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I, INTRODUCTICH

In this paper the spectrur of the neutrons eseaping
fror a eritical sphere of v233 35 investigated experirentally
and theoretically, The experimental investigation involved
exposing a nucleer comulsion to the neutron flux and, after
development, exarining the detalls of the protonerecoll
tracks visible in the emulsion, From the information thus
derived the initial anargios‘of the eolliding neutrons were
deternined; conbined with a eorrpctth for protong leaving
the emulsion, the ercse section for neutrone-proton scattering,
the number of protons per cublc ventimeter of erulsion, and
the solid engle consideraed, the number of neutrons per energy
intervael ylelds the energy spectrum of the inconing neutrons,
The speetrum so obtained is briefly eomparcd with the similarly
obtained speetra of spheriesl eritical assemblies of U237
and Pu@39, ‘ ' ' '

For the theoreticel determination of the leskage neutron
speetrum, the neutron transport equaticn is derived under
suitable assumptions, Obtalned by numeriesl integration,
the solution of this equation 1g presented in the form of the

relative neutren flux in each of several energy intervels,
Finally, the theoretical speetra of the threo eritical
asserblics nmentioned above are compared with these observed,







II. EXPERINENTAL ARRANGENENT AND ANALYSIS

To defternine expe:imentally the leakage neutron spectrum
of the bare U233 eritical assumbiy in existence at Los Alaros,
a number of approximately 200 x thick Ilford K2 nuelear
ermuleions were exposed for acvn:31 m1nﬁeas to the neutron
fluz presemt at a distanse of 125 centimeters from the
surfaco of the eriticel assemtly, The plates were stacked
twvo together, enmulsicng facihg eadh'éthor but separated by
a thin platinum foll to prevent the possidility that a
proton from one emulsion might recoil into the othery the

wle plate na‘omhly was wrapped in black paper, The
aceorpanying 1llustration shows the exposure configuration,

b 130.9¢cm -
e
SOURCE EMULSIONS
e 125 cm “

Fig. 1.--Exposure configuration
By making several exposures at differing integrated mero?
flux levels (aporoxirately 5 x 107 to 2 x 16° neutvons/en?)
at the plates, the density of tracks was optirized for esse

in subsequent analysis,







A background measurement waz made with the identical
basie geometry to sllow correction for events caused by
norral background radiations (coswic rays, ote.) and neutrons
scattered into the emulsiong for the background determination,
however, a polyethylene block in the form of the right
frusturm of a pyrarid was inserted between the source snd
the detector in the 1llustrated ranner, This shield was

le———56.1¢m ole—336cm——353cm —*

Q =

SOURCE SHIELD DETECTOR

Fig. 2.--Background exposure configuration

sufficiently large (greater than three mesn free paths in
length) to prevent arrival at the dotector of a neutron
coming directly from the source,

After development® of the emulsions, the tracks of
protons which had apparently recoiled from collisicns with
incident neutrons were examined using & highepower (100X)
olleirrergion cbjective on a micrcseope equipped with a
calibreted fine adjustment of focus end with a calibrated

Lo izgr development techniques sec J. Co Allred and
gfog;mm:m; eloratery Updiec) of r?é%';?‘xw
{ Neutrin TSy Saabiar FecpoAnpes §Fr fhie jagyreesnt,






mochenlical stoges Since the index of refraction of the
cedar oll 18 very nearly equel to that of the erulsion,
use of an immersion objective obviates correction for the
difference between the index of refraction of ailr ond that
of the erulsiony In addition to the projected range R”
of the track, the dimensions A and B and the angle 6, as
11lustrated, were deterzined, The angle O was resd from

NEUTRON DIRECTION

RECOIL-PROTON
DIRECTION

Fig. 3e.--Illustration of measured quantities

a scale sttached to the miereoseope eyoplece, which was

otated untll a referense line inseribed on the retieule
sontained in the eyepleee ceincided with the initial direction
of the troack, Both B and np,nno the projections of the

track elong a line pasalliel to the surfece of the emulsion
and parallel to the edge of the plate (and hence parallel to
the direction of the ineidont particles),. By 1s the






thus-projected renge of the fmrtiolo; D is sore convenient
portion of the track length, In geﬁeral, B was taken equal
to Rp for ghort tracks (<00 .y the width of the eyeplece
reticule uged) and wus less than Bp for long tracis,

