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the Fall of 1945 as part of the program of the Los Alamos

University, The course consistedof some thirtylectures9

almost all of which were given by Mr. Fermi. In his ab-

sence9 R. F. Christy and E. Segre gave severallectures-

These notes are, except for a few very minor rearrange-

ments and tnsertions$those taken down tn olass. The d$vi-

sion into chaptersand sectionswas made only when the notes

were put togetherfor prlnting$but the chronologicalolxler

of presentationwas ever~heae preserved. The homeworkas-

signmentsare gtven in their proper place.

Mr. B, T. Felc9kindly read these

printed and made some correctionsand

Miss Arva Frazier typed up the note$.

notes before they were

valuablesuggestions~.

As soon as declasslftcationpermtts$ the Universityln-

1

. .

\

UNCLASSIFIED

A course in neutron physicswas given by E. Fermi in

tends to make these notes availablefor sale9 along with the

other non:classlfiednotes publishedby the University. ‘
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NEW?ON mm-

. .

en9TQj bakacceo As an ex&Nmple,let us calculate C&
,.

—.. — —.——..
Aa tinaesignmnt (smd in the ~“ture, all rwurks enclosed 211motangle:

1

‘;

Note thntithe ms=,on the rig$itJ@ceetlsthat on the Left by tioojio6uiasg.,

Q isnegative)

i’or2.t3ji$i~wwid suffice Qnly if neither end=-prmhist Qurtick.noved.

.
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the ~ particle is av&laUle for convawsic?n$0 mass) Flencsthe

!jQjMm

IROSt probalQe

,. ””..’ .,L
:..

rwadtkon with E&,

1

~hrue na”iA.W.,LneUt~n sowwm in CbmmC)nuse A5.”~ based

oftthis Il?ac$ion

e
.

TO see whst CX ‘S am emitted in each case, one must

turn to W3 Decay Seriw of the Uranium family.

uNCLAs$lFIE~—-
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%he same xate CM A @n of Radium. ?
%&l

a F/a. Be soume the neuts wM. have &l sostv of energi’ea
. .

tO 7s68 + jio~% ,13.*”Y0 The qredtzum will be faicl,ycontinuous .,,.,
.., J

left,in the grrmnd’s~at~., . .

(41 F+>-> Na22 s \..

“FQ k

‘th)?esholds

.,

●

a I
I

i -!
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1“ ,UNCIASSlilEII
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Other photo .scumes..

m! w D2 Q .220 hlev neuUonti

I

Ms ~ I?e z 43r~uP~ me; i16 Mev neutrons

.

Usi~ artificially Miioact ive ‘% emittsr3,

..
yiektise

%

1 Disadvantage; Trcmblesme target
I
1’”.

1 J . .

-T-&q

1“

i-

I2UC) 3.0
3Qc2——4J— (?s9

yldcla at low eriergiesfi nwnochromatie

,

f
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Examples

●
(elastic when

nucleus after

energy may go

of such

K8E0 ofneuti before coLAlaion =swof KS*’$ofneu%~’on undrecotl.

co~lision; inelastic when the kinetic energy is not conserved -- some

into nuclear excitation)e Renctions where a neutron comes ia and other

includin~ the range ofnucleer forces. But ev,%nthis

thenuclem and of a zone

area would be o.fthe order
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7’
-sneulm,for example, are dxxitq~Q4WwMch iaqkes>= zx/Q cm, (of the oxder of

intexatom.icdistances.)

{of the oxder of nuclear

compared te 10”12. Then we oan use the clasaic~l corpuscular no Lionsand for higher

. . .
,.

Without the absorbero the detector measuxw intensity X. o We then

abso~ber. The measured intensity is 1. Fe asoume Mwt the solid angle

at source ati detector is infini$esimaLLy smal,L (one must md-teanre that

even a little bit Canet get to the detector.) Our geometry is thus such

%f fectedffwill not be detected. l%ke a closer look at the absorber

put h -@3

of ab~orbt?r

neuts scattered

that q neutron

co~stantmustbg l.. It?the le@h of the slab

I WA(I10

thermal ncu?x? Express reault in uaiWJ
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I

C
(3) The General Featnues of Cdl ision~.

AS an examp~e, you may be thinking of an (~)~>

n?action,altho whalifo~owa is quite general.

