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DEVELOPMENT OF NQUTRON LEAKAGE SPECTROMETERS

WITH EMPHASIS ON THE keV RANGE

Ph.D. = ~ ‘Rudolph J. Henninger Nuclear Engineering

Chairmaff, Thesis Committee

- ABSTRACT
:Caléulations were performed to design and'analyzé'
a set of neutron'spectrdmeteré'consisting of cadmium-covered,

sﬁhefiéally-Shaped,resdnancé—ébsorbing cores, surrounded

-5y'Various—sized polyethy1éne spheres. - Some of the detectors

had an additional layer of boron around the polyethylene.

Bécauée'of the combined effects of 1éakage (hence the

_ﬁame)landeoderatiOﬁ in the.pblyethyiené,‘the measured

activation of .the fesqnancé absorber depends on the incident

neutron energy, with a maximum in an energy range determined

.by the sizes and properties of all the materials) This

response is proportional to the adjoint flux, which is
calculated by the multigroup'diSCIete brdinate transport

code ANISNf ‘'The adjoint boundary condition is the probability

that a neutron enteriﬁg the core is captured there. It

'is assumed that-thiS'probability is indepehdentvof.the'

»presencerf'the surrounding materials.
' Calculations Were-pérformed for polyethylene sphere

diameters varying from 2 in, to 10 in. to find a set useful

"~ in 'the keV region. Some of these calculations'wére éompared
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with eXperimehts'performed by S;_Bihney and'Hans Mark
hsing nearly'monoenergeﬁic;keV photonéﬁtrohs; The experi-

vw;gental-reSults‘we;g_;ypica;ly gbbpt 3

- -— PP e et

those calculated.

0% different from __
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_INTRODUCTION -
. ‘The measurement of neutron énergy distributions is
impoffﬁht for manyvapplicationé of nuclear ehergyx.,Checking

calculations thatbﬁrédict:the behavior of the "fast"

reactoré'ﬁow_being‘developed:réqdife this knoﬁledge. This

née& is’ﬁatticﬁlarly'acﬁte iﬁ‘tﬁe_enérgy'region'between_
l'kev ;hd 1 MeViéincé mo5tHof fhe:fissipnﬁeventS'are.
inifiétéd.there.v For'an§ sdurée of ﬁeutroﬁs; calculation
of botﬂithe heqtfon.ihducéd‘biologféai doée rate and flux
atfenﬁafidn by~shiéiding'materialfréquife-kndwledge of.the
Spect¥ﬁm; éincebﬁhe relat;vé”biologicél'efféctiveness |
depeﬁd§19tr6ngly:6d neutron'enefgf, ' |
.'Within'the'thétﬁai'and epithéfﬁalvrangea; foil
aCt}vafiBn”techniques ha#é been employé&vextensiiély to
meaéufé spectra..?Tﬁis method is very convénient_since

the foils are very smali and can éésily be placed in many

posiﬁions'insideﬂof assembiiesu .They are\éfficient, so

that veryasmall'quantities.of material‘can‘be used, hence the
fluxvdistribution_is not disturbed. The crosé sections for

activation in ;hié energy range are'weli,known; and, sihce_

it iélghe radioactivity induced in the foil that is measured,

the féadings-do not sufferAffoﬁ‘interference by gamma rays
nor "flooding"'from 1ntense>neutron pulééé; Finélly, the
exiétence_of lafge resonances'i# the cross sections at

epithe;mal‘energies makes it felatively easy to interpret

the activation measurements in terms of the neutron flux



over a.usfrow enefgy_range;

| Activatiou methods,thWeQer;‘do notdwofk well in
- the eheréy fegion.betweenvl keV and 1 MeV._ At these ‘ a
energies;.there are no isolated activation resonances which
cen he*usEd to define-s narrou band; also,the eross-sections
have not heen measured precisely enough 'Meehshical
choppers have also been used with success in the eV range
but above.the low keV range theirdresolution becomes'
unacCephable. | | |

' Ahove'l»Mevﬁspeetsa can be measuted‘byemesns of
th?eshbld:detectofs;'nuelesr:emﬁléions;‘semiconductor
detectors of-profohhfeeoil spectrometers; Attempts to
hexténd thesevme;hods doﬁnward_in energybhave me;bwiéh
serious difficulties.s Thresholds'for nuclear reactions
are too high (above 1 MeV) for this method to be used.
'Proton recoil,‘nuclear emulsion, and semicouductor‘detectors
wili ope?ste”in,the'kev':ange; but.genefally resoiution
‘restricts ;heir'Qséfulneéé to the.very7highfkev range‘and
ebove (a good ;evieWhof hhevapplieability_of these detectors"
voan be found in Ref. Ki60).'<Cood measurements inlfhe keV
:suge:ean he obtained ﬁithvtime—of-flight methods, but
complicated equfpment is~required as well as ah.aperture .
for. bringing out the neutron ‘beam. | ‘ i

In.. considetation of this gap in the field of neutron'

»spect:ometry, the'pugposevof,thls work will be_to:adapt‘

activation techniques, with their inherent advantages,
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to measure neutron energy distributions in the keV range.
Gold foil activation has been a traditional method

for determining certain flﬁx.properties in thermal reactors.

The readtion

lngﬁ-(n}Y) lgBAﬁ

has a'strong rééonanée"ét”an;incident néutrdn énergy of

4.9 eV.é Below thisbénergy,,théfcrdss»section is épprox-

imétely inveréé1y'pfopbf;ional‘to the-squaie»root of the

incident'heutron energy (see Figure 1).

A limited amouﬁt of spectral information caﬁ be

obtained by the so-called cadmium_fatio measurements. The

activatibn of gold féils sﬁié1ded*with éadm1um,'to.remove
thérmal_ﬁeqtrbns (seé'Eigure 1);‘determinés‘essentially
the neutron flux ﬁear_five electron volts, provided the
spectrum tapidlY'decteases with inéreasing'neutfon energy.
The differéﬁce'betWeen the counting'fate of an activated
bare fdil_and a pﬁdmiuﬁ-co?ered foil is - a measure of the
flux below the'éédmiﬁﬁ "cﬁt—éff" energy at 0;4 eV.

The same principle.cén be applied with other elements

Having strong capture resonances in their cross sections.
' The induced activity of a foil exposed to a neutron flux

:¢(E)'is proportioqal to the integrél

I= | ¢(E)O(E)AE .
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If the flux has the form

whiéh'ié'approximatelj,thefcase for the epithermal flux

in a large non-absorbing system, and the croséjsectiOn‘

"0(E) is dominated by a single large resonance, then the

aqtivgtioﬁ of a cadmium covered foil is. given by the
resonance”integral
[
et ®%  aw

,4eV 

where the'lower limit has been set .at the cadmium cut-off

ene:gy;  Thé cédmiﬁm'cdver is used to eliminate fhe large

R

,éctivation due to thermai neutrons. Table l'lists the

elemeﬁts,génerally used as resonance absorbers, along with

thé>héifvlifevof.the isgtopes resulting from-éaptﬁre,aﬁd

" the resonance integral.

Several fheoreth31 methods for converting the

obsgrved:activifies'of"the different isotopes into usable

_vinforﬁation abcut'the neutron spectrum have been devised

for the gegion_indicaﬁed’in Table'l; However, théaactivation
method deécribed :hus»far are not useful in the -energy
region of_inperest withogt'further modification.

A "spectrum shifting" method will now be described

~ which will make it possible to use these methods at higher



_ TABLE 1

TSOTOPES USED FOR ACTIVATION ANALYSIS

Element

Resonance

Ires(y)

1In

~ Energy (eV)

1.45

2060

Au

- 1543

Mn»_n

- .337

15

W

- 500

Co-

132

 ANa ,

2850;_7
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"symmetry,.which Were originally pointed out by Thompson.

energies. In 1960, T. W"Bonnervdevisedfa multisphere-”

.technique for measuring the neutron spectra produced by

isotopes undergoing spontaneous fissio Br60 B°6l, This

method makes use of the inherent advantages of spherical
Th53_
The "Bonner sphere consists of a lithium iodide.scin-
tillation crystal,'which is sensitive to thermal neutrons,

surrounded by a polyethylene sphere (Figure 2) The

polyethylene (CH ) acts as a moderator for incldent

neutrons, slowing them to thermal energies,‘where they
canﬁbe'detected by the lithium iodide crystal. |

‘The responSe of eachisphere was measured by.means of
mdnoenergetic neutrons produced by a”Van‘de'Craaff'accele
eratorﬁand’a'7Li(p n)’ Be reaction. . The results obtained
for different sized moderating spheres 1is ShOWn in Figure
3. As can be seen in the figure, the-response functions
peak infthe energy-range’from ahout:{3'eV:to_4 MeV. |

ihe,explanation'of‘the peaking is.simple: at ‘high

incident'energies, most of the neutrons leak out of the

detector before they can scatter enough times to become

thermalized and hence detected. On the other hand, a .

large fraction of the incident low energy neutrons becomes

'thermal;beforerreaching'the center, and therefore leaks

out before being'captured‘there The large thermal
scattering cross section of - hydrogen in the polyethylene

enhances.thiS»effect.v A neutron entering near the peak
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- 3: :  ;!TN)CNEFGTiHQI'-:"g . o o

- scintillator

..     ‘)”1€    ?“  e

~  XBL7012-4206

,_;FIGURE,Z.fZBbﬁne:,Leakage Sp@ct:qmeter.:'
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undergoee,von the‘average; thelhumher of collisioné.reduired
'tohreach:thermalfedergy'at Lhé‘ééntet. Sidcetthe peékihg
is caused by 1eakage, this type of spectrometer will be
referred to here. as a "leakage spectrometer (LS).

| A»reduction in»the size of‘the Bohner Leakage'SpeCtro-
meter,_eomepofhwhich_reachhlév in diaheter, Vould be an - «
important'improvemeht-;:fhie can be.accompliahed by
replacing ‘the lithium iodide crystal and the necessary
.light pipe and photomultiplier assembly by - something that
would detect‘neutrons at a higher energy,_hence,-requiring.
less moderatorf Afcadmihh'copered actiVationffoil>can be
uaed asredch.a detector aﬁd;itherefore;:aeems'a»good
choice.:.ld thie'waj; incidentvhighhehergy,neutrone'(keV
and”above)Hwill he"shifted_toiahdenergy'regiod.in'which
vtheylcanrhe detectedpﬁore eesilf;ﬁ. | : |
'Ahother important;edvantage oﬁ'using.amcadmium covered
b_resonaoce abeorberloccureﬁio theicalculatiod:offrhe_response
.curvea;f hecause'of“theiscarcity oﬁ monoehergetic nectron-
sources in the.kev rangeufor ose-in»calibratioh,'calculations
muettbe heavily.relied upon add anylsimplificatioh of them;
ie-helpfﬁl. lAt eneréies'abbve the cedmium:cut-off the. |
_huclei,with'which the heutrohspihteract may_Be_conSidered
'stationarpchmpared to_thepheutrons,_addvchehical_binding
effectahthat are‘importaht meinly at thermal energies:may
be neglected.v | .