R, for short tracks wes measured in termas of subdivisions
of the eyepiece reoticule (0 . per subdiviesion) and for long
racks (over 00 ) with the stage micromoter,

The angle ¢’ shown in Fig, 3 was not measured direetlys
instond, the dip distance A was nmeasured using the ealibrated
fine adjustwenty Oince the thickness of the enulsion
shrinks during development and during storage,® A is not the
true dip of the proten, Ilet ¢ be the true dlp anglej then

KA
tan ¢ - B/cos &

where K is the shrinkage factor, defined as

For the plates studied, which were meintained in an atmosphere
of 40% relative Mﬂ, E wos of the order of 1,55, with
daily varictions of the cpder of #,02, The emulsion
thickness before development was measured using o micrometors
the thickness after devolopment was measured using the fine
adjustwent of the microscopes Since ton ¢ thus conteins

the ratic of two quantities measured with the fine adjustment,
any linesr error in the fine nd:nstmmt cancels itself in

2mie emmlsion cannot shrink appreciobly in ite plam
gince 1t ie secured to a guu hﬁm ¥






the ealeulation of P, In owder to aveid complications
arising from ourveture of field, tho depths of the two ends
of a treck were mcobured with the track placed myrmetrically
in the fleld, An alternative procedure, aleo used, eonsisted
of placing cseh end of the track in guccosslon st the same
plage in the field and there dotermining the depth of the

end grein, In both cases the dilp 1s given, obvicusly, by
the difforence in the two depth readings.

Only tracks lying within a pyrapidal solid sngle defined
by the (essentially wwm)- m: angles O <le’ ﬁ; < /6°
were used in the ealculations, Only tracks running within
the pyrandd in the direction of the ineldent bean were
eounteds the direction of a track eould in most cases be
inferred from the grain density along the track since a
proton ioniges more heavily near the end than at the beglinning
of 1ts track,

The raw data, as deseribed above, were proccssed on an
InY 70% computer, which automstically caleulated the true
— | ot :

R =R, sec o see ¢ - l,m‘}',
whore P 15 the polar angle, for each proton whose Erack
was meagured, If g track had a sharp bend where the proten
underwent a largo-angle scattoring fror g collision with a
massive nuclous, the range was measured in two (or more)
portions and tho computer added these partial ranzes te
obtaln tho total renge, From a bullteln table® of range

L B RO A T AR I M N A -

3tho table usod is that of J, J. Wilkins, Jangeeinersy
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vorsus encrgy for the type K2 erulsion the machire dotermined
the energy of the protong the emergy of the neutron was then
found frorw the relation

By = ‘p’““z Vs
where all energles are in the laboratory systen and the
proton gnd neutron are taken to have thoe same mass » and none
relativistic veloeitiess, This latter assumption is clearly
aceeptable in the region investigated, where K, < 9 Mev,
The relation above follows readily from Hamilton's formmla
for kinetic energy and the lawv of censervation of momentum
in the laboratory systenms

B - B

Pal = By cos? + |y, stay
\i;, sin Y - lq;u, cos Y

—

pn.
n

=94

v
ﬁ)

Fige 4.=-=An n-p collision

Here By 1s the Initiel emergy of the neutren, P, the momentum
of the ineident neutron, Hy the encrgy of the Pecoll proten

A







and 'é'p its momentumy P, 1is the pomentum of the neutron
after the collision, is agein the angley in the laboratory
system, betwoen the direotion of motlen of the recolling
proton and thet of the ineldent neutrons Combining the
last two relations, ‘

Pal = Pl ses v + |F}] tan¥ stn ¥,

- B - B b - /ey,

Having performed those caloulations, the maehine then
tabuloted the data in order of inoreasing B,