Find state refers to either the -. or the reooil,

for if we are given the 0$ momentum and direction,

the lawe of mmentum ooneervation assign the momenlmm and

~d from the conserveLion of energy law, me ~an detormine now

of the recoil. Thus a specificationof momentum and direction

the f inaJ. st~te completely.

What is the pzubability that a transitionwill occur for

the state of excitation

‘ofthe @ specifies
+

which the energy of

the ~ is E? (i.e. between E and E + ~E) FIKXiI G.uantumMechanics, it can tJ8 shown

● that this is given by a product. It is.~x~ where M is ~+: X(H \% and E

is a matrix element depending on the energies of the initial and final states, and pcs)

is the density of possible final states in the neighborhood of ~ .

l?hamatrix elenxmt is too tough to calcul.ate here, but we can get .
P

Aotual.lythe ~ can oome off with arw energy and so wetd get a contiriu~um(i.e. ?“->

everywhere. However we can put the system in a box of finito volume n and this

will make the distribution of find energies d.isoreteand &( the ntunberof states

per unit energy interval.)wiJ.1be finite. The question ‘How many states per UAit

energy occur at ~ ?m becomes “Howmany states of an ~ partiole in a box of volume

a have enezgy~ ?fi For the answer t~ this we turn to stat~stiual meohanics and

ssy, it is proportional to the volume in phase space which ccmresponds to this ener~.

If ~ ia the linear dimension of a cell in phase space (a cell can contain one fitate)

a then the number of states for which ~x isbetween~X~A~y~~x@tc is

n— Clp.clpy dpa “ (where the integrationover configuration space

~%
has already been done) Hence the number of
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for which the total’momentum is between

9
?

of the opherical shell at
P= (P*’+ B“

volume is + “K ~2 dp

and
p++

is proportional to the volume

t P ~=> ‘k In momentum space. This

Although ~ occurs in
9

probability is independent

to be justified. .Thus the

-4
a SL will occur in ~ ao that the transition

of~ as it inustbe it’our taking of an arbitraxyn 28 ‘

probability of a transi$tin to a atate where the particle
e%

so that fbr slow wwts (~ wouldn$t change IDUC& in so small an energy range) & @
.
independentof the ve}oolty of the slo~ neutroxq The dastio scatter@g arms-section

of slow neutrons does not depend appreciably Pn their energy. It should be pointed

out that for elastic scattering froml@t aucle$V,N =~~u~ , onlyh thecenter#

of gzavi~ syst$m and it ~s in this system thpt the above is true.,.
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m As a second exsmple, consider one of the so-called absorption prooesses.

I.ettssay the recoil is heavy so that the light particle gets all the energy. ‘Them

Note that whenQ 1
is positive (exothermic)and ~~ is small. then ~ goes as ~ ,

~the+~aw] . Obviously a negative ~ and very small ~lN

$ense. The result we get ia imgginaryo !Mis chows mainly

cover the case. & should be zero for s~ch a condition.

.
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Consider next

of gravity system.

M M&
‘ss M+MA=+’

inelastic sc-attering(Assume that you~re working

In

If

tTIUSS and the fOi~OWiIl&$

i’irstexitation level

this c&se the neutron JMMSshould b% replaced

in the center

by its reduced

~~ i~ lmxge, the reduced mm

results *U1 hold approximately

of the nucleu~ is b~ , and the.

is ,practicakly the neutron

in the laL system.> If the

neutron has +//_L$%2<W

then no inelastic 6cattering can take place. ( A mind you~ is %he reduced masa).

But if $//~~>W then. if the nucleus is exoited

At the right is a plot of the factor ‘~~ I

There wm.1.dbe a SMEJ1 cross-section for the

! &mEmwx-o)v
the square mot of the excess velocity.

production of slow neuts by this m~%hqd

.l.et~ssay a neutron hits a nucleus (ZJIQ] &o th~~tthe compound nucleus is (Z, W’).
..