When the thermal detector is replaced by one for the
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eV‘range;”and the anount'of polyethYIene is reduced.sogthat
thevpeak sensitivityAis at the same énérgy,'thé resulting'
response shape remains approximately the same at all
»energies.' In particular, the resolution of the smaller.
'sigedﬂdedectorsAremains_poor. The response can be con-
siderabiy éharpeneds‘houeuer,_hy adding ahlayer'of:horon
.around:the outside of”the‘moderator; Since horon.is a
l/vﬁabsorher,'lower'energy neutrons are preferentially.'
vremoved; This effect can be seen in some curves calculated
by SK. Meth Me64 Me65 who.used_spheres, as Bonner had
cdnstructed modified in this manner._ Figureﬂ4 shows the.
' lowering of the response ‘at 1ow energies and the. shifting
of the peak response to- higher energies w1th the addition
vof a layer of boron.

- The proposed spectrometers consist of a cadmium
'covered resonance absorber surrounded by variOus sized
polyethylene spheres (Figure 5). ‘Some~have-an additional
layer of horon.~ In the following sections, the use and
design of-this new spectrometer will be described, and
calculated response»functions will beggiven for several
sizes and resonant absorbers,. An-experiment'is hriefly'
descrihed,”the results of which'aregcompared with the

calculations. -
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II. -THEORY

A, ‘interpfétaﬁion of Meésﬁrements by a Leakége‘Spectrometer

14

.Ih this'seétion’avdéfiﬁition Qf what a Leakage
Spedtrbmetér-(LS) measures will be made,-_Whére_andfhow'
. a set of LS's can be used for determining neutron spectra

will then be discussed.

Leﬁ.F+(E,u) be the p:obabiliﬁyzthatfa-neutron having -

'apieﬁergysE;ahd @aking'aﬁ anglé_coéflu withithe oﬁtﬁafd
.P‘Qintin'g-vnormal. at the surface of 'th‘_é -spectrdmété'x;.,.: will
be aﬁédfﬁed-in thé core‘materiai;‘fThis.quantiﬁy-depends
‘on ﬁo angles 6thér';han-éosflu bécause‘of'the'spherical
-symmetf?;  Furthe;ﬁore, since iny'incoﬁiné_neutrdns can

be absorbed,
~F'(E,u) = 0 for u>0 .

W'Let”F(R,ﬁé,Egﬁ) be the angular flux at the position

(R,ﬁo) with energy E.énd direétion-§ as shown in Figure 6,

Here_R;is,the fadiuérof,the spéctrométergfso'the'flux is

 eva1uéted at its.surface;';With_thié angu1ar flux,
 F(Rs§°’Es§)R2(—§Q§b)d§°d§dE _neutrons/sec
enter -an area R'd o on . the surface with directions in d

_about7§{ Thus A, the number of abéorptions:per second.

in the cére materiai fqrrthe flux-giveﬁ, is.

o~

¥
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XBL7II-2735

"gFIGURE_6; :Geometryffor‘Célcuiatiﬁg L.S; Capture
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A=) el aft dEF (Ef-§4QO)FCRiQdeQ)(_Q'QO)T

g0 (1)
N

At saturétion'thé'number of absorptions per sebbnd
is eqdél,fov;he.actiVity'of'the-éore-materialf

We now define GLS(E).the "effective cross_sec;ioh of

the*épedtfometerf;
® TAmA® o an

whefefA(E)dEiis the,numbef‘of neutrons ébsdfbed'thét enter

at energies in dE and.

) $f$ﬂ%# A d§°_-v2'wd§F(R,§o}E;§) .:V 1 :' ‘ - (I1.3)
| 4m 0 5-§-<0   o o '
o Q__,_..
3 Wil;”ﬁe_;hpught 9f.as ghg_avgraée'inﬁard'écalar‘£IUX.
which undér certainACOnditions_méntioned bélow ié.the
'scaiarjflﬁx "at" thegsurface_qf the LS. ~Théfsaturated

activityitheﬁ beébmes

A= | A(E)AE = | $(E)G ((E)AE .
qu_if‘ﬁhe-anguiar flux.F(R,ﬁo,E,ﬁ)'fOr'neutrons entering
the LS is indepéndént‘of,pbsitipn on the'surface of the

.LS; thén"



6»./

I - = }dﬁoj aWF(R,E, D) = 9(8) ,
Rau .3.5 <0 ’
.. 0

the scalar flux on the surface because the integral over

inward half covers all'directions as the integral over

) 50 is'perfdfmed} ‘Under this condition

‘ 4Wx‘_'§;§oéo.’ : '
but
J B, e, - J BB F (2B B

4 . ' §'§ <0
o . , , "o
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% 1s the inward half of the scalar flux at {_, but this

= -2 [ duuFT (E,u) = 2137 (B) | (II.4)

-1
indgpendent’of §o-and G. It will be seen ih'a-séction 

that fbllowsuthat'Jf_is the adjoint current. Thus,'

A(E) = .ZnR?J*-(E){ aBF(R,E,D) = 27r.RI2J+j.(E).¢’(E)_

K%

-'and:by_definition

N S
qLS(E) =v2ﬂR J(E)

(Ii.s)
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‘We-see then that“if the.incomingvangular»flux (no matter
how anisotropic) is independent of position on the surface
of the LS A dependsvonly_on ¢, therefore scalar flux is
measured directly.

For. illustration, consider,the:special casenof a black
sphere (F (u) l i.e;, every_neutronventeringfis absorbed)

and a monoenergetic incident'flux,,eFor this example

0 -
OLS = =27TR uduy = TR
-1
leading:to
A'=vﬁ32¢“°

This_edua;ioniis.clearly-true for aimonodirectional beam,
v5f3f1u§'¢; for_theVblack sphere'Qill'simply.remove‘neutrons
presented to its cross-sectionalbarea, In the casetof the
black sphere'immersed in an infinite'isotropic bath of
'neutrons the number absorbed is the number crossing per
unit area (the inward current J- ) ‘¢/4) multiplied by the
surface area»4wR2 | |

If the angular flux incident on the LS varies slightly,
then the average inward scalar flux ¢ is approximately
equal to the scalar flux. that would be at" the center of
the sphere if all’ neutrons actually heading for the centerbl

frem the,surface reached it; Thevreason is that each'point

on the'eurfaee contributes only one direction to the flux

\i’:
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at‘the“center; and together all the surface points give
contribntions”from all poaéible directions. ‘Besides,
F+(E'u)'is peaked'at p=1 (seeLFignre 21), so that neutrons

heading toward the center are heav1ly weighted in this

‘bmeasurement. Strong motivations for making the spectrometer

as:snall‘as'possible are that ¢ becomes the scalar flux
and‘that'its presence}does not.alterpthe spectrum it is to
measure:;p . | |
We'have considered only what the LSvmeasnres in
terms'bfjthe flux at'thelsnrface.infthe‘presence of the

sphere. In some cases’ this flux may not be different

“from that which is present when the sphere is removed, such

as if»the spectrometer were'to be placed in free space'
far fromdother materialleith which'neutrons could'interact.
lhe spectrometer'would thns be‘ﬁseful.forvmeasuring.stray
neutron'fields outside'of shields,'critical assemblies,
or.inhrelatively large.caVities withinvsome sYStems; .In'
some systemsvthe spectrometer'maydbe placed within a
nedinmzsuch as water andnnot distort the incident spectrum
significantly. ‘Thus it may be nsediwithin aqueous.shields,
without having to correct the-spectrunvobtained.

There are situations, however, in which-the incident
flux will be changed by the presence of the LS. In theée
1nstances, it might be possible to correct for the influence

of the LS fairly easily, egg..by‘considering the media

as'locally infinite (like-the'treatment of thermal flux

19
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depression by foils) or if the geometry is spherically:
symmetric (such as including 1nftest Calgulationé-the
effects of placing an LS at the center of a large cfitiCal

_sphereSFﬁs);

B. .Déférmiﬁigs ;ﬁe Spedﬁfup from the Méasﬁréménté‘
 Thé1fesd1t$'of the_éxposuré ofua set of Mﬁspéctfd4_
meféré is givep bj M intégral equatioﬁéiqf?the form
A= k|0(BIOR (B)AE o me1,2,..., o (I1.6)
'whefé k is ‘a constant depgfmihed by the fbil countihg
vtécﬁnidqé emﬁldYedE;énd ¢(E)'is the'fiux for.which the
énergy'dépgndence is désiréd.-ldne method of obtainihé
anVéppropriate'expreésiqn‘fo£5th¢“flux is ‘to parameterize
an aééumed function7fof_if and ﬁhen'&etermine_the‘parameters.
Thié:was.&éné by'usiﬁg Boﬁhéf'Legka%é Spectrometers to |
obtaiﬁ én'expfession fdr fiésioﬁ spe§tfa.qf the form
.(VE eip;aE); This fﬁrmfwas substitutedvihtq‘II.6, which
waSﬁthen.eValuated nUme#ically to obtain a. Bonner per-
fdrmed.meaSuréments-wifh spﬁereé‘havingvdifferent radii
to ﬁérif& the éroqeduré. if thé samé a was‘§5tained for
each,spheré; the method was coﬁsiderqd valid;'_Mo:e-general
tyées3of:$pectfa wduld'réq;iré mqré:pa¥amete?§.' One:methdd
might.bg a,@ultigroup ahélysisi ih which ‘the neqtron f1ux
,is.expréssea”és a Qum'pf-N gfoup,fluXés-¢(En). A ’ the

m

activity of the core for a particular'spectrometer_m5 is.



'bgén séived by using iterative techniques.
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assumed.tq be given by

A =K \ ¢ (E_) o2 (E)dE m=1,2,...,M _ (I1.7)
Tm S n LS* _ : ]
L L _ :
. n=1 v AE
N ’ n
or
X = «I$ (II.8)

where g'is an MxN mat;ix and & and $ aré column‘yéctoré.
If this experimentvis ﬁeffprmed.for.M(=N).differeﬁt
radius—fdil'cbmbiﬁétioﬁs, thé métrix equation Ii;8 bécbmes
a set of,simglténéous éqﬁatidns; The group fluxes can

be gquéd fo:'if the'xeSPOnsés are'lineariy indépendent,
A'genéraliZed'fCrmvéf II{S Can'be Obtained By-assuming

that'the.neutron spettrum_is‘expreSSed by a sum of,Nv

,Iineariyfindebehdehf'given functions fﬁ(E),

¢ (E) =Z B fa(B) o | S -~ (II1.9)
Since fhe-humber of'détectots:equals.thé qumbep.df activity
equétibng,‘ﬁhe N parémete:s a can be detefminéd uniqueiy
only ifvﬁ is not greéter than the number of detectors.
' EQuatiqns'iike iI,é'fér.bare foil activation have
- ' | ' Mc67,Mc69 n4 o

procedure involves selection of an initial spectral

- approximation and its subsequent correction to obtain
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'a fit to the activation data. A,least sQuareé method has
alsd'been'uSed'with success to determine the coefficients

a of I1.9 by minimizing the quadratic form

N o , . Di65

o
-k Z a_ Jvf (E)o™(E)dE |2
. n n :
A -
. ;Gob4 : o ' : . .
Gold . has stated that, in general, the approximate

soiutibn should pr@pefly satisfy thé ée; df.integral
equations‘II.G andvcertain-SuBsidiary ponditions imposed
by physical considerations (non—hegativity,_etc). A
generalizéd'formalism; which includes a coﬂtrolled‘degree
-of]smogthness ér'closeness to a given approximate solution
._fbr.11,6, was51n£rdeqed and’coded by_Routti;Rosg
‘_Calculations_of_responses for a set of speéﬁfometers
Which.iend'themsélves'to_the above methods f§r spectrum:

detérmination will now be described. -

C. .Method of Calgdlatiﬂg Résponsé Functions

| Ihis seétion Will'be'devoted to‘tﬁe metho&s fof
determiningchs(E); the'fppction whigh, if.multipiied by
the "scaiaf" fiﬁx»and integrated over energy, yields the
éaturated aétivity éf.thé absorbiﬁg core‘of_the LS. fThe

.connection between.F+(E;u)_from'which-c (E) is generated,

LS
‘and the adjoint flux will be made. It will be seen how

?thg adjoint flux is determined by the code ANISNEn67

using a boundary condition and/or adjoint source.