In oprdor to arrive at an expression for tho ineident
flux of noutrons as a function of energy, it is necessary to
conslder a time-integrated flux F(B, r Aln/2) of neutrons
of energy Byt ¥ 0By ineldent on o nusleor cmulsion of thickness
t contimeters containing n hydrogen atoms per euble centimoter,
F(iyt  0%,) 18 the numbor of neutvens per square contimeter
norral to the flux in the mm'gy rence By: §oBye Lot o ()
reprosent the nep scatbering erogs sectlon for neutrons of
enorgy Byy and lot Ep(l’“} Alv) be tho nunber of protons
megsured in the enorgy intm Bbt & A’b mumam “
the enorgy Luterval fy: § Allyy where B, = B, cos® ¥, ¥ being
the laboratory angle betwsen $he path of the ineident neutren
and that of the resoil proton, If © be the solid angle
of accoptance in the Laboratory corresponding to a raxiruz
accoptable angle of o for dip angle ¢ or bwimw angle
6y then Ny given by

Qv 16 stn tan"Y(stn )

wheneo






1s the corresponding golid angle in the center of mass

" Assuming’ that nep seattoring is Lsotronie in
the center of rass syster, the fraction of tracks whieh are
counted is then

O AT" . 4
Let P(EP) be the correstion, %o be specificd in detail
halow. for nrotons of emeray E. loavine the emlsion. and

el i

¢iie case in the imredicte experirent,
-ty if A be the ares (en®) of emuleion analyzed,

; ) P(R.) _ FBaz#aB) 0 & Sz, (210,
My (B2 & ATy ‘“v’—‘!"'—"ﬂnm;r—‘—"

from which 1t 1s immediate that

(B, §4Ry) 3—&-;‘?;@-511 l,(n,ﬂ aR,) P(R,) T(En)s
Thie is the required expression,
The correetion P(%) for the probability that a track
zade by a proton of enerpy B, will leave the emulsion and
hence not be eounted may be ealenlated® on either of the

syatom,

o o

"Portmulanlaﬁmor y oo Appendix A,
5’1&;9 scatt ess ls known to ba
the cent r of m:rmmor the
BT v s EHIRS
Plate Datw gn, ‘I&rko
selencey 1

51‘!1@ froblm is mt unrelated to Buffon's needle problem
of probabilit






iz the corresponding solid sngle in the center of mass
aystem." Aasuming’ that nep seattoring is Lsotronie in
the center of rass syster, the fraction of tracks whieh are
counted is then

O far, ,

Let P(Ep) be the correction, to be speeificd in detail
belowy for protons of ecnerzy Ep leaving the emulsion, and
lot T(H,) be the correction for attenuation of the incident
nentron beem ag 1% traverses the emulsion,  The nuelser
cmulsion ig considered to bnsent an end-on view to the
inecldent flux, as wap the case in the imvediate experinent,
Then one can writey if A be the ares (en®) of esulsion analyzed,

+ ) PC )_F(ﬁ +5A8) 0 A S, (5)

from vhich 1t 1s immediate that

F(ly+ 4 8y) 'f—;—&;ﬁmg{x’:“n’) P(,) T(5n)
This 18 the required mﬂéﬂem
The correetion P(R,) for the probebility that a track
made by a mtmofmgy&,ml leave the emulsion and
hence not be sounted may be ealeulated® on either of the

——

“For the ealoulation of |, see Appendix A,
smen»pmttcrmgmmuknmmwh
the conter of rass mng’m
0 %o § lov) to within "‘3%'“
Plate Detos "7 7 Laat loutzen

seience, 1

6!&19» iwoblm is not unrelated to Buffon's needle problem
of probability theory.







1¢

folloving asssumptionss (1) an insignificant number of protons
undergo rultiple scattering, or (2) as rmany protons are
seattered back into the emulsion by a second scattering as
are geattercd out of the emulsion by & second acatter&ngﬂ
An empirical study based on the forrg of 100 agtual tracks
for emulsions 200 x thiek has been carried out® for maxirum
dip angles of 10° and 15% and the extrapolotion of these
results to o maxirun dip angle of 15° was used in the present
enelysise Clearly, since the emulsion may be considered
infinitely wide 4in comparison with its depthy it 1s R cos ©
(see Figs 3) and not the true range R which 1s directly
concerned in the probability correctiocn, Employing the
ronge-enorgy relation ané an average value for gog 64 one
con obtain @ graph of tho fraetion of protong whieh leave

the erulsion versus the initial energy of the proton, let
f(Ep) be the freetion of protons of energy Ep leaving the
emulsion, and suppose n out of m tracks stay within the
orulsions Then it is clear that

or

T d i 5
U M el el Yo 18Ye .