Neutron capture i8 almost aiways [exception= helium) exothennice The mvrgy available

for photon emission is~JjlJ’2 +~ where ~ is the neutron binding energy (the m-

recalled energy balance for %hie case.) If the first photon corresponds to a drvp to

thelevelL (not necessarily ground) we may write ~~ =;A/v=+ ti~ As u-0> *a

approaches a fixed number
[ 1
depending on~AIL .Eut in the expression for 0- the

~ part increases rapidly. Slow neuhm(m)~) reactions go as + <asmuning again

sufficient constancy of.I!Xl,)0
●
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o Next consider the(~)<)

v+A~B+_ These reaction~

positive).

First take

pIcx2esse3. @ (v,,’ 3
processes are of the same type.

can be endotinennicorexothennic ( Q negative or

zhre~hold velocity. Again wetd expect a

u-
the value ~ ,But the observed u’” is

as can be seen. The rea60n is the sharp

pambolic rise in

quite clifferent

variation of m

● h this case. SLOW charged psrticles have very much

trouble getting OU’%of! Gaww barriers.

(5) =~ e Mm-idea of the Forezo@g Reaction TWes.

that only about 2.3 Mev are available for kinetic energy.)

is the

is

In

cm. py! Ic) this reaction should go as 4v
i’orslow neutso

left excited so

view of the discussion

$t does. ID unseparated

boron (B’”dE3°mixed) &

Sine e the veloc i@ of 6uch

Sees aO
905 x 242W05

is ?05 hams for room temperature neutrons.

ne~ts i. 2.2x 1($ $G, the cross-section

It might be noted that for pure ~10

the room tem.pemtwre cnxs-sec%ion is 38G0 bmns. This reaction is

rather important inasmuch as sevezd neutrca detectors are based

----- ——-- .—-.*.—

%e have a bon.m s

layer of .05 Cm=

penetrated by a
.

one ~. neutron bwon

I
1

on it. For examle in intensity of such
BE sor+\z+hTIbI~ i
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There are mxny variations of this scheme. You mi@t build the

@d.tiplication,i.e. cylindrically symmetrical. One might use

und put boron (ia some compound) on op.eof the electrodes. If

.’7,,4

electrodes for more

argon in the chamber

the layer is thin, the

Jsc3ping ~t or HZ” might get through to the argon b cause the necessary ionization.

Li6+~+~3+~~4+q,~k~N(~e most convenient way to makeH3 ) For

ordinary lithium

ture neuts. And

(up to about ~~

for light nuclei

( ~/6&~17 mixed) the cross-section is 65 barns for room tempera-

zhe ~ law is followed

Mev) The J- law holds
v

(where the energy leve18

for slow neuts. 93
}

to higher energies

are spaced far

1A

B~v s ,

apart) than for heavy nuclei with their close packed levels d ~%

(which would cause sharp variations in cl) It i~ we).1to Iv

v
keep in mind that the ~ law holds for.relative velocities. That is. when v

becomee mall for the neuts, the thermal.agitation of the target nuclei must be consider-

ed in the application of the 1 law. Let us calculate the number of slow neutrons
-U’

captuxed in some material per unit time as a function of the velocity of the neutrons
a

if ~ obeys the ~ law.
v

Consider those atoms with velocity V . ‘#hatis the
4

number of capturea per unit time due to atoms of velocity ~ ? Lince @ goes as

which is proportional to $he product goes as Not+ wbexw R me.y be considered constant

( ~$ is the coacenlx’ationof atas of veloci~ ~ ). ‘I’hetotal capture probability

?x3collxm
T

~ PJ$ * AN , a cons~ant. What is the average life of a

the number of captureo per wit time is coxmtant and ne~~iDa chunk of lithium.

independentof ~Y=}3y~Ve whenever ~ goes (or in ~~~ at standard

&
as ~, \ conditions)?

~n+~’q+c’q+H’+.~tbhkvAltho%~ ~ is positive, it ie small and the @nCYN

factor playsa part,so that the crom.section is only 1.7 barns for room temperature ‘

neutrone.
~“”- 7
What is the mean life of a neutron
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clIMzi’m 111

0 The Chart of Stable Isotopes and ~~t it Implies
about Nuclear Reactions Involving Neutrons

,14 h
:,$

*

by

borubardment.) AS an example, let UB plot Lhc part of’the dia=.~am dxnmd aluminum

rest tions (and ‘Aese
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o fox’

‘mbstitwting” aeuts for protcum and vice versa we obtain a set of’nuclei for which

~&=27 . ‘Illesewill lie on a line of.slope -1 on the cbi~rt.