The ‘adjoint fluxvﬁay be interpreted as folloﬁs.

Let g,lcalled the traﬁéport operator;.be defined as 7

: §~VF‘+ 2tF ;l,du‘-Vdﬁ{F(?;u,ﬁ)Zs(ui+u§§"55\

o]
o
"
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sGEu® o a0

where F(r;u,ﬁ) is the angular. flux as in II.1 with the change-

-~ of Variéble u=2n Eb/E-(u is called the neutron lethargy):

E, 1s some reference energy (here Eb'=10.7 eV). The first

and third terms on the right hand;Sidé represent neutron
S :1" . . -;Q} : BN L _ :
gains to the phase spacg_point'p=(r,u,§) from streaming

and'séatfering from higher energies respectively, and

the second term trepresents removal from p due to collisionmns.

' - : " -> 5
L's are macroscopic cross sections, and S(r,u,{) is an
external source at p. II.10 may be written in cperator

notation as

HF = S . I . g , (I1.11)

, F is uniQuelyvde;ermined_by II.11 and spécified boundary

éonditidns.

 Forma1ly, the adjoint opetator’ﬁf'is defined by

+ +

*,mm = @'FLe S  (11.12)

—



where F is:any fﬁnction'ébéying the boundary cbndition
for:thé'flux'in II‘ll;gna F'ois any function obeyiﬁgf
certaih boun&ar§ conditions which makéuII.lévhoid; Here

the inner prdduét,*(f,g)_ié'the integral;

C(£,8) = {£(D)e(@)dp .

The normally bresent’COmplex conjugation 1is absent bécause 

‘

we are dealing with real functions.

: S . o v o o R
Now we consider the particular "adjoint flux" F

satiszing HfF+=S+, and satisfying the boundary_conditions
ofvthe general F+.in_II.12;-vThe adjoint source S+ can»be_
choSenuérbitférily. When '§ = (;-;o),’the Dirac délta—

functiqn,_is.subStituted intqlliﬁlzr

Since
ECTE R
E+i;°) = <Sf»FX

 F‘is, hdwevef,.thefGteén's fﬁnctibn;vi.é-;fthe'flux due

to a unit source at P, ~Now if S is taken to be the

\

_cross section for some physical process, then the adjoint

24
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fluk aégé ié sgen té Bé_j#é; thé-rate'ét which the physicai
pfoces§ re§resented»by the cross éectién'S+'occurs thfough_
O;t the system phase spaée when a unit édurée is.intfodqbed.
at 30; vAny cross seétidn'iike quantity can be use&'fbrv
 the édjdiht‘sdﬁfcg'aﬁdreach one will give rise to a
distinéfﬁadjéintisolﬁtionw ~Stated another way,'the:adjdiﬁt_
flux is_the probabiliﬁy'ﬁha£ a néﬁtron at ;o will eventually
leéd”tgla process denoted by S+ somewhere in the system
ﬁhasé space.5¢§9v |

‘With this inte:ﬁretatioﬂ'of,thé adjéint flﬁx it‘is
cleaf‘fhéé the fﬁngtién F+.defiﬁed:iﬁ SECtioﬁ Ii.A_is_ﬁhe
adjoint flux for the process of beiﬁg éﬁsorbediwithin the
LSfcbfé,materiél;' Weiﬁpfn ﬁowvto tﬁe-calbulation ofdthe

(E).

adjoint flux and from it, via II.4 and I1.5, o,

TheAééde ANISN, a one dimensipnalvmultigroup discrete .
ordihé?é:;rapséorf'éode; can be'uséd.to célculate the
1adjoinﬁ«f1ux with some changes in‘tﬁevinpUt data and
,.thé_in;erpretétion ofhfhg aﬁgdlar‘flux. ~For a more detailed
diécuSSibﬁ ofvthé AﬁISN method for'éalculatiné direct flux
‘éee Ref. La63 and Tr68.‘ Hére we will summarizé the devel-
opmént of the group-équapibns.fq¥_adjoin£ flu#'with the
detaiis.left to Appenaix A. II.12 is found to be satisfied

- if the}adjoint opérétionnis

i rt

H = -B-vrt +‘th+ @, x

X ZS(u+u'{§55'). n . .  '_'(II.i3)‘
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with F (r u 5) =0 for 5 n>0, where n is the outward normal
at the surface of the syetem;_ We flrst assume that the
adjoint:flux can:be‘divided into G eeeréj groups,. with
groub g.exteneing from“hgﬁto ug+l. 1Furtﬁer, we asseme that
thergreupsAére fine enough that'the;édjpint flﬁk.ﬁithin
eaeh grdup:may be.taken ae.e"coﬁetant7wﬁoee'value F;(r,u)

is given by

At

o g+l . ‘
Free,d) = | F(r,u,8)du/bu
8 : . S S 4
u
4
where Aug = g+1 ué{_‘The.grOup adjdint.flux isvdefined

in this manner so: that when it is multlplled by the group
flux. F (r 5) (1nterpreted as being the integral of’ F(r u,a)
over-gvin group g) and integrated over 5 and 5 the

~saturated activity due to incident neutrons in' g results.

A ;[da dst(Ra Be! (R-m)(ag)
4 5 5 <0 :

The total activity is thenvsimply a_suﬁvover‘g*

G
ZA
g’

g=1

o
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If we appfoximaté thevécattering kernel by an Lth

order Legendre expaﬁsion

22;1 B, (u +u)P (u )

then fhe édjoint kernel is

T 2041 o
"4U By (uru )Pg(uo)

5 (u+u 8%y

where U, is ‘the cosine of the angle between g' and @,
and BZ are determined from cross section data (see Appendix

C). 1If we apply tﬁevépherical harmonics addition. theorem

and>partialiy perfdrmfthe‘intégration; the adjoint equation

with spherical symmetry may be written as

(-1 gy - T g T E (ruw)
. L = | : : 1
zg: ngl P (u) '-&uvnz(uéu’) Cau'P (W F (r,utut)
L A | |
- 's;'(*r»‘-%s'u) P ST R (I1.14)

'Applying thé operatar .

. 1
_K;_ ‘du
4



vtovII;iéfhé;obtéiﬁ

 ﬂ. du S (r u,u)/Aug

g f[-:'-‘-_l.g'f-i-‘i'f g+1 E T PP S R
Fao o du | idut By (u+u )F (r, sv°§5-"‘

g +1

where

“*ff*  LjV . v:11 .'7
du B (u*u ) ?fBgtsﬁE;j(r}Uf)j c

28

f_v”pil,lsyf_‘

Thus, the ‘scattering kernel for the adjoint problem is the

oA
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tfanéposéqu.tﬁg'kéfﬁgi fof the”fbrwéfd_problem, The multi-

-grodprapp;oximAtionvto Ii:14 thenVbecomes';

e Dot o

gr=l

(P_ T+ ——l','” +3Zt§?Fg(r’iu) o

-1

.-But.f.

e | | _ |
»’?2Kf?>7jv?F’?@‘“”F;<r’?>" -
*:fkfl)%Pzgy}?'.dufng(pf§(4;)%pgkp,-p!) k

-1

T ¢ S D
B | ernennes

AL

SN N 2041 o aaeteg | b yan
ZZZ SN [Fg‘r’“ A

7 P weg Jdu'F§<r,u'>Pg<d>

[RET RTINS

(11.17)
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yieiding'

N T T S
L

B N Ve O T
| ZE: EE: 2 PgO0By B dwiR (WDF (r,muh)

21 ' Ly

(r,-w) . (anas)

ﬁﬁich‘ﬁith fhe_sigh df u CHanged in f;‘and S;‘and trans- -
pdsiti6ﬁ of the‘spaftéfing'kérﬁei is identical tahthe
eQuéti§ﬁ so1ved ngmétitaliy f6r fhé?diréét f}ux Fg(r,u).
Becéuse';he qﬁadfafufé éng1é§ um for the Sﬁ-méfhéd.to be 

_ uséd?arév¢hdsen to be s&mﬁetrié:abdui u¥0, the adjoint
calcuiaﬁion'bfithé?leaKAEQ'fefm prbéeeds'as;iﬁ fhe direct
calculaﬁién; But‘iﬁﬁut_for the angulaf dependént source
S;(r,pm)_is,enfered'és;Sg(r;épm)? and'thé rgSulting flux
Fg(r;n;)viév;nferpreﬁéd_as.tﬁé-adjoint:flux F;(r,-um).

For example the bouﬁdar& cOnditidn_of no»ingoming‘flux

in aniadjoint prablgm'is-interpre;ed as a conditiqn_of no
outgoing:fiuxt In_éddition t0~tran§§psing thé»écatfering

' matfix, w§ rgVerse £he gféup-order of the cross sections,
the;éource,and thé gﬁarting'fluk‘guéés.‘.ThiS inversion

is conveniéﬁt_Bé;éusé th¢jadjoint;¢f‘a'dowﬁSCatter probiem_
is an,uﬁséétféf_ﬁroblém, ﬁﬁich:takés mofe fime.to compnte;i
By'proceéding in iﬁverée gfogp order, the upscatter pfoblem

becomes once more a downscatter problem.
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‘ Néw.if the macroscopic abso;ption>cross section Za‘”
of the core material is a smooth function ofvenergy,.the
édjoint flux can be calculated accurately by means of the

group adjoint source:

e | T - g+1-2a(u)du
Sg(F) f ZagH(Rcore-r)_= H(Rcorefr)_ I
g 0 (11.19)
-wheré"ﬂ'is:the Heévjsidé'stéPqunctiqn and'Rcore is the

core radius. ;This meﬁhqd‘ié_usefullaf high énérgies where
the aﬁgbrptiOn'cross.séétion.isfslowly varying. At lower
-eﬁefgigg (1 fo_lOOQéV)'thé cross Secfionpexhibits a
réédnéﬁée sfructu:e (£hé prbperty‘ﬁe'aré'ﬁtyiﬁg‘to exploit)
‘and ;6.cg1culafe'adjoint,flﬁi'feaéonab1y acgurateiy in
this:rgéién’wbﬁld r¢quire1ah ihofdinétély large number of
gf&ups. 'Bécausé ofvthe'large cross Séétidn‘values withip
'a_résdnance,‘ﬁhe spatial mésh within'thé>c6fe wéuld have
to-be e¥treme1y sﬁall to;éccdunt for the very’éhorﬁ'mean
frgé’p#fh,'ATests (see Appendix B).havé.shown that cal-
culatioﬁs:beébme unreliable when the mesﬁ spacing beéomes
as lafééjas'a méanbffeenpéth. _Thus, some. other method
ié.tedgirgd ﬁy combﬁtef«gpace_and time limitatidns.v

| If one_éonéiderB'the:capture probability for neutronsj
eﬁtgring £he core,;it ié'seen.(Figure 9) that it is a.mofé
’Slqwlyivarying functipn.of-energy than the resonance Ccross

seétions,ﬁsb that its grdup,avefaged value will yield
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more accurate results for the important low energy resonances.