81, Rosen, gp. &ifs







P(ﬂp) = r—:-}rg’ *
It is then a simple metter, meking use of the relation
B, - T5/G08” P,

where 8085 U 18 the "average" value® of cos? ¥ over the solid
angle congidered, to obtain the secompanying graph (Fig. 5)
of P(R,) versus R, which 1s expected to be correct to
within 3%,

The values of ov.p were taken from the compllation
of Garmel’® (partly reproduced in Table 1) and are eonsidered
correct to within 2/, The number of hydrogen atons per
cuble contimetor of the emulsion used is known to be 3,43
2 1022, corresponding to a density of 0,057 gn/en3, 1 e
corroction T(R,) for sttonustion of the neutron bear in
traveling through the esulsion is discussed in some detail
by Rosen,t2 By mxunsi the area of erulsion which is
oxamined to e strip ncar the edge (042 to 045 centimoters
in the present case)y; this corrective feoetor may be ms&d«oﬂ*
very close to undty. |

Evalustion of the errors encountered in ﬂm use or
photographie platea for detection of neutrons rust rest to
o grect extent on the opinions of ricroseopists, as many of

Dby

98es Appendlx B,

10y, 1. Gazrel: "The n-p tal and nurmzm msa

Section ﬁ the &arg“r ig 40 Mg

1’-.1. Jo Wilkins, gne glkes Plge 1s
12y, Rosen, g+ gike







Probability Correction P(E_)
versus P

o Neutron Energy

(angle criterion--16°)

| | l I | l | I

g0 ' 10 20 30 40 30 68 749 88
NEUTRON ENERGY, MEV

.34

1.32

.30

.28

.26

.24

L2

.20

.18

L16

.14

.12

.10

.08

.06

.04

1.02

.00

P(Ep)







TABLE 1
HeP SCATTIRING CROSS SECTIONS (CAMMEL'S FORMULATION)
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the factors do not permit of more accurate deterrination,

In perticulsr, the accurscy with which the solid angle ©

in the laborstory frame (and hence N in the conter of mass
frarme) can be delinested is subjeet to such uncertainty.
Roagonable estimates of the nonestatistical errors encountered
arort3

Tn-p 2i
vt%) 3%
7(R,) 3%
n 9%
n 13¢
& 36

The rootemoan-gguare error is hence 158, Of these errors,
the ervers in n and t do not effect the reletive distribution
of neutrons, and the error in N has only a slight effeet,
(The error in N has some effect since (1 1z better defined
for long than for short traches because of larger orrors in
determining herdgontal ond dip angles for short tracke,)

A ressonatle estirate of the preeiseness with which the
relative neutvon distridution can be obtained is hence 10%,2*







15

II1., EXPERINENTAL RESULTS

The IBM tabulation of tracks acgording %o cnergy of
the ineldent neutyon wos divided inte 0,1 Mev interwals, the
nusber in cach emergy interval boing the N (E,r ¥ AR,)
defined in the preceding chapter., Frow Figs 5 the value of
p(%)mp@uh%mﬁrﬂmywmm
wss foundy fron Teble 1 was obtained the value of O, (£)
for this energys The timee-integreted neutron flux ig then
proportional to

l,(l,t iAl,) P(l’) / °7~-P<Ev~),
the constant of proportionality being

YT/ n A £)e
A srall ares was seannod analysing all tracks groater than
3 py to deerease the statistieal uneertainty at high energles
without undue expenditure of tire, a larger area of the plate
was exsmined with only tracks lenger than a set minimum
being recorded, Accordingly, the "constant” A (area
seanned) was treated as o pavametor having the form of a
step function,

The flux ebtalned from the above expression olesrly
depends on the width of the energy interval considered, To
remove this dependence, the flux indicated above was divided
by tho width AR, of the interval (0,1 Mev), The result io







hence in units of neutrons on™2/Mev,

After the analysis deseribed above, the data were
grouped inte larger intervals of energy (to irprove statisties)
and smootheds This smoothing is Justified sinece the errors
invelved in determining the range and angles of a track are
lerge enough to prevent acourate assignment tc g 0,1 MNev
intervsal,

