 numker of
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measureaents of the activating neut£§n flux in such
geometries. Oufvneasurenenrs and calqglations are in
extremely good agreement ii\%p recognize that~kncu1edge
céncerning the lov emergy range of our neutron sources is
sparse. Im principal, one shonld‘leasute the qeutzon
spectrum of each particular scurce sinie output may be
inhomogenous and the lov energy part of the spectrum is
dependent on the source ccnstruction. Such measurements can
be extremely difficult and a combination of technigques
isvolving activation foils, crganic scintillators, aad-3He
ionization cha;gers may Le necessary tobproperly characterize
the neutron speétrum leaving a collimator and at various
points in a phantoa. Calculations have shown tﬁe neutron
spectra anﬁ flux tc vary vith collimator constructon. The
addition to the prograa of an (n,2n) reaction mecharcism and
an increase in the number cf homogencus regiops andé elements
vhich it can handle should allcw a convenicent methcd of
studying the eftect of various metal ianserts in ccllimsators.
This would probably necessitate transkerting the frograa to a

larger computer, but its portability would permit this with

little difficulty. }
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APEENDIX A
’

It is obvious that a source emitting neutroms cnly into a
cone is equivalent tc a scre intense isotropic'sontce, as
seen by a target within the cone.™ The relaticnshifp between
the intensisies of such sources is deterained by bow much
solid angle is subtended Ly the cone (FPig.Al). Fcr a point
source, this is rather easy to determine. )

JFor a point source of intensity S, the numsber of neutrons

passing through a disc of radius L, is the neutrcn current

(NC) ton S/ss0
T MAK 5
NC = Jd’f —32— r'smede- 3/ smede
5 Yrr
=]
s -{ (N
S [1- cos (mn o))
Therefore, if S' neutrons are emitted into a cone of
Ggﬂl=tan°‘rblssn, this is e€gunivalent to an isctrcpic source
of strength
S=25'/(17ccs(tan—lr /SSD)) .
The neutron flux (lF)dcan also be calculated 4n this case.

éach neutron is assigued a weight of 1/cos , as seeh in

Fig.A2. Therefore,

—_ SmO
f CoSO de -

= -5 In[ s (™ o)) N

]
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Figure Al

Point source emitting neutrons into a cone.

Figure A,

A
Contribution of a neutron passing through a

disc of unit thickness at an angle 6 to the
normal.
Contribution to current =1

Contribution to flux =-]/cos8
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APRENDIX B .

~

The following is adapted, from . (Cu65) and (Fe53).
Equation I1II.7 actually refers, not to the thersal flux

{vhich is the flux of all thermal neutrons lusped togetbher by

the integral (see equation II.2)
O.laV O.leV

%"I $(e)dE - ] ne)V de

but rather to the flux, Qo, vhich is calculated by assunming
that all neutrons are at thke energy 0.025eV, corresronding to
a velocity :f v, =2200a/s. v, is the most probable veldcity
of a Maxwellian velocity distribution at a teaperature of
T=293%°K and is givem by v,=2kT/m. The neutron flnx. as a ,

function of velocity is given by

- 4 3 -V
Q(v),- ;’3%,"; v &

-
vhere n is the neutron density. Assuming that Ltelov a

resonance the cross secticn of the foil is prcportional to

1/v so that cg(v)=Qqyv, /v, ¥e have

*

v/\g‘

R, - vao 3E)o () dE = Nvo sz?fo vie "Tdy

= Nvg,yn = Nvo §

vhere the integral should really only be taken to the maximua

s

thermal velocity. Since the integrand drops off guickly, an

upper bound of wis valid.

The average (thermal) flux can be showa to be

éﬂ, . -—%— B, - 128 A

Since cross sections are norsally gquoted for 0.025¢V fluxes,

@; is the appropriate distritution to be used im activation.
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APRENDIX C

The following is adapted from (Pr76) and (ANLEEQO).