,.;jostnuc.Lei in this set $_me,ol’ course. Unstable,

IrmyMO w in the right direct i.anby ~- eiectron cspture. !I’hishas beenobserved.

The j W-E table nucl-eicmaidered in connsction with .41.’7are.ni1.
P 6Klit&ers as

wouAd be expected since they alJ. are above the stable curvz. ‘iImy dl. possess

characteristic hd f lives. ‘l?~ese mre

Al .23 203 min Mg27 10 min lla2)~ls !xXlra

i~e to isolate o~e 121’the ac Livitiea by chemica.Lmean6

“1
Liveis of ‘the radzoac tiw

or by using neu%zwna of proper snewy, We could

examine the energy s~ectrwn of the emitted P p:~rtioks, we

a s“9mewhnt unexpected result, In order to explain this

spectrum (there is nQ particular diffi.cul.tye for t?xample~

with ~spectza Y:hXh are discrete). Iluthere one usueJlly

I..L.L————moduct nuclei. I

p E

“? \ E.*

extria energyp i.e. ~.#tE~- = ES. wilere%~is a cotwtmt
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which ~ives the energy of ‘the~ decay, Eeis the maximum energy on the graph above.

● For .ug8, this Eois 1.8 Mev. ‘Thus the neutrino is here invoked to help conserve

energy. Bef’ore such a scheme is acceptable, one should show that the maximum F energy

● (and not, S:IY the average P energy) is the energy lost LJernucleus on P decay.b

~et us assume this in the case of .{g~ and see tiiatit leads to obserued resuAts

&7* Ai2’7+e-+i.8.ti3v. Iht nw, we tiOW the r@CtiOn A127+ n- ;;127+ H’+ ~,

az~daddin~ these we find , .75 WW= C.+EO (.75 is the difference in mass of Lhe

neutron and hydrogen atom.) Thus C.= ‘Le05 ::@V. Thus the observed ~ -spectr~ of

4327 implies (ifour assumptions are correct, i.e. if the maximum energy in the

P -spectrum corresponds to the to$ai energy of the reaction of @ emission) that the

(%,P ) reaction on Alfl is endothermic ifith C= -.L.0~ WY. fad this is observed,
a

i’or Lhe process has a threshold

-.,.2 Xt3v, this wouLd imply tha%

● of the P spectrum. To sutis.fy

corresponding to this c.. If the observed ?.were, say,

the energy given outiupon P -decay exceeds the Io?+ximum

energy conservation one would assign a non-negligible

(2) Q.-Jt,pe ‘k3ii?jJ$&_Q~W>6 ) l?e~ctions.--——

One might crudely reason that all such reactions are exothermic by wout 8 Eev,

as the energy equ~ tion. A~suming [and this is quite crude) tht the mqss of a nucleus

containing protons and neutrons of total numlzz’A is equal to A, we find

~ = .009 millimass units or aLou’b 8 Jkw.

fact, be=n found convenient to clef ine the packing fraction

~

/%

l% ic sacking fraction a~pears in the

a nucleus per particle. Per particle the
.
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fraction. This

TotaL energy of

can be seen from the following considerations.

f’ormtA.on iS 2(1.0081) + N{ Lo089) - &tLcmic

that ‘Z-N this can be written approxirwaLely

(i?+N~[I.oa85~ - Aknmc VdQ49h~

Dividing by A gives the above resuit.

●
For our present pur-

poses the implication of all this is t-fit(~}r ) reactions

are not always exothermic with Cl,=8 hlev, but that in~tier

togetc onemust lmov; the packing fr~c~ione of’the

Duclei involved.

/

ILook up lQ—nuclear—

Imasses in the low end

of the chart and calcu,

Ilate the binding ener~

%e have seen that neu’Lmn bindinC energies are of’We order 8 Nlevthrough the

per%dic table, there is an irregular variation of the binding energy with A but in

addition there ie Q re@.ar vaxiation that .~hcm.Ldbe mentioned. This vari3tic2n in.

voives the packing fzaction ~~hichis not wholly irre@d.ur with ~“espect to the position

of the isotope in the periodic table.