Although the background radistion was expected to be
low since the eritical assembly had been taken outeofedoors
and hoisted some thirteen feet above the earth with the
erulsions and shield even higher, a portion of a plate exposed
to this rediation was analysed. The neutron flux indicated
by this plate was subtracted fror the observed spectrumy the
correction was of the order of 3% below 1 Mev, 1% fror 1 to
2 Mev, C,8% from 2 to 3 Mev, and less then 0,5% at higher
energlies.

The leakage neutron spectrum thus obteined for the
U233 assembly 1s tabulated in Table 2 with statistiesl errors
and plotted in Fig, 6+ The leakage spectra of the structurally
sirilar oritical assevblies Godiva (U°3%) and Jegebel (Pu239)
have slsc been measuredt using & similar experimental arrangement
these spectra are tsbulated in Tebles 3 and b, where the

errors shown are the result of ecounting statisties only,
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For Tige 7 the three spovtra have been norvaliszed so that the
area under esch curve fror C,3 to 9.9 Mov L8 the same, The
figure shows® that tho leskage spectra of the U233 gng pu239
asserblico are quite similur end thet both ere "harder®
then that of the UP3¥ agsesbly, By being "harder® is meent
having relatively more higheenorgy neutirons, Thece observations
are in keeping with the known ercss sections and fission
spectra of these olements, ‘
The diseontinuity at 1.1 Hev is of quostionable sig-
nificance since the statistical uneertaintics are fairly
jarge in this reglion, lHotey however, thet there is an
indication of such a diseontinuity at the samo energy in
the Pu®39 gpectrum, Possibly sore resemence phenomencn
1s indicated,

2500 nlso Table 6 of the following ehapter,
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IV, APPLICATION OF TIHE WEBUTRON TRANSPORT RQUATION

The lealkage spootrum of so struoturally simple an
asserbly as the bare sphere of U233 heve investigated ray
be determined by solving numericslly the neutron Sransport
eguation, Assuming for the moment that all scattering is
isotropic in the laboratory system, the ratheraticsl ferm
of the transport equation (or Boltmmann oquation)® for
neutrens may be readily derived, let the folloving definitions
be lald downs

L wwe tine

¥ w=e position veetor of the neutren

v === gpodd of the neutron

(1 wwe unit veetor in the direetion of motion of
the neutron

ndVavdQ = nﬁ.m,t)anvanmmm
of neutrons at tive ¢ in the volumo clement
4V around the point defined by ¥ having a speed
botween v and v - dv in a direction lying within
a differential solid angle d.n about the
Manfi

%ihummm{n tuts ‘é se0 By Davisons

Js DDs 1510, chmMthWtiim







84V dv 4N dt = S(Fyvri,t) a4V dv 40 46 w=m the
mmber of neutrons having specd between v
and v +@v and moving in a direction within
the differentisl solid angle 4O ebout the
direction I arising in 4V in the tive dt
@ue? to both fission and scattering,
Congider a packet of neutrons with veloeity vil and
position ¥+ tvii ot tires close to ¢ - 0y Then the net
inerease in the number of neutrons in this packet 1s, by
definition,
Bavavan ae
as ¢t inereases by 4t
It 18 elear that noutrons may be removed frow the
packet by sapture and by scattoring out of the packet,
S8inge a neutron which undergoos a seattering process must
change either specd or direotion of trevel, for othorwise
mmtmmumhhwqmmu,mmm
probability that a neutren emitted during fission will have
the seme speecd and direction as the neutron ceusing the
fission is of the second order in small quantitiecs, docroase
of the nurber of neutrons in the packet in tize 4t due to
seattering and eapture (with or without subsequent fission)
is sicply the murber of neutrons undergoing sollistions in
the tine dts Using o (v) for the total probability of