An activation foil vill generally absorb enough neutroms
to perturb the flux depsity in its environs. These
perturbations are identifiable in two categories: (1)
self-shielding, vhich is the reduction in flux density at the
interior of the detector Ltecause of attenuation in the outer
layers, and (2) flux depression directly outside the detector
due to ncutron removal- a neutron vhich has been captured can
no longer contribute to tke flux. The second is of no
consegjuence in seasuresents in a neutron beas even though the
flux behind the foil is lcwuwered.

Pig.c‘l‘ is a sketch of the situation at hand. i is tbé
onperturbed f£iux prior tc absorber insertione. <§s> is the
average surrace flux at the absorber boundary. <§,> is the
average volume flux(inside tte absorker. g(x) is the flux at
a distance, x, fros the fcil in the moderator. 7Then the flux
density depression factor at the surface is given by

F, (X,t)=<§$>/§o
where J=2X(scatter)/Z (total) is a parameter of the medium in
which the foil is imbeddec and T=Z d vhere ¥ is the
macroscopic absorption crcss section of the foil, including
processes such as (n,p), (n,2n), etc., and 4 is its
thickness. A number of calculations and measurements are
availabl®ufor evaluating F (¥, T). These will not Le detailed

here. Measured values for Ed(x.‘c) in vater as a function of
y -

- T are presented in Fig.C2.

Plux density depressiocn at a point avay from the absorber
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deteraines how closely foils can be spaced without

interfering with one anotker. The values of 4&1)/50 are

plotted in Fig.C3 as a function of x in water for Mn foils of

radius 1.2ca. The yraph has Leen calculated usi#g

0. . L dm [t AT
te

8, e (F2er) 00 [1- %]

vaere for water L=2.76 cm is the thermal neutron diffusion

length, )tr=°‘“3c“ is the transport NFP, ‘l=0.14cn is the
scattering MFP and f(t)=(0.S—E3(r))/(.33+zq(r)) wbere Eg and

E, are exponential integrals tabulated in several references

v}
(eg. ANL5800)., The equation should be considered valid only

for x))s, i.e. avay froam the foil surface. MNote that the
equation 1s gyiven incorrectly in (Pr76).
The selr-shielding factor is defined by

F, (t) =<8, >7<§> .
For thin foils (T<0.05), a valid apprroximation is given by
E (z)=1-T(1-1nT) for a foil in am isotropic (cr nearly so)
field. For a focil pergpendicular to a neutron beas,
E, (t)=(¥exp(-T))/g. If the foil is at an angle, &, to tae
beam, T is replaced by T/cos® Lecause of the increased path
lengths of neutrons in the foil. The normal Leam and
isotropic cases are plotted in Fig.CA4.

The integral flux perturtation, i.e. the combined effect

of the FS

of radius 1.2cm is given in Fig.9-4 of ANLS5800 as a function

and Fy factors, in vater for a disc shaped #an foil

of T. lor un,ﬂggfw-oea ce—1 apd, in our case, the thickness
is d=0.0125ca éaplyi.ng T=0.01375. <§v>/§. is then

approximately 0.95:0.05 sc that a measured flux is at most a

very few percent off the actual. For the placement of foils,
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the perturbaiiau 1S very cxall at a distance cf 2¢s froa our

foil (Fig.C3).
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Figure Cl

Geometric sketch of flux depression

and self-shielding.
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Figure C2

Measured flux depression due to an In
absorber disc (r =1.2 cm) in water as a

function of 1= Zad.

(j Adapted from ANL5800,Fig.9~2s
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Figure C3

Calculhted ratio of flux near foil to flux
far from foil for a Mn disc (r =1.2 cm) vs

distance from foil,
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Figire C4

Self-shielding factor for normal beam and
isotropic irradiation of a plane foil vs

foil thickness T-Zad .

Calculated using eq.14,15 of chapter 7 of (pr76).
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