8
P9$CK{FJC?
FRW.TIO14

-THC5 >TA13Le IXZ-OPES
pwlr IN /% RGS610N

x to+ M30u”r -’W3 LURWLM

Let us then use this olxwrved packin~ fraction curve to determine my re~tiar variation

,,
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(’the dope of’the curve ianegative)~ At

fairly him A, the binding energy becmew leas

9
than 8 ikm,

Ja
“Lookup the ac%ual mass

defect curv’. Find the average

bindi~ energy for nuolei in the

At WY sate, the (T1~ ) reactiou will involve enexgies of the oxhr 8 Mev.

(’17heonly astable~ isotopes th,t we feeA do not bind neutrons at all are He4 and the

neutron itself. ‘fritauw da would probably not bind a third neutron, but this would

be true of alL tileun~tabi.enuclei with enough excess neutrons)
. I /

({ ~,1
t

Oxlly

rough guide and would often be ;uisleadi~. For exmnp~e, oppo8ite pmcessjor KJYI )

macticms)on deuterium and lk~ sho$vthresholds of 2..2Mev and 1.7 Mev reapectivel.y
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Models of Nuclei and Of

n’

Nuclear Reactions.

.L ●

CL
About 10CI(~,~ ) rwact ions am

very c3.Qse%0 ~ sCJ6 This is because m

vakues show Veq sharp Varis%$ons of

some XxkA. Our piature or a nucJ.earreaction is somewhat as

Atm ----5- (fi+~-Yydw-e* r.ems excited

(A+ni* ~ (hwii+h-v [ tekeu a relaLiveiy long time) .

One usud.~y says that the compound nucleus is Urelativoly stablefi. ‘Ibismeans

that it takes many times the time it wotd.d take a nuckar ~ar%icle to cress the

nucM.u3 for

m that the

The tin. of

a knmkwige

Thi3 is 107

o (KiiiiTG’E7GTR&m2tion ia the

I

litemtwm you can about indiuu
..

aud~:ld resonances for neutmona.
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2(3
[2) Wutron Re80naricesand S~W of Nuclear lavel~.

@
Having seen that the mechanism of a nuclear collision involves the formation

of a relatively stable ‘compoundnucleus*, let us again consider the ~~b~> pzwceas
●

In order to Bet some more information about nuclei. The crose-section for such a

I \N\TtaL5Ta~E.
process, we have shcwn, will follow the — law forti

v
If++nJsepawaTu (

wGwtvQm+04 n&

small, and will show resonances at higher V . These
.

~

;g:g{$
resonances can be related to the energy J.evelsof the cotn.

- ~vc ..”-;.-_.

pound nuoleus, as is indicated at the right. Neutzmns &&64.,
I

.
will be absorbed accomiing to the U-

:...
law from very low ;;” --:’’.....

u .,, -a’. .....
velocities until they have enough energy, such that the ‘;” -“k....

sum of their energy -k the binding energy of a neutron $KW# +

0$=& T
to k becomes equal to the energy of seineexcited stat9 &Dlw

(
T

1

of A +~)jthe compound nucleus. At this neutron energy, N&NM4

the absorption orose-section will show a peak.

●
J-..----

C

If the first such resonance peak occurs on the average, for, say, nuclei of

medium weigh-t,when neutrons have energy OF the order of m~itude E , we would con-

clude that the energy level spacing of ~diu.m weight nuclei, is of’ order ~ (in the

region of excitation corresponding to the binding energy of a neutron). For medium

weight nuclai such Ufirst capture resonancesfi occur at the order of 10 volts. Thus

the energy level spacing at N 8 MOV

r
Find from the literature the first resonances i’ornuciel A= 100 to~=150

t

~ est~~ate of the level macimz here. ~ 15T#=W\$WS~LlMbE~, )

excitation is of tEe order 10 volts. .Experimmts dealing with such nuclei tbt are

●
nwr their -~:~~,states indicate,however}that the spaci~ bstween energy levels is

of the order l~5& ~o~ volts at low energies.
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{:j ) ‘_&O,,~~1~of themc&swl”

In constructini~EInucleirmodel‘m t.ktmhave at leasttwo obtierv,atiorm10 account

(w (J)~!-j-erelativelysttiblecompoundnucleiformedin nuclearcollisio~? (.}if~v

‘doesesiergylevelspac~ decreaseso rapidlywith excl.tationene;;~in mediumor large

s1,zed -;.’uclei?(Theativediscussiondoesnot apply toowell to v.,(Yli~htnuclei.)