”nuummmmtmm

MMM%« ponteneots fission 18
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collision for neutrons of veloeity v, 1t is olear that the
deerease in tiwe 4t due to these enusos is given by

co n v &V dv 4.0 at,
uhere nv 1s the nuwber of neutrons paselng through unit avea
porpendicular to /i per second and n v 4V dv d (1 dt is hence
the nurber passing Shrough 4V in time dt, Here, and Shroughe
out this seetion,  will be assumed to be in units of ex™lg
i1+ @4y obtalned from the convential ercss seotion tnz)w
mummmamammwmmmwmuw
o3 of the element considered, Thus - as used here is
the reeiprocal of the mepn fyee path,

The inercase in the number of neutrons in the packet
due to scattering into the packet 4s due to ecollisions
ogeuring in 4V, and sirdlarly the inerense due $o fission
is due to fisslioning stoms lying in 4V, Henee this inercase
is

B(F,viet) av av ¢ as,

Reealling from veetor analysis thet

8 - pgavi Vn,
collecting results, and eancelling differentiols, thore
rogults the expression

Bgn +vL-Va + cwav = B(Fvri,t)
for neutren balancet the mot rate of inercase of neutrons
in the given packet plus the mmwber of neutrons lost fron
the packet per second oquals the ratoe at whish neutrons are
oreated in the packets For a time-independent probias
sueh ag that considered,







v-Va + oMy = 8(F,vlde
Assuming3 that all processes invelved in 8 are isotropie in
the laboratory frave, ond further rostricting the discussion
to o system possessing sphorical symmetry (¥ —w), one hasg

vV ate,vil) + cWnlewil)y = 8(ryv)e
ginee v 1o o constant scaler, one can write this as

O Vimle,vl)) + cWaleyvil) = 8ryv),
Introducing the sngulay neutven flux

Hir,vrl) €V @v .01 = v nlryvrl) 4V dv 40,
14045 the nuwbor of neutrons in the volume 4V having speeds
between v and v+ dv and directions of travel within the
differential solid angle 4] about N passing through one
square centimoter perpendicular to (1 por second, the transe
port equation becores

¥ V"!;Ym + cOMilrgwl) = ﬂ(l'gﬂo
form, one eonsiders G (arbitrery) nergy Erouns 1e2gunaglgee
u,ﬁmm“mmmammmmmdvm
cach eneygy group, For group g the transport equation thus
takes the forn

n Vl‘ﬁ,ﬁ.) - o‘.l‘(t,ﬁ.) = Bglr)y
vhere N (r,ﬁ)umnumum&mnctwm
bmmwmc“mwal,mammmrw
neutrons wAth energies lylng mm;‘hmmy groups

3
i
for the case







E‘(r,ﬁ-) E{“‘f,'ﬁ’ ﬁv’

Bg(r) = / 8(r,v) dv,

C" = A—!\-/; O’(V)d"

vhere / indicates integration over all veloecities belonging
Vi

in gmup’:. Further simplification is posszible when the

angulayr neutren flux depends only on the rediasl ccordinate

r and the angle between » gnd the direction O of the flux,
Since the cosine of this angle is

= By

one ean replace N(r,7l) by

Niry) = N(r, Bk,
In terms of the variables » and o one has for the first tern
in the transport equation

LV NG B) - gl + (0 1LV (Eg),
Using well-known vector identities the gradient in the last
tern can be expanded as

=+{Fx(Vx) + Ax(Vx?) + (F-v)L

HADF] -hEADT

=¥ (L-V)¥ -5 (7. A) ¥,
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gince 11 is a constont wector and
V¥ = 0,
¥ being a position vector, Thus
BV, - Bt + AT < 0 g
=MDl + L‘;Az B By
and the transport eguation for the problen considered assumes
the form
by + 342 5, oy Byl = By,

Tyt the total eross section for the removal of a

neutren frox the ‘“ group, is obwiously given by

L e gt Tk |
where G,° 1s the eross section for elastle seattering, o'
that for inelastic seattering, o’ the eross section for
capture followed by fission, and gy* the eross seetion for
capture followed by any other process, all for neutrons in
the veloeity group g When corrected for snisotropie
scattoring in the panner noted below, Cg is known as the
transport oross section,

It is now necessary to examine in detall the source
tern a'(r), in which are included all sources of noutrons
in veloeity group g, vhether from fission or from seattering
mmwmm"mg l.(r)muunyu
written in the standard form