The idea here is to calculate the adJoint flux (capture‘
probability) for a bare core and use the result as a
boundary condition,-leaving to the code tne.caiculation of
thia‘adjoint flux‘through the cadmium, poiyethylene and
boron (if itsiS'present): The advantage of this method
is thatybﬁe set of boundary conditions for a given core
materiai'nay be.used for many different poiyethylene—boron
configurations.._This-scheme neglects the probability of
a neutronAbeing absorbed in the core if it is heading out.
It will be shown in Section D that this approximation does_
not result in- any serious error, |

The adjointfflux boundary condition is calculated on
‘the basis of affirstrflight capture'probabilitvaitb‘a
Se;ondvflight correction term. Since an ANISN interpretation
of the_adjoint flux at a Legendreféauss quadrature'angle
um is"”

L
F (r, u, U ) 2{: 22+1 Qz(r u)P (u ) : . (I1.20)
L= - '

it<is;desirable°to expand the captureyprobability in Legendre
-poiyndmials to remain consistent. This is simple formthe

first flight capture probability FI(ué,u), ﬁhich is given

by 'vr_' [ :

‘ | z (u ) +2uRT (u )
3:“6?7‘?‘9 : A
FI(ho,u) = J | . |

0 ' ' : u>0




where ﬁb'ié'the incident neutroh‘lethargY,IR is the core
radius, n is-the,cosine of-theVangle of the neutron with
réspect'tO-the outwéfd noféal (see figure 7), Zt(uo) isv
the tofél'ﬁacroséopic‘cross gection, and Zc(uo) is»the
macroSdoﬁic‘absorp;ion cross section for a process which
leadsitdﬁabcouﬁﬁablerradidaétive nucleus. The Legéndre

cqeffiéient Qz(uo)-is'givén.by

, 8- . o
L Qu(u) = | P G0F] (u,wdu + J P, (1)-0dy
o 0'3 ‘ zc ZPR:t’
= _Bz(u) EZ (1 - e | )du

-1

Pos1 (W) - Py (W)

Sin;e Pz(u)

22+1 2
- Opr () =p' (w) T  2ur R
‘% _ T 2841 CE )d}
. N
. _Integratihg by parts yields.
R P _(u) - é (u)y =  2ur R 0
Q. (u ) = 2+1 -1 £ (1 - e tj)
2 0 20+1 - T ; .
_ v o : t
] . , -1
25,R I_ 0 o 2uitR 9 205, 1
Tl T QU gyp (We T duPy (we
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 FIGURE 7.

Geometry for Calculating Core Capfure‘

__ Probébi1ity._ The center of the Sphére

and twaré'in the plane of,tﬁe'papgr;: The.

intérSedtipn'of't and»t'jis"the ofigin of

afspherical‘éoofgihate system. ”6 and ¢
are the polar and azimuthal angles

_respectively..

.34
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The first term on the right hand side vanishes leaving

e 21 & [ | Do
Qpluy) = 737 | Qo (¥) ~ Qpyq F T,

0. . _
J- dulPy (W) = Py ()]

-1 -
vSolvingffor Q2¥1:gives

' - 2841 N - o
Q%+l(uo) _.Q&_l(go)_ zzﬁ(gb) QQ(UQ)'+vC2+l(uO) (11_21)

-with . : .
o Eelee)
Zt(uo)

.:C2+iiuo)';:i., o ,.'v' ‘.Q#i,qdd, : (1I1.22)

D) ap 1 o
. C o’ . 2% + 1 ) 5
zt(uO)f (2'+2»)(2') PQ?Z(O) 2=2,9V¢n

_-ZRZt(uo)_
e : -1

.Ze(uo)' .
__ZRZt(uo)

W) Ty

1 +

(11.23)

and

s W [ O -aRE (u)
ey = L ad b _l_.e t °
e ) o un® 2 BREL(G)

1

1 + —~;*—-—b - ' - R o - : -
» ZRZt(uo) , . o (IT.24)
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The recursion relationship for Qi(no)'aldows it to be
numericallyvayeraged onerieach grOup‘in the resonance region,'
and thesfirst fldghtroonndary-conditd0n to be generated
with the help of II.20. |
A second flight correction’was added to_account;for
vSIowing:down'within.the core.'>Thisfis.given by
L 2uR d2n_t T 'zt(“ )t
Fz(uo,p) = | dt d¢ | doZ (u )e - %
o __v__O  o} e o ,
I _(u(8)) ,,—zt<u(e))t'(é;¢,t)] .
PRCIER [1 . . (11.25)
'where Z (u ) is the scatterlng cross’ section, é‘and ¢
determine the direction of the scattered neutron, andvt}
is the escape path for a neutron that scattered‘at t

(see Figure 7)

t' = -n(t+Ru) + Reos¢vI-nZ VI-u? +

? f-/in<texu~néqs¢<1éu>l7’(1 n)l/2]2 - t(t-2Rp)

where n¥COse;. The secondary lethargy u is determlned

' from kinematics of the scattering process as

B 2 .
,_u(e);;_uo - 1n [A + 2Acose f 1J
' ' (A+1)
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where Alis the nass of the.core naterial.- It istassumed
here that;the lab andioenter of mass sdattering anglesrare

' edual fofdheavy nuclei..;F; was simplyvevaluated at each
quadrature angle andbaddedlto the first flight contribution.
Its effect:Was small,(accounting for onlyjzlgzvof the
adjdint ﬁsource", see“Figure'8),'and expansion invLegendre
polynomials would have required an additional numerical
integration.: The triple integral was evaluated using an
eight point Gauss Legendre scheme and then averaged over
1ethargy according to Simpson s rule. |

The boundary condition for the adJoint flux at the

Gauss Legendre quadrature angles u is thus'

20+1

_Fg(Bcore’um) =/ T2 Zg(gcore’um)‘ (11’26)
' = |
wherefthe.suhscript g'implieS'an average over the gth
group“and‘R . is the core radius.
: core , : ,

By means'of;a_combination~of'this.boundary condition
.at'10§‘¢ge£giestana an-ahsorption.cross section adjoint'
source_(lltl9)tatﬂhigh‘energiesvthe adjointdflur,at‘the
surface.of'the,LS can'he'determined'by'the code ANISN.

D. . Description of Input Data and Test Calculations

The group scheme for the calculation of oL (E) was

v'chosen to be a. 74 -group. structure. It was formed by

Ad67

collapsing the GAM 99-group structure (Table 2) for

' which cross section libraries exist The number of groups
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" 6e146212E601
"4.785117E+01
.3.726653E+01
. 24902320E+0) 0 °
2. 260329&001L'

1.76n346E¢01

1.31n959cooxl.
1.067708E¢0)
.8,315287E00 - -
j6.475952€~oo,

S,0434TTE+00

._3 927864E400

3.059023E+00
2.382370E¢00

1.855391E+00 - .
1,446980E400..
1.125352€400 .
8,76626BE=01

6,825603E=01
5.315785E=01

4.139938E=01 . .
1.000000E=03 -

. LETHARGY-l~
;50000"

© 54250

" 54500

..5.75¢0
64250

64500
. 6’750"

74000

7:250

- T«500
" 1750
v, 84000
B850
J 8500
"8;7s0
~ 95000
“9.250
" 9.500
. 9.750
104000
- 10250
.-10.500

11,000
114250

© 11,500

11150

12,250
12,500
124750
+ 13,000

:l3g500
13,750
‘144000

144250,

- 14,500
-,l‘.?So

1154000
154280 -
154500

‘154750
- 165000
164250
16,500

164750
17000

- 23,026

64000 -

10,750 -

124000 -

13,250

. DELTAE

" 1,090429€404
1e160747E404

9.039906E+03

74060286E403 " .
5.482980E+03 "~
4,2T0149E+03
3,325596E+03

2+589977E~03

“ 24017076E+03
"1,570900E+03

1.223418E+03

9.527991E¢02 .

T+.020607E402
S4779019E+02

‘9500706E0°2‘
3.505152E«02.
24729815E+02
2:125982E+02
1.655717E+02

1.289473E+02
14004243E002

14821052E+01
64091061E+01
6, T4370BE+01

3.,694403E¢01
2,8772¢4E¢01

2.240T69E+01

1,745112€¢01
1.,359095%€+01)

1,058464E001
"B42643328Ee00
6,419910nE+00
6.999831E¢00.
3.8938725000,'

3,032551E+00
24361753E400
1.83933SE¢00
0‘32‘765000

1.115613E+00-

B,688403E=01

6,766535E=01
. 5.269783E~01 -
4.106111E-01

3.196285€-901

- .20489269E<01

1,938645€=01
1.509818E«01

1.175848E=01
. 44129938E-01

oELra.uf

*250

'-250 ':? ;, :
-OZSOAH RV

" 5250

+250

4250,
0250

Y11

e250

+250
«250

250" ..
+250. '"
250 .

. 250
QZSO.A
;250:.‘,;“ c
o?SOov,h,:jwv :
0250; . i;_:;.
02501" ' :

0250

Se280 . -

_e250

v 0250

125Q
- #250
9250
«250 -
‘w250 - .
6250 1 -
«250
«250. e
Co.e250..
;QZSU

0250
«250

60026'-

eese
‘.ZSQ

;250;

:_'0250'.'.ﬂ S
-e250 . .,

T e2%0- ...
0250
°250 .

250 - .

.0250...

) 0250 °
0250 5

o .
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was redqcea in-the inteﬁest of shortening computétioﬁ
time. Grdﬁp 2 thr§ugh.49 of width .1 lethargyvuniﬁs‘-
(I.ﬁ.) éf'the GAM-II étrﬁCtﬁre were combined to form

24 éroups 6f width .2 1.u;§:tﬁe remainihé_SO groups were
left unéﬁaﬁged. >The_reSulting schemé'is given’in'Table’3.

A cross section G; for the new group i was given by

i
o. + 0 o
O'"',-_= -X)Zi . x,21+1 i=1’....’24
xi . 2 - -7 _
o' = o L i=25, ..., 74

xi X,i+25

where x ‘stands for either tbtgl or absorption. The expansion

. N o R : T T aeq ' . .
‘»coéfficients for the scattering kernel B%+l was given by
;'+i; Bii+21 + Bil+21+l:+ Bii+l+21+l 1= |
B§J+21_+ Big+lf21 + B§j+21+1‘+ Bi3+l*—21+1

2

di=l,...,24
3=25,...,74

42521 _j+25«2i+1 o '
Ly By S o i=1,...,24

) 2 | L i=25,0 0., T4
,=’Bj+25+i+25 S S _ i=25,...,74

IR SRR ' §=25,...,74
Remember that in éqdoynscatter problem

’Bifi-=’q o  j<i. 
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TABLE 3

74-GROUYP SCHEME USED FOR PRESENT CALCULATION

. 6ROUP. BOUNDARIES -

‘ENERGY<EV

"1e349859£4+07

1.105171E+07
9.04R374E +06
T.40R1R2E+06
6,065307E+06
4,965853E+06
4,065697E+06
3.32R711F406
2.725318E+06
2.231302€406
1.826A35€+06
1,4956R6F«06
1,224564E406
1,002588E4+06

" B.20R500F +05

6.720551E+05
5.502322€+05

4,504920E+05

3,688317E+05
3,019738E+05
2,472353E+05
2.024191€405
1.657268E ¢ 05
1. 356856F + 05

14110900E+05 "

8.65)695F ¢04
6.737947F¢04
5,24 751 RE+ 04
4,086771€E+04
3.1827R1F+04
2.4T8BTS2E+04

1.930456E+06
145034639€4.06
1.170880E404

9.118R20F+03
7.101744E03
5.530844E+03
4,307625F+03

LETHARGY

-s300
-.100
«100
“+300
*500
«T00
+900

- 1e100
1300
1500
1.700

. 14900
24100
2+300

- 24500
2.700
24900
34100
34300

3.500

3.700
3.900

4,100

44300
4500
4,750
54000
S.280

- 54500

5.750
64000
64250
64500
64750
74000
T+250
T¢5S00
T«750

. DELTA=E

'204468BT9E+06

24003335E406
16640192E*0n6
1¢3428BT76E+n6
14099454E¢06
9.001564E405
7+4369858En5
64033929E+05
44940163E%05
4,044064E+n5
3.311490E405
2,711219E+05
2+219758E405
1.,817385€+05
1+.487949E¢nS
14218229€¢nS
9:.974018E+n4
84166035E+n4
6.6857B4E+N6
S.473857E+04
4,4816]15E+n¢
3,669236E4n4
J004116E%04
2+459562€*n4
2¢457301E%06
14913748E+n4
14490429€E+06
1.160747E406

- 94039906E+03

T+0402R6E*N3

5.482980E+03

40270149€¢03
34325596E+03
2+589977€E+03
2¢017076E+n2
1.570900E*03
14223418E+n3
9¢527991E+n2

DELTA=Y . -

«200
«200
«200
+200
2200
200
"0200

4200

«200

+200. -

.200
«200
200
200
+200
L0200
200
200

200 .