‘i’hefirstproblemtEIdealtwith oecentiallyas followsqno matterwhat the mcde;.A

AUCIEJNAIS consideredto be a cressof closepickedparticlesboundby shortring?

P’r?P’-@El,M3 utcractiorzswith rmighborsare strnng. Gherws iR the case of theelec.

txxxlssrnundtheatom, theseinteractionsbetweennei@bor8 are we:dcand thecollision

d’ a lu~tmovindparticlewith suchuu e~ectroncan be.cousidtired.:pproximatcdyas a

tviobody p.mblem, in

actionsact as shock

parti~le,theenergy

collisionsthis is not m, The eIWoi~illtt)fi

paxti’:leWccemle in col~iuinl~wiLha WCIWr

quicklysharsdby tb.eQticlearconstituents.

LhISener~ is distributedand xediatrikjutedas th~ nuclearparticlesmov~ at~utand

concentmtedon a slR@e particlethat

loavesthenucleu~. It is for thisreativn

h a.nm?rto the secondquestion,we shallcouaidertwomodels. Firstlet us

fJ%(.JueIAcie&ifor thereare > degreesof freedomin the system. ;%itha frequencyof

rfhwreLhe Q’S are integers. It’*+w @*3 etc.. it is easy to soe thutat

.
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This typeof consideration

nucleusbe thoughtof aa a drop.

● ra~weforces(shorkflrthan

of eachare proportionalto

● One can ask aboutthe

can be refinedsomewhat. Bohr 8u~es ted

Bothnucleic+nddropsare held together

thata

by short

thedimensionsof thedrop or nucleus)and the volumes

theJIBS& “% thatnucleiare not verydissimilarto draps~

possiblemodesof vibrationof a drop.

Q Q ,f???i,
THE C)RC)P 6 F&i?&wJ~~6L

\EiRhv ICW4 A sWai+E$Z MQC)E

This can be calculatedunderv~riousasmmptions in a not obviouslyincorrectmanner.

((E)
AU theorieslead to an expressionfor energy1eveldensityof the fo~m ~-

but to say toomuch about

thatresul?wbasedon the

The secondmodelof

h) would130’t

dxopmodel aIW

thenucleusis

reallyhe ju8tified~It

in the tightdirections

one quitedifferent.We

as a gas of pzotons’and neutronsin a Well. Be speak

can be said,however,

considera nucleus

movingratherfastnonetheless,becauseof thePauli
~:yy” %2:)

exclusionprim iple). If energyitsfed in to the gas,

.
Bornepartiolesget fasterand ~ goes up. It can be

shownthatfor a degenerategas of the typehere consideredthe energy3-sproportional

to T 2ratherthan T . In fact,

w ()
..l.-~~ —.

4
$ -eZ

where -w is the energy,.A thenumberof particlesin thenucleus,F the energy

.
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of ~tatesper unit energyinterval.We can thuswrite? ,

(Thu8– z ~v cormqxmds to the f(s) of

●
Jy

the dropmodel) Applyingthis to a mediumnucleuswith 8 Mm excitation,~w/~bJ %) ,( J 9J
2.0 8we find as $henumberof statesper unit energy@ orc”j~ . That is,

thedensityof statesat 8 Mov is 108 times

is somewhattoohigh.

In conclusionit

for more Win theyare

idea ia thata nucleus

shouldbe warnedt,ht

worth. They serveto

is a systemwith many

would show thelogarithmicvariationwe have

?hpcs . PiNt B 4 --- BQmL= .55.3

what it ie at thegroundstate. This

thesepointsof viewshouldn”tbe taken

indicatethe trends. Essentiallythe

degreedof freedom. Almostany attack

found. For more detailssee1’Nucledv

Make a tablefor leveldensityfor the following

● nucleiat the givenexcitations(ihMev)‘usingthegas model

Fe AR Au 680~]
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C1-id?’r.f!kv