"me present consideration must be 11y distine
guished frem thet of the disoussion on page
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vhore s +(r) 18 the eom flux in group g', defined as

Haelr) = /l'.(r,/d L8
The Tyq (m"la are known as transfer coefficients, To
aetamm the form of op,, from (hopefully) known eross
secetions, one makes the following definitionss
77“. wee the fraction of neutroens gcattered into
veloeity group g by neutrons of group g
undergoing inelastie (ecr veloelity-degrading)
seatoring, sueh that
Z % =N
vhere c_and g' are such that Vg £ Vgt
Vgt = the average number of neutrons per
fission due to a neutron of group g'
Vgg! === the relative number of neutrons born
inte group g per fission due to a neutron
of group g', such thet
% 'V“O - 1/.&0
It should be alear that the transfer scefficionts are then
given by
“ee’ - ‘5‘!&3 5’733' G vy
where S’ 18 the Kronecker delta,
orm. internctions involved mn.o; and O,° may be
anlgotropie, 1,04y ray depond on 4 In this case the above

equations may still vetaln approxirate velildity if 03‘ and o;°
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are replased by correspondling lotegrals over n and there is
subtracted froncggy and opege a eortain parameter correction
€y defined? ag '

€Egt = [;«{O},e(lu) +05,i(/4)} du.
Thie Sfrangport soarexdination is apparently accurate, s faot
which eonstitutes its rajor justificstion, The alternative
to using this approxiration is $o sclve the anisotropie
problem,S

The transport equation is now completely specified
for the case of spherical geometry, One generslizstion
of the equation is possible and, indeed, necessarys a review
of the preceding development will reveal that the various
cross sections employed may be alloved to depend on the radial
coordinate, In partioular, it is neocessary %o let o be a
step funetion in r, such that o is sero beyond the m:lui
of the gphere of fissile material,

Preparation of the transport equation for numerical
solution by the 8, methed is discussed in Cerlson's report.’
Briefly, the syster of differentisl equations for neutron
trangport is reduced to a set of coupled difference equations
in intervels of r and x, end these solved by iteration,

Gty T A 10 SRR i

G'M which see Carlson,; ihid., Secs 9.
7gerison, inid.
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For the present investigation, 8 intervals of u (the 8g
approximation) and 18 of r were taken, and the probdlem
solved by means of the existing sode® for the IEN 70%,
The cross sectlons, flssion spectrum, ete., used are the
sixe-group set presented in a lLos Alanos umt’ and reprow
duced in Table 5, The following boundary conditions are
necessary to complete the speecifiecation of the problem for
the bare spheres
a) Conservation of flux st the center:
H(Oypd = H(0y=p)
b) Derivation of all neutrons from the eritical
assexblys
H(a,=p) = 0,
where a 1s the radius of the sssembly,
Among the output of the computer is the relative
neutron leskage flux in each energy interval used, For
comparison with the experimentally determined spectrum, the
theoretical leakage spectrum is normalized so that

6
=
D
oordon &, Hansen and Willtas H. Reach |
i G ed ek gyl B
ve multiplied

gt g (O e U233 eontoined
¢ n 9, ; Qze eon

sore U23% (1.24%) and m?ﬁ’(o.o&t) the cross sections for

U233 vere corrected slightly by taking a welghted averaze.

The aﬁnteﬂ composition corrosponds to o density of 18.h
gn/ .
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TABLE

5

mwr*wmwmu”’

(CROSS SEBCTIONS IN BARNS)

Group No.

mu m" Mev
Fission Spectrum

O=0,1

0,014
2,51
3.3
0.40

1.8
8.17

8,207

0.1-0.4

0.090
2,53
2.2k
0.15
8.1
5.66
0.05

5.667

0,4=0,9

0.130
2,57
1,96
0.1
5.3
2,91
0.29
0.0%

4,986

A
0.9-1.4

0.168
2,61
1.89
0.08
L.6
1.82
0.45
0.30
0.06

5
1.4-3,0
0,344
2,7
1.43
0,06

L5

1,53
0.18
0.50
0.35
0.05

b,951

340= 00
0.20k
3.02
1.75
0.04
L.25
1.19
0,20
0.27
0.45
0.31
0.04
5.285
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and then R‘, the neutren flux in energy group g, 1ls divided
by gy the vidth of the g®® group in Mev. (For group