«200
2200
‘0200
«200
«250
«250
2250
«250
«250-
«250.
¢250 -
+250

‘ZSObA

«250
250
«250
.25
250 .
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. 40
T 4]

43
44
45

- 46

47

B 1:
. 49
© 50
51

52
53
56
55
56

-1

58
59
60
61
62
63
13
65
66
67
68

69
.70

71
72
73
76
75
76

34354626€+03
2¢612586E¢03
2¢034684E+p23
1.584613€¢03

1+4234098€+03 .-
9.611165€¢02

T+485183Eep2

S.B829466E0n2 -
4.539993€+02

34535750E+n2

24753645€402 -
24144561E02
1+670170E+02

1.300730E+02

- 14013009€E+02 .
T«RBOI2SEen)
64144212E001

4.785117E+01
34726653Een1

2+902320E401 -

24260329E+01

14760366E401
" 1e370959E+0])
1:067704E+n]

B¢315287E+00
6¢4T75952E+00
S5¢06434TTE+N0
34927864E+00

3+059023E+00.

24382370E+n0

14855391E+90

1¢44649R0E*00

14125352E%00
B.76424BE=-p)
64R25603E=n1

5.315785E=n1
64138938E=01

1.000000E=03" :

. ENERGY=EV ~ -LETHARGY
84000
Ae250 -

‘A4500

. B.T50
94000

94250

9,500
Q750
10000

10250

104590
104750
11000

'1}.250

11.500

11780

124000
124250

1245600
- 124750
134000 .

13.250

. 13.500
134780

144000
144250
144500
144750
15.000
184250
15500

18750

16.000
164250

- 164500

16750
17.000
23,026

_DELTA=E

T+42040TE+02 -

5¢779019E+0n2

4e500704F 02"

3.505152€+02
247298156402
24125982€ 402
1.655717E+02
1.289473F¢n2

1.004243E+02

T4R21052€+n1
-64091041E+01

&,743T0RE+0]

34694403601
2,87T204E+01
2¢240769E¢0)
1.745112E+01

14359095E491

140586664E+0)

© B4263328E+00

64419910E+00
4¢999831€¢00
3.893872F«n0
3.032551E+00
24361753E+00
1.83933S€+n0
14432476E%00

14115613E+00

B.688403Een]
64766535E=01
5.2697A3F=n1

49104111FE~0n1 .

34196285€+n1
24489269F =01
1,938645F=n1
1.509818E=n1
14175848E=n}
4+129938E=01

DELTA-U

+250 .

"0250
«250
«250
«250
«250
2250
«250

4250
«250.
{250“
250

0250
«250

‘4250 .
«250-
250 .
«250
,250
.250
2250

4250

250 -
+250 -

250
250

250
+250

0250

0250,

250
«250
250
+250

+250 .

+250
6,026

oYy
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'Cross sections.for hydrogen and carbon for the poly-
ethylene were from the DLC 2 set.f Boron and cadmium
cross-sections were from the-"fast" library for the code

GGC- 4.T+

These fine group sets were generated from energy -
dependent data by methods similar to those summarized in_
.AppendixLC._ The specific grav1ty of the polyethylene (CH )
was given by the manufacturer as .93, leading to an atom
density of .04 atoms/cm3.. The density of boron carbide
(B;C,'the form of . boron Selected for design) was chosen .

equal to that which could be attained by packing BAC

powder (approximately 1/2 theoretical density) into a spherical
bshell surrounding-the polyethylene (see Figure 5).

ln.what follows,-a‘four character codeT<X,x,y.i).
is-followed for the structure'of a given’spectrometer.‘ X
bis'the.core’material x is the core diameter in wm, y |
is the polyethylene diameter in inches, and z is the BAC
powder thickness (Ar) in inches (density assumed to be
1. 40 grams/cm ) In all cases the cadmium thickness was
40 mil.-

Asfcan-be.seen'in equations 11;23—26,athe.t0tal cross
section'fT(E); the scattering‘crossbsection ZS(E),iand
an_activation cross section ZC(E).are required for thei
determination,ofvthe'adjoint flux boundary condition at‘the
polyethylene core 1nterface. The materials chosen.for'the

core were;natural indium, gold, and manganese. The most

'TObtained from the Radiation Shielding Information Center
at - Oak Ridge National Laboratory.- : ‘

-t

From‘the ArgonnesCode Center.
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'extensiwe calculations were perfOrmed for indium since
they were partially tested experlmentally (see Chapter I11).

' Natural indium consists of two 1sotopes 113In and

llsln, with abundances 4/ and 96/ respectively Resonance

-parametersG°66, from which the total and scattering cross

sections.for natural indium and ‘the absorption“cross section‘

for 1151n can be calculated (Appendix C), have been deter—’

mined:for neutron energies up to 100 eV. When llsln absorbs

116

In compound nucleus

is formed, three possible finallstates ofi116In result

, from the y-decay that follows Dr58 D°60 P°65 0 e is a:

116

'a'neutron»and'the highly excited

cOnveniently coUnted 54 min isomeric state In(ml),-

and the other two are- the 14 sec ground state and a 2

,second isomeric state-ll6ln(m2) " The probabillty of being

in the 54 min state depends upon . the 1ncident neutron
_energy-and the'J—value ofwthe'compound nucleus.' This
probability has.been determined for thermal energies
and.the”firSt three_resonancesb(l.éé ﬂ3.86; and 9.12 eV).

: Ower thisvrange it is a conStant P, except in the neighborhood
of the 3. 86 eV resonance where a minimum le is attained.

The average value of this probability was found to be

close to p from resonance integral measurement Be63 A165_
iHere it is somewhat arbitrarily assumed that |
LB = I, (B _’%‘zilﬁh‘(m b, -

T Prp
11810 (m1)- e 4(E=3.86)




up to 10 keV, where T is the total width of the 3.86
résbﬁancé,'and p, and p . are .789 and .661 respectively.
Using 11.26-27 éndvﬁhé'resohénée parémeters, thé group

avérage'boundary cdndition F;(RCOre’U) was calculated -

fprvﬁ 4 mm~&iameter‘déturaiiindium sphere for the energy
gf;uPs bétweenvthe cadmium cu£eoff7;nd.6l eV. Above this
éﬁérgy écéﬁraﬁébféinpwiée data were ﬁot-évailéble, and group
aﬁéfége”crosé sectidnS’were.used both as an aajoint source,
aslfﬁfIi.l95:6r directlyuin'II;26; to calculate the adjoinf
boﬁndéfy'conditioﬁ. THese two tgéhniques'gaﬁe the same
gésults'for 0LS(E)'(to'ﬁithiﬁ'.73%) and‘were therefofe
aséﬁﬁédftd'be edﬁivéleﬁt.‘_ansiderable computation time
was saved by ﬁsing thé-adjbiﬁt boundary condition, so it
ﬁéé selected for mosﬁvof‘the calcqlatibns.
5vFroﬁ.61féV td 10‘kéV.the éQefage‘croés_sections needed

'Lﬁeré thaiﬁed from thé "f&é;“vliﬁrérj for'thé CodefGGC—4,

vwhiEhbwerg geﬁera;ed'frdm'average.réSbnanée.parameters in.b
‘-afmannéf“éimilar to that ménti@ned inHAppendix C. Abpﬁe

lO_keV\ﬁhe cross section for the formation of 116

Gob66

In(ml)
and otﬁérs needed have been measufed; Fortuhately.no
Suéhvcoméiicatiéqs afisé for.gél& and ﬁanganese: the
(n,Y) §;0¢ess ends in the groundlétate 6f the compouﬁd
' .ﬁucléus, and‘the;cfbég_seéﬁions néeded'éfe avaiiable;in
evalﬁéted form,f. The methodg.used and tﬁe inpﬁt data
sources'fof thg caléﬁlgtion‘of F;(R SH) are_summarizéd

‘core

va:om:tﬁe ENDF/B (Eyéiuéted Nuclear Data‘File)rCSEWG.

f-'-h._'
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in Table 4
Results for,oboié (the core counterpart to OLS’

see II 4 and II. 5). for indium are given in Figures 8 and
9., Included in Figure 8 is ‘a plot of Obore(E) for comparison.
It can be ‘seen that the principal (1.45 eV) resonance is
very well approximated by the group average value. :This
is important since this resonance accounts for 70% of the
area under the curve and hence is the maJor contribution
'to the absorption probability.':Figure-lo gives’F (u)
for several groups.' Here F (u) is expanded in Legendre
Polynomials up “to - order 7. The four angles for the ANISN
boundary condltion for aniSB (eighdlorder Gauss Legendre
Quadrature) approximation'are 1ndicated It should be
‘noted'that the*black'core:yalue‘is not 1.0 but .789 since
only thlS fraction of. the neutrons captured lead to the"
54 min isomer of 116 n. | |

| Tests-of'the-code.ANIéﬁpwere madeiﬁd'determine.mesh
spacing, order ofiangularuquadrature and order of the
~scattering kernel that'would giye good'results. :Several
problems'for'whichwanalytic'solutions'exist were run
(see appendik_B),:and:theSejshowed'that a_mesh spacing.
of l/lédthe'Shortest:mean»freeipatn aluaysagave dccurate
results for'the spatial dependence; "Calculations ﬁeref
performed for'various quadrature and:scattering—kernalf
_orders to determine if the P- 7 kernel available would be

adequate. ‘The smallest polyethylene sphere contemplated




" TABLE 4

SUMMARY OF METHODS USED FOR ADJOINT SOURCE USED IN ANISN

“Activation Process . -

Resonance.Rggidn
-F;*=-jF*(E5dE_'

g

~',Averagé:CrbésvSectionstsed 

In(n,y) 0 In (1)

546.m

.4-61 eV cross sections

~from Go-6'6 and Eq..II1.27

Either F; from EB(EQ, II.26) or
o e |

S =% (Eq. II.19

g .cg( 9 v) L
61 eV - 10 keV "fast" data for

GGC~-4 and Eq. II.27

| 10 keV - 13.5 MeV. average cross

| sections calculated from déta_in

G066 cogbined with "fast" data

for GGC-4

lQ?Au(n,Y)lgsAu

. 4-960 eV'reCent_eval—

960 eV - 13.5 MeV- average Cross

2.7 d ~uation from ENDF/B Vsectionsafrom'DLCfZ-sét (which was
file vgenerated from ENDF/B data) used
to calculate F;'CEq.,II,26)
55Mn(n,Y)§6Mh

2.56 h

.4 eV - 13.5 MeV same as for gold

5y
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FIGURE 10. Fi (R, ,u) for In Core for g=62,66,70,74

a.(groups nuﬁberéd,as in Table 3)
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(In 4;2,0) was chosen for cdnéideration.sincé it was
.tﬁougﬁ£ to Be the most sensiéi?e.