6y B, 1s taken as 645 Movy 1,04y 1t 15 assumed that there
are no neutrons with enorgics greater than 9,5 Mev.,) This
norrelization ylelds neutrons en™2/Mev, The experimental
spectrur is lumped into the same four groupe in a similar

ranner, wvhere new
95 Mev
't=/rm // F(E) aE.
AE 0.4 Mev

These quantities l%' displayed, along with the ratioc of the

theoretically ealeulated and experirentally measured quentities,
in Table 64 Included in this tedle are the sare quantities
for the bare-gphere assemtlies Jezebel Pu®>° and Godive

1239,20 14 1o seen that the theoreticsl result is not in
violent dissgreement with that observed; certainly, no
condemnation of the cross sections, ete,, employed in the

thooretical treatment can be made on this basis,

W‘W

101, stevart, Leakage Nieutron Snegtrume
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COMPARISON OF THEORETICAL AND EXPURIMENTAL LEAKAGE SPECTRA

TABLE 6

0.4=0,9 | 0,9=1.b | 1,4+3.0 [3,0-00
Mev Hev Hev Mev
Jezebel Puz”
Theorstical 0.481 | 0.390 | 0.216 | 0,03
Experimental o.k88 | 0342 | o021 | 0,038
Ratio® 0.99 1.4 1,02 | 0.89
Jezebel 0233
Theoretical 0.513 | o038k | o,28 .i'io.on‘
Experinental 0.5 | 0372 | 0,200 | 0.036
Ratio® 1.0 1.03 1,07 | 0.86
Godiva 02” ‘
Theoretical 0.634 | 0392 | 0.97 | 0.026
Experimental 0.658 | 092 | 0.89 | 0.027
Ratio® 0.96 | 200 | 200 [\ 0.96

S&rneoretical flux/Experimental flux,






APPERDIX A
CALCULATION OF N

Klerentary conslderations of collisions detweon equally
zassive particles yleld the resulis
: ¢°0 - sino do ag,

gy = 2°0) - 4 0050 42@ - % c086 sind @044,
where all angles are measured in the laboratory reference
frome, Along She eodge AR (Fig. 8) one has

2= p 008 O = eonsty,

x-_/o gin O cow @ - consle,
vhence

§ = tan © goggd = fan <,
where o« 1is the maxirum permissible value of the horizontal
or dip angle (asswmed oquel in this analysis); L1404y o« 18
the half angle of the pyravid of scceptance., Thus

o - tan™ (§83)

glong edge AB, It follows that

taw
tan- ( c:s:

Wi
ﬂ=8‘// 4cos6:sneded¢

Q. Y&
o Cos ¢
32 o (7cos‘¢f- tan"et)
cos O sin & do dg

/6 tam? Of/——éé——
o

tfan? + cos? @
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Evaluating the final 3.ntagml,1
Q=16 sinx tar™i(sin«),
For the case at hand « - 16° and
L = 1,186 sterradlans,

-

: | _ :
Bostmzaéiﬁ;x m’&?i,‘&%f mgf Inkezrals (39 ed.g
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 APPENDIX B
APPROXIMATE GALCULATION OF COS% m

To sufficient accurscy (1F) the square-based pyreridal
solid angle of observation may be eonsidered repleced dy a
right elreular cone such that both bases have the same area.
Let a be the length of the edge of the pyranid and b the
slant helght of the cones, Theny if = be the half-sngle
for the pyravid and Y. that of the cone,
T a® ain’#"m=kb’nn3oc,
whence, to @ good approxizstion for « and Y, . seall,
77'.3.!!2‘»0 =% sin?
Thug, sinee in the uhmw syston -;—C haoeos O,
fco-ﬂw aretn ¥ hoeosy Ay
o2 ¥ -

/2” giny Yo gos Pav

. }(“"/’m*l’.
For « =1ﬂ‘g me = 15‘7'; and eos? ¥ = 04952,
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