V Reédi#s’areiéiﬁgn iﬁ Figure 11. As the'ordef'is
inéreéée&,Afhe ﬁeék reSpohse value ihcfeases and:shifts
to lower éﬁefgy; ‘The chéﬁge7betweén P-7 énd-P—3 is less
than tﬁévéhangévﬁetﬁeéh:P;3 and P-1, indicatiﬁg‘théf
vhighér'ordef terms Qill;have.a'gméll éfféct. For the P-7
kernél’thé'differégc¢ between“S8'aﬁd'812'quadraturé is
small coﬁpared tdﬁthé éfrors due to in#étufaéieS'in_the
indium ér&ss secﬁidn:' Thelvéfiatioﬁ for two largef'spheres
(In 4,4,0 and In 4,3,1) are given in Figures 12 and 13,
which.i£deed shéw-lesébéﬁahgé wifh.increasing order.
S8 P7 w&#*chdéeﬁ‘for!the ¢a1culations.'

'Ahbéstimatéﬁof.;he error_involQed iﬁ neglecting thé
absﬁrptio#vﬁrobaﬁilify_fér»neﬁt;ohs ieaving the core was
- made by.pﬁttfng éfunif;outgoing:sourcé at the core radius
at.se?e:él”diffeféﬁt"enéfgiés'and-alloﬁing the code to
calculatg the fluk returniﬁg to the cdfe at all 1ower_
enefgies,‘ By mulfiﬁlying this flux by the:first'flight‘
capﬁure probability; an_eétihate of the'numberjof absorptions
was made;; For ﬁhe energieé tested, the probabilify of
captu;e fp;vexitinggyneutrons was leés.than 1.1% of-that
for iﬁ¢iden;»neutrons. This is.to_be'expeCted.since the
hydrogeﬁ 6f_the polyéthyléﬁe.is,a forward scatterer; and
neutroﬁs either leakvfrom the sﬁecfrqhetef or, if‘théy dév-

return; are slowéd’dowﬁ‘below the cadmium cut-off.
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‘Calculations were pefforﬁéd for bére poiyethylene
fdf diameters‘vérying ffdﬁ‘2:inches‘to iO_inéhes§ the
résuiﬁs arebgiven,in:Figures 14 aha.ls. It can_bevsgen
thgt‘réspoﬁse'fof the]smgiier”sbheres’is extrémély-broad,
éevéial'decades at hélf‘ma#iﬁuﬁ."'As the diametér is in-

creased, the response first flatténs,-with the second
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derivaﬁiﬁe Withlreépect to iethargy on the low enérgy side

of thé pe;k'BééQmih8:1ess negaﬁive until a£’4" the éecond‘
derivative isvalmdst zero. uFurther increase in diameter
impfoveé the.resolutién;zahd'the secopd défi?ative becomes
posifiQef The uneQéndess‘of QLS ‘
stfucture:of'the‘coré material for the 2" sphere becomes
émoéthedias polyethyleﬁe is added until it once again
:eihibits:structure.ét 2 MeV dﬁe to resonancés.in thévcarbon
cross section. It can éléovbé_seen tﬁéﬁ responéeSIOf

high reéolution‘are imbdssible‘to‘aftéin:in‘;he:kgv‘région.
1In Figﬁres~l6-l9 thé results of caLéulations for
Avarioué'tﬁicknesses of bofon.cafbide powder are given.

As with thevﬁodi£iéd‘Bdnhef.spheres.(Figuré 4) the peak
réspopse is ioweredfin-vélue and shifted,té higher'energy}
‘The bére-sphere response doesvnOt however form an ehvelope
fdr the sphérés.with boron added és in ﬁetha's curves.

ZThis is‘bgCause £he~ca1cu1afions here did nét negléct the

smallvhut‘finite*modéréting abilitf_bf-boron carbide

(i.é., boron-is_noﬁ-a“pure absorber at'high energy). The.

(E) caused by the fesonance-
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v minimﬁﬁ (mdsﬁ eyiden# iﬁ Fig§?e]i9)i;hat,dcéprs at about-
500‘£év_f6r ﬁhiékéf‘ﬁofén'shgiig is:éau%gd bf a fes9nance
iﬁ £hé.ﬁdranCrdss_sécﬁipn.which;écéftérs héutroné.away-
fﬁdm.the'éﬁhefé, &écréaéiﬁg ;he §fobabiIity qf_penétrétihg
ﬁéatﬁé éore; The ﬁéék éqsitibn-fdrﬁa’giveﬁ'cﬁz diameter
is not a simple fﬁnctibn.offthé bdfﬁﬁ thickﬁe#s; becéuse
dfiﬁﬁé‘complicatéd céﬁbinatiqn of scatfefiﬁg'aﬁd absqu;ién
. iﬁ'thé»bdrbn;  Sﬁéll:éﬁangegliﬁﬁﬁhe:;hickness qéuée large
changes in peak shape, making it difficult to place the
maxiﬁum fésponsg whéré deéired (see Figufe-l7). : |

| JlFigqre 20 shows.-Fg(RLS,u5 fo?IQ.A;Z,O.' Of interest
ié.thé'peéking-af u==1 and the-lesséﬁing of this peak N
as énéfgj-incre53351 .The'résﬁlté fér a 4 ﬁm‘indium core
.afevédmmafiiéd_in.Figure‘21,'Wbefelrésbanse maximum value,
eneréy'poéifion,vénd reéolﬁti6n:(fuli widtﬁfét half maximuﬁ)
afé_refreéented;j:Froﬁ thig-fiéﬁre;‘a.éet”of spectrOmetéfs
can'§e ehoéeﬁ aééordiné to thé néeds.of thersituation.b
“One'mafj fdr ihsténcé, for“a.given peak_éosition ﬁant'to'
tradejfeso;ution for_peak-value §r vice vétéa;' This figufe
. is intendgévtd be'used.di;ecﬁiy or-tO“§eiVe'aglﬁ basis for

-intetPaiAtion for;constr§0ﬁi6n;of'sﬁherés;*-For:coﬁstructions
uéing.a fb;m of boron:qther thgh B4C.powde:,.the'phicknesées'
are givepfin_gﬁ/cmz iq.Fhe_figurg cabtioﬁaé |

V'RéSponseé'wére'élsd célcqlétedkfof‘a 4 pmvgold absorbef,

and the'results*ére_givéﬁriﬂ FiggresuéZ énd'Zj.‘ Thékshapes:

aré'similar to thoée'of-indium;'as expeétéd,since the’
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‘Peak response X 103 (cm?2)

FIGURE 21. Peak Response,Position'and Résolution
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maj@r cqnt?ibhtion to-fhe capture 1is the 4.9i‘eV resonénCe,
wﬁich_ié'only 3;4‘eVifxbﬁ the pfiﬁcipal indium reSOnahce.v.
THe responseé areiébout 20% higher for all energies |
because,.aé méﬁfioﬁed above; éll captureé_lead to activation
cdﬁpéﬁédﬂﬁ& 78.9%fforliﬁdium}_ Indium has the advantage

of fehcﬁing saﬁurétibh ﬁ6re quiékly (half-1ife of 54-min
éompared to 2.7.d'qu'gold)§ hencé, for afgivéﬁ flux,
bettervééﬁﬁtiﬁg.st#tigtics'can be obtained in a shoft'
tiﬁé}.wc¢ldtis supefior ih_tﬁat it need not'be counted
imﬁediately.éftef'irradiation. Its créss séctions have
élSO'béeﬁ.evalﬁatéd iﬁ mofe défail and are-fherefore more
reliable.

GLS(E) was‘alsOydétermined for two spheres with a

4 ﬁm'core of mahgaheseQ'which hés~its first resonance

at 33i éV (resu1t§”in Fig; 24). The respbﬁée»for_the larger
spheré (Mn‘4;4,0) was similar to that of thé.indium'cdre
aﬁd‘sﬁﬁffed 6n1y sligﬁtly to higher energy fbr_the 2.5 inch
diameter sphere. - Because the resonanges_df ssMn are
'lérgély scattering (the résonance integral as défined:in-
EQ. I.1 is only lSHbarﬁs, of which 5.7 barns is’l/vj,‘

and the»l/? vafiation from 33? eV dbwn to_tﬁé.cadmium
eq—off; a i#fge poxtibn-of the absqrétion take$ pla¢e

at low energf‘(ﬁeiow-the 337 eV resoﬁaﬁce); hence,the
_small';hifts in requnse'compared_to Iﬁ,v‘in_view'of the
abové and the fac; that the responsés for a ﬁanganeSe core

are almost an order of magnitude lower, it would be better
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. to choqse'a polyethylene—boron éopfiguration with a gold

‘or indium core and the same shape.
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III. EXPERIMENT

A;V;Apparatns'and Experimehtal Results

| ”iln,this section”we'snmhariae.thelnork'of_S.‘Binney,317o
who'perforned an experiment to-calibrate.and.checkhthe._'
calcnlations oflfonr.leakage-spectrometers"(In'4,2,0;
ln34,2;1;,ln 4;4;0; and{ln.4;3;l). Results of.the experiment
areiéinen,,and in the”section that follons.they are compared
to the theoretical results of Chapter II.

The calibration of the Leakage Spectrometers (Ls' s)

was carried out with neutrons from the 9Be(Y;n) reactlon,
whose threshold is 1.665 MeV. With the proper choice of
activated_isotopes -rto'producedthe gammas —'neutrons-with
keV energies were'prOduced, The isotopes that were activated
for gamma emission are listed in Table ‘5, showing the
neutron energles obtained.' Salts of the material'toehe.
activated were dissolved invnafer;and pnmped.thréugh‘a
container next fd]tﬁe'core:of’tﬁe'uc TRIGA Mark III research
reactor. The‘containerlwasipart‘of,a continuous'flow loop.
At thedother end of the loop,.the activated.solution flowed
between concentric:sphetical copper shells'(seelFigure 25),
18 and 20 inches in diameter-respectively; The liquid
between:the shells constituted the gamma ray-source,vpro-
ducing neutrons through the irradiation of a beryllium
shell inside the inner copper shell. 'The beryllium targetd‘
sphere .was constructed by epoxying many small flat bery-

llium sheets (1/16" thick) to the in81de of the copper



TABLE 5

NEUTRON SOURCE DATA

Compound - »Gaﬁma” S0 nvmb,'ﬁ - Gamma "’AQNEdtrpn 
for Solution ' -~ “Energy - Y L . Fractidnf Energy

1 Esy

IsqtoPé

Al-28 AL, (50,) ~ .1.78MeV . 0.88 1.00  102keV

‘Mn-56  Ma(S0,) 1 1.811MeV 0.74 ©.291°  130keV.

2 2.110MevV ~ 0.41 .15 395keV

In-116  Tny(s0,), 1 1.753eV  1.03 . - .015 78keV

2 2.110MeV  0.41 .195 396keV

Sb-124% - ©1.692MeV  1.262 46 24keV

. _ v _ . _
A so0lid source was used in this case.

69



70

~_COPPER SHELLS

SOLUTION

. BERYLLIUM—

. - NLEAKAGE

SPECTROMETER

. XBL.7012-7356
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sphere.-_The_neutronvflux‘near the centermof the assenmbly,

' where‘the spectrometers were'placed‘ wasinearly iSotropic
and strongly peaked at the energy determined by the
particular gamma ray initiating the (Y n) reaction. The
remainder of the 1oop con81sted of a pump to keep the 11quid
'circuiating, an'expansion tankvto permit'monitoring of
the‘iiduid.and allow:for anycfhermal enpansion,:and a

tank to allow drainage. Thehrelatime neutron source atrength
for different solutions was monitored by a manganese
F(MnSOA) bath_thrOUgh which a_section of the.loop consisting
- of a pipe eurroundedvby~a beryllium cylinder was passed.
Neutrons from the irradiated cylinder were captured by the
manganese and the activity was measured For an absoiute
measurement of the source strength ‘a 1/2 in. diameter
hollow cadmium sphere packed-with iodine‘was activated
and'counted. ‘Abdiagram.of‘the entire_flow system showing
the various components is shown»;n,Figureo26. Surrounding
the epill retention tank.was'conCrete personnei shielding,
since the activity contained in the 1oop approached 500 Ci
at times.

In addition to the flow loop sources a solid 10 Ci
SbiBe'SOurce producing 24'keV neutronsvwae used.. The
values of the saturated activity A at'of the indium cores
‘of the four LS s and the cadmium covered 1od1ne for the

four'sources are given“in Table 6.
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TABLE 6

SATURATED ACTIVITY

"A.

In 4,3,1

4.0

Squrcé' ‘Detecﬁo§H  'vAsat’dPS ’AAsat’z
Mn I-cd | 273 .
In 4,2,0 83.2
In 4,4,0 57.9 .
In 4,2,1 31.6
In 4,3,1 40.9 :
In I*Cd 67.9
| In 4,2,0 24.2.
In 4,4,0 15.0
In 4,2,1 1 10.5 .
In 4,3,1 _15.1 5.
Al 1-cd | 69.9
In 4,2,0 21.9 .
In 4,4,0 12.7 .
In 4,3,1 8.7
' In 4,3,1 10.1 .
Sb - 1-cd 11.1
o In 4,2,0 6.3
In 4,4,0 4.7
In 4,2,1 3.6
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B. Analysis of Experiment and Comparison of Results

The neutron source (Figure 25) was designed 50: that
the ingoing neutron flux ‘at the surface of the spectrometer
 was " nearly isotropic (a smaller Be shell would still have

given rotational symmetry but as mentioned in Section IT.A

translationalvinvariance is requiredlwhen the scalar flux
_islto be measured). The incident spectra for the four
"neutron~source energiee‘were calculated’by'ANISN; taking
advantage_of.the-apherical symmetry. ‘In all cases_the'u'
'sourcezﬁas taken_aevisotropic withinfthe Be'shell and
normalired to 1 nentron/sec spread over the grOuplwhich

contained the source. energy E, _The 99 group scheme in

S
Table 2 with input data from the DLC -9 set and the "fast"
library for the.GGCfé code+ was_used; The shielding
was apprOXimated by a thick concrete shell concentric

to thejcopper-sphere;

For the present geometry Eq. II.1 becomes
| - B 0 |
L o o aw + ‘
A = 4TR, dE | duuF (E,u)F(R; (,E,u)

_;4eV‘f -1
In particular, since the incident_flnxiis isotropicg
_F(BLS,E;ul = o (R Ls,E)/2 | *l<“<°f

and -

TSee footnote'on page 4l.
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. 0o
A = dE$ (R, . ,E) 2T R? duuFt (B, 1)
T
or -

- (Bs | S
A= N - ,dE¢(E)qu<E)'-. T (I11.1)

D . | |

.4eV_

wﬁeréﬁalis the scalar fiux due tovdﬁe neuﬁroﬁ 6riginéting
in the beryl}ium at eﬁefgy ES,'ana No ié'the total number
of heﬁtroﬁs prodﬁced'by the (Y;n) reaction. This equation
'isvcorrecf-for_thénalgminqm—béry1li;m'sourcé. The indium
and manéaﬁese-soi@tions'eacﬁ éroduce3n§ufroné with con-’
tribufiéns at two different gnergiés and the'integral has
to be weighted with fhé fraction of.néutroné produéedvat
_each ehe?gy. This fractian‘is deterﬁined by ﬁhé product
bf ﬁhé’frgctional‘occurrencébf Of‘the gammabréj'causing
:thevpﬂéfoﬁeutrqn reaction ana the crdsé QeétionvdnY fof

the reaction (see Table 5). ‘Thus the saturated activity

is éivéthy 2 ' : ES
o L '
. (QYn)ifi' - dE¢ (E)o, (E) |
(Oyn)ify
1=1
Reéuits for ¢i(E) fof-ES_=130 keV are given in

i
Figure. 27  for two quadrature orders and concrete radii.

" In this case a PN caléula;ion denotes dan N+1 order Gauss



R T I S S

e ’v‘"k-g gﬁ;;_ —
eg@&;ag i

“7 fF1cURE 27,

R VR

76

D Es‘130KEU RC—INF P?

ﬂ"—130KEuﬁgc'

gng.!l!ﬂﬂﬂaaaaa‘;ypg_}
R . Bﬂge

'- AA

101 102

NEUTRDN ENERGY

L A

Incident Scalar Flux for E

104

7@5?5:f1a106“

(EkJ] ,
e xsn_ 7012 4275

-130 kev.;; a

Comparison of three approximations




Legendre Quadrature with an N th order expansion of the,
i scattering_kernel. The concrete shell (2 ft..thlck)v
blocated‘at,a:radins-Rc of 3 ft. is the 1ower boundion the
distance:betweenrthe copper shell and the concrete.”
Infinite R .corresponds to no concrete"being present.
The variation for the two geometries:is'extremely snail_
‘as can~be seen in~theffiéures.k-The neak value (15.7).
.is:identical,:and_the,érea underdthe'curve»for:the’case_
of noiconcrete:isvonlyulzslower than thatsfor a:concrete
radius of 3 ft. | :

; Usiné P7'calculations and R =3‘ft.,‘the flux spectra

'were calculated for the four different source energies

77

(see Figures 28 to 31) . 'For the three Y-emitting solutions;v

‘A/N?'for'each of the fourvspectrometers tested was deter-
ined using ITT.1 or III.2. Vaiues*of A/N: for the Sb-Be
source (considered a point monoenergetic source at 9 1nches)
were obtained by dividing ‘the value of OLS from tneucurvese
in Chapter IT at 24 keV by 4ﬂR2. Asvmentioned aoove, iodine

was used as a flux monitor. A response’oI(E) was calculated ~

in a mannerisimilar to‘OCOre(E).’ This-uaS'usedftogetne?
'withtiII.i.or I11.2 and.the experimental values .of A{forj'
iodine'(Tabie'6) to determine No for each‘of‘the-four:'
sources-7 | | |

| 'Erqm'No the theoretical valuesvof Ahwere,oalcuiated;
Ihese'are'given in Table 7 along with tneAenperimeﬁtalf R
values..;On_the basis of‘the-test calculations oreviously.

~mentioned, the errors in the theoretical vaiue of A/Na
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 FIGURE 28. Incident Scalar Flux for ES=395 keV
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are eséimated to be‘lOIto 15%, at maximu@. This,,ﬁlus ﬁhe
inconsistency of Eertain ekperimental reéulﬁs (e.g., the
failure'to_measurevthe ioaine'q;osé seétion correcfly
at'the:energy of the SB—Bé séurcé whose'strength.ﬁas,
-known)-1ndicafe?thét.avm6re refined qalibrétiqn eéxperiment

should be performed..'
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o IV,

SUMMARY OF RESULTS AND CONCLUSIONS .= °

. A sgt_ofvléagége;éﬁectroﬁetéré (LSYS) whiéh make

uéé‘of_a¢tivation téchnidues has been develdped. Some

6f*tﬁése.$pectrométérs Héve their péak'rgspopses in the keV
rangé.- Their reSqutioﬁ, however,
ﬁd'be uggd‘for déﬁefmiﬁing rapidly
they cddld déterminé‘f6ﬁgh spectra

functiéns dés¢ribing'épéctra where

about the shape. .

':Cértéin response shapes can be_uséful for special

applic#tions. Two examples are: f(i)Athé.nearly flat

response of

5

In 4;2.5,;625 between 103 and 10°. eV (see

.Figure'lJ) will be useful for measuring the total number

of neu;fbns in thatvtange only; (2)_détefmining the total
dose, which

form thefddse—énergy.relationéhip, WhiCh is:normaliy smooth.

can be obtained ByHCOmﬁining LS responses to

‘The special méthddéAdeVelopéd here for calculating

Ops(E). have
particuiar,

account for

is expected.

-technology,

pro#ed'pérticabie and very accurate. In

the use of thé édjoint boundary'cqndition to
the.resonance activation of the'ébre material

to be useful in other problems within nuclear

Acéuxate calculations of the flux'spectrumvfor the

photoneutron sourée.have been_preSenteda These show that

it was_possible‘to;produce'ﬁearly.monoenergetic isotropic

neutrbns'by'the method described. It is felt that more

refined'éxpérimenta'wouldfagree bettef with results derived

from the theoretical response curves.

generally seems too poor

there is some information
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 APPENDIX A
' DEVELOPMENT OF GROUP EQUATIONS USED IN ANISN

The'transpdit equation with sphérital symmetry

u,%? (r,u,u) +_$l_E_l SE rou,w) + L (uF(r,u,u)

r - IV

m

85

g:{;au"J dﬁ'xs(g'fﬁgﬁ'.E)F(r,a!,u') + S(r,u,i) (A1)

will bgﬂéxpanded iﬁto spﬁé;ical hérmpnic§ and divided into'
:1étharg&-grou§s,'the forﬁ soiﬁed-by:ANISN.

Thé scattering kernel Zs(u'*u,ﬁ“ﬁ),vis first approx-
imated by aﬁ.Lthvorder'Legendre expansion in the coéine
of the séattering anglé (5'-5)

I(u'>usfreB) Pl g wrwp, @D, (A.2)

where'§7 and § are the initial and final-néutrqn directions

respectively.

>Ny

_ . E g
, A o1

. ) » . e! = . ul,

) e,ﬂ\}/////1 o | -1
v'q’, _ : .eva cos "

+

T z

points radially outward




Bty

5 5 depends only ‘on u,u ‘ and ¢ ¢ ' The spherical harmonics e o

:{addltion theorem is o

ﬂjWhere YZ are spherical harmonics (* indlcating complexv
>'>conJugation) and Pl are the associated Legendre functions.""
Substituting A 3 into A 2 and performing the 1ntegration -

ﬂover ¢' in A l

{du J d§ 5, (u'+u ?S §)F(r u' )

R S

22+l

K _B (o '%u')vi(fr_';uf,'ui’>r>',;‘-<_ni>éf,§fcfp"' yxo
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so A.l bédomeé

. . - -
(xyu,m) + 20D %3 (r,u, u) I WG, u)

£
| =Z““ Py (W) J du'B, (u'>u) [ au'Py (W' IF(xr,u',u")

- #=0 0 21

+S(ryu,m) o o (A.4)

We assume that the flux is constant within ‘the g th

lethargy group

F(ru,w) = F(rw)  u<ucu

g+l g=.l,_ona,G .

Thevflﬁx:péf solid angle within the gth group Ng is then
N (r H = F (r AQ
‘g(_,u)_ Fo(xs1) g

- where

Integrating A.4 over the’éthﬁngup, we'bbtaih

: 2
é_' 1% - o
M 37 Ng( ,u) + —;E— 31 Ng(r,p)_+»2tgng(;,u)
L g+l g gv1 A
22+1 . ' : e tooy Lo ' : '
P (u) du- du'B, (u'~>u) | du'P,(u")F ,(x,u")
2 o L L g
l=0 u. g'=lwu, -1 |
g g .

*'sg‘?’vf Lo S (Afs?::‘
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APPENDIX B

TESTS OF ANISN

A. 'Plene Isotropichsource-in an Infinite Medium of Hydrogen

with Unit Cross .Section

(i).:P-l épgroximation

' With an energy structure of one group of W1dth

"v10_6 1ethargy units (l.u. D) followed by 10 groups. of width

.01 1.u., an SZ—Pl,ANISN calculation.was performed for the
above problem According to the P- l approximation, the
flux at the source lethargy is

| A I, | Me60a - "_ _ |
$(x,0) = V3 e - - (B.1)

The PFlvflux for neutronSVVith-lethargy1slightly greater“

than the -gource lethargy was given by AmsterAm68 as

-3 th

0(x,0") = 3xe ¢ S o (B.2)

.B.1 and B 2 are plotted in Figure 32 along ‘'with results

from the ANISN calculation for the first two groups. It
can be seen that.except for the 1arge”mesh_spacing (Nl
mean-free path), ANISN gives excellent results. The

deviations near x=0 are caused by the fact that the plane

source had to be given finite thickness in ANISN.
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FIGURE 32. P-l Approximation for a Plane Source

:at x—O 1n an Infinite Medlum.. Comparlson
L;of analytic solution and ANISN for two
jﬂlathargiesaf The squares indicate ANISN

'“»results far a 13:33; mg?g $pac; g‘at u=0

T ANISN (Lorger mesh) ST



(2) Spatial‘Mdmehts:
The spatial moments for the above 'problem.

[+ - BEE
\

Mo (u) =  'xn¢(x.u)dx;'

are rigorously given by

o .

M0 = 8w + 1]
S
2.0 1 ..8(u), 1 -u/2, 2. S
%s

A P-1 solution for the above problem gives the exact
o Ma47 ' ‘ , o

second moment. As a check on the correctness of the

ANISN méﬁhod, the second moment for the last (llth) group

(.09~.1 1.u.) was calculated using Simpson's rule. The

moment determined -in this manner was only .5% different

from the rigorous value determined by B.3, indicating that

for this probleh, the ANISN lethargy depeﬁdence is accurate.

B. Pure Absorber Spherical Ceometry

‘The flux due to an»isotropic spherical shell source

emitting.l'neutfon/sec in a burely absorbing medium is

ca53

given by

: , ,.E.[Z (a—r)]-vE.LZ.(a+r)J;
¢(r)‘= 1 1 ,a  — 1 a ‘ ‘

8Tra

o (B.G)



where a is the radius of the source and Enﬁis the ath
order exponentiai intégral function. Figure 33 shows 3.4
and the”téSulté.of a‘SS.ANISN‘caICula;iOn plotted for

a=2.4 and I_=1.

c. Enegﬁy quendent,_ﬁeavy Scatterer

The spatially independent c011181on den81ty F(u)

z (u)¢(u) due to a delta function source G(U), is givenMe§0b
by. |
. C eou/l-a ‘ ‘ -
F(“)_=3”fT:55f, _i' »O<u§1nﬁl{a)__ﬂ,
- 1'—05.1/1‘_@‘» au/l-a a L1y au/vl—a'
F(u) = e ¢ T oz u-Ing) e Ty
(1-a)" B
1in L. u < 21ln 1 " (B.5)
o ' o

for the first two COlligidn intervals, where

A 20 group ANISN solution and B.5 are plotted in Figure 34
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. APPENDIX C

CROSS SECTIONS AND ENERGY TRANSFER ARRAY

A. Resonance Cross Sections

~ The resonance crdss sections required for the adjoint

‘boundary pbﬁdifion are generated using é'single—level

Breit-Wigner formula;"
Thé'ra&iétiVe cabtﬁfe crbsé_section is

 ;?f . 6 :-'P;iryi o+ 1/ |
o, (E) = 2.60 x 10 E:gi 5 o (C.1)
o . T TE S [E-E T
' —1 o+ 1
r./2
1.

where the tqtailwidth has been taken to be

(o]

I’ is the reduced neutron width (T,/VE)) and T_ is the

'géﬁmé ray'width. ‘E'is_the neutron energy, Eivis-the_

energy of ;he'iFh resonance, and A is the mass of the

target'nucleus. The statistical spin'fh¢tor'is'

12341
& %2 %2141

where I is the target spin-ahd J is the spin of the compoﬁnd
nucleus:

In a similar manner, the resonance scattering cross

aectién ié given by
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: | ,
S e S (r2 N2
0. (E) = 0 +-§: 2.6 x 100 g —ni~ (1 * 1/4)
8 P . i r2 / 2
' g [E-E v
i i + 1
\r/z
- o E-Ey 2 A
. o 3. “'Pni{qP"f/Zv (1 + 174) | o
+.1.61 x-10 8; ~T — - 3 ’ ! (C.2)
. . _ Ay E"Ei . | J
e 4+ 1 :
T/2

where Op is the spin ihdependent potential scattering €ross
section.  The second term in the summation accounts for

the interference between resonance and potential

Me60¢ ,Ho66 -

scattering.

The total cross section is

o, () f.c;(E> tog® o (c.3)

“B. AVeragg Unfésolyed_ResbnangeiCross SecpiogIv‘

‘ The é§eragé éépturé cross éeC;ién in the unresolved
:resoﬁaﬁce.regiOn far'néutrOné.of pfbital angqlar
momentum,“2, a$sﬁming a'?orte:4Thomas pfobaﬁi;ity‘dis;ri-

bution of reduced neutron widths

P(x):é‘fF—i~—_'e—x/2‘
L V2T x
with

: __'6‘.50.
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is'giveniby Gafris¢n aﬁd’RoosG?6l as
R . . CE V':(E.)fo-' ' ‘ S
Shpy = 2210 0 g ) a0ty (1 + 1/8)°
a - . B - D g et

whefe fié is the average reduced width obtained from
resolvedfresqnaﬁce data. The neutroﬁ penetf;bility functions,

v, (E) afe.giVQn.bY'

4
]

, 'y?/(1+Y2)

<
fl

; 'Y4/(9+3Y2+Y4)

4

<
H

- v%/ (22544572461 4%

 and

= v8/(1025+1575v 2413574 +10v%4+v8)

-
il

where -

. al/3g1/2
. 3250

FEZ/D is the neutron strength function and.

r /o, | '
62'=' Ty \z x 10—3

g

T
iff\D“/ v,
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The level spacing per spln state DQ is obtained from

observed ‘level spac1ng,_Do;‘by

D = p 28+l

£~ o z:ég

The sum z:gJ extends over the statistical spin factors
for all ailowable combinatlons of the spin J of the
compound nucleus for a target spin I and an orbital angular
momentun 2 of the neptron; The_functlon'¢(8£) is glven by

;e ﬂf; N xPlx L
0@ = | TE w6, ¢ -

o

oﬁ(E)fis a smoothffunctienwof energy, so the average
capture crossasection'fcrvgroup:g is~given by
S g L ' |
_ g NUUB(E) +HO(E ) -
(Oa)g - o Y- g’ _2 ‘Y ﬁ+ d = - B | (C.4)'

. 4=0

 'Unreso1ved resonanCe scattering is_usnally either
negleéted_((ES)g) ='0P, (potential scattering) or determined
in a manner similar to'(aa)g, neglecting interference

effects.

C. .TransferfArray
The energy transfer array'or scattering kéxnei

‘ : I o' ‘ S '

expansion coefficients_B§=g. (see Eq. A.6) written in’

terms of an integral over energy are given by
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'Eg+l Eg'+l

gee’ | L R TIE
By ™ fu, dE gr By (E'2E)
o y )
g 8

The factor 1/E’ corresponds with thekchange of variables
e . I _' R L . g+g'
to a weighting flux that 1is constant in lechargy. . Bl

is coﬁpdséd of thréé terms

geg'y 88’y L g’y
:(BZ .,)n + (BZ‘Y ?nl +‘(BZ )Zn'

denoting elastic scattering;%inelaétic’scattering and an
(n,Zn) reaction fespéqfively. In each case the transfer

coefficient B, (E'>E) is obtained from a differential

‘"cross section

| 1 o |
v = ) ' ‘ - oo e :
| BZ(§K+E) .v,duoo(E +E,uo) | _ = (C.S)

-1

‘where ho is the cosine of the scattering angle in the

iab-syStém..

uFor'élaStic scattering .

L a o s ' du

' . L . = (R ! M - _c g

O (B™E,u,) = o (8D) B £ (@r () e

x §[E-E' + l%g'E'(l—uc)] S S (c.6)

where'cn(Ef) is the elastic scattering cross section,

.uc is the cosine of the scattering,angle_in the center4
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pf;mass:(CM)_syStem, f#(E') are detefminéd from the CM

differenfial Ctoés;sedtibn'dn(Ey,uc).and

The delﬁa;fuhcticﬁ:é:iseS'becgﬁse‘the.finalnenergy:E‘is
détermined By kinematicé'fof”a.givenvinitial energy E'
and'uc; Changing the'iategfation va;iable in C.5 to
energy and,noting.that_
duc 9

an_ ‘Mo T e T TEET

dE
and using C.6 yields

o (E') o S »
T Pl ) GmD £, (87, G
2 ,

(B, (E'+E))_
for aE'SESE' (C.7)
Otherwise ,
: g ' = . .
(BZ‘E fE))n V 0 .
Fdf-inelastic‘gcaﬁtering for which the discrete

level excitation cross sections Un.k(E') and Q-value are -

known




- for

101
) = !
Un"k(E “*E,l—lo) cn'k(E’uO)GLE E' + — +

(A= (A-1) .
(1~ 11 )‘\/ o=y e ]
(A+l)2 | AE | k i

where'wk=-Q‘ Eollbwipg the Same steps as for elastic

scattering above -

e EDR M)
(B (B'>ENr = nk TR0 . x

O

S5

‘otherwise

(B (BB = 0

For (n,2n) rgactions'and'that portion of the inelastic
cross section that cannot be treafed as individual levels

a'statisﬁicai'model is used. An‘evaporatiOn type spectrum

is assumed

N(E',E) = c(E')Ee E/OCET)



,10?‘

where C(E') is the normalization factor and 6(E') is the

nuclear temperature

0 (E")

1}
K

KT = 3226 VE'JA

The diffé;entialuineléstic scattering kernel in the

laboratory system is

o, (E') dp_
. Sy Sy = in: "c
~Orin<E +E_,uo) T T,

N(E',E)
where it is assumed that the angular distribution of
secondary neutrons is isotropic. 'The subscript in stands

either for n' or 2n. Thus
(FO(E'fE»in - oin(Ev>N(E fE). . E.E : (C.g) :
'»fothese:three-conpributiOns; the'elas;ic ;rénsfer v

~is the most important, thé dther‘two being ﬁon-zero only

aboveaiOO keV, for the isotopés ofvinterest heré.
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