The Scatteringof’Neutrons

(J.) ~it =W$gnerFormula%

We have al~ady spokenof a general.formu.1..afor the cross-sectionof a nucAear

process. (P~G2 8 ) h ~~e -= that r=on=me Leveia of a compoundnucleusare

Pdr apartand we are interestedin the croes-sectionin theneighborhoodof one of

the resonancelevels.theexpressionfor thecros8-=sectionof an (aob)processcan

be shown‘totake the form
v‘- VCL b

PQ5> = ~~Ci-
@~-E,+~2 + ‘~,

This is theBmit -Wignerformula.fi%a~~ E CLare the wavelength
(4$J and

energythe incidentparticle. ~ ~ is thereso~nce levelenergyand \ is the

widthof thereeonancepeak at half itsmaximumvalue. Actuallythe aboveexpression

for W

● and the

ated in

and are

shouldbe multipliedby factorsdependingon the spinsof the initialparticles

compoundnucleu~. But, for simplicitylet us considerthesefaotorsincorpor-

the~Qand~6C!l.~~ are the partialwidthsof the n$sonancepeak

associatedwith theprobabilityof emitting‘amand *bWpartxiclesO respectively,

Their exactformia rathercomp~icatedWt sincethe probabilityof emiesionof a
~.~r

particleb of momentum ~(.;.~ )isprqortiom~~y=~,eoi~ ~ e
o J--l

The relativeprobabilitythat theoutgoingparticlewill be an %* particleis S

~b,,,y “ ~ n

r
etc. In eiderthatthesebe truerelativeprobabilities

It shouldalsobe rem..rkedthat l; x T; G K where )

~~ is averagetimeof emissiond’ a particle ~ after the formationof’the compound
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●
‘TheF3reit.V,ignerfonnultican be appliedas it was given,to any nuclearcollision

involvingthe fmxnutionof a compoundnucleueprovidedthat theresonancelevelsare

not so closetogetherthattheyappreciablydistortthisone-levelformula.

●
It can be

applied,for examplevto (~)~ ) processes. Let us do a typicalproblein.For

resonancecapturein XndiumJ~~=~~44e.v.and@@~~r=~ 26,000barns. r i.s.05 ev.

Find thenumberof neutronsemittedfor each & emitted,giventhe informationthat

expw%eQtQly only V’S and neutzwnsare obeervedto be emitted(i.e.~=lqa+~~ )

● veryusefd In m6thodsof slowneutrondetection.

(2) iiw= @ neralCon9iderat~onson the Scatterirvzof NeutronQ.

l?romtheBreit.Vignerformula,theelasticscattering
~ Pm=

cross.section forlow energyneutronsbecomes* -#Am———

Rut
Ef*

Now $& eo~s as +& r -St .and or as V-~ goesas ~~
BWW5

Hence the croes.sectionis independentof energy. Thus one 19

wouldoxpect thdt ~ shouldbe fairlyconstantfor sca’ttsring

of neutronswithenergiesless than the firstresonancesner~.

I
IQv

The curvefor scatteringin hydrogen(paraffin)is givenhere.
IKeu ttinv

.1%
E*

low energiesthe cmss.sectiondoeslevel out as prediotedat about19 ~dfii%. But then

forverylow velocities

f01J.0W80Since Tw i8

o applicationof theB.1,

therei8 a suddenincreasein (j”. This is explainedas

proportionalto ma , W must go as Wz . In the

formulathis~ is tho reducedmass of theproblemand the
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velocities

● gen.m is

are the relativevelocitiesinvolved.For neutronsscatteredfrom hydr~-

therei’orehalf “Lheneutronmass,exceptwherethe hydrogenis bound in a

xnleculeand the relativeneutron-protonvelocity~ovidea too littleenergyto free.

● thehydrogenor excitethe molecule. Then the hydrogeneffectivelyhas infinitemass

and the reducedmasa is thenctatmnmass itself. Sinco V’ goeea5 ma , thecross-

sectionfor boundhydrogenis z 4 timesthatof freehydrogen. For slowneutrons

on chilledparaffia,the relativevelocitiesare low and (J”’approaches A 80baV~5,

(3) ~atteri=b~apot e~o

Tho use of the15.R.formulafor scatteringinvolvesthecalculationof ~ ‘~

md it is often simplerto uee the followingapproachto theproblemof scattering.

We considerwlzathappens

representinga nucleus.

exactinformationon W

to thewave functionof a particlescatteredby a potential

One advantageof thisapproachstemsfrom the factthatquite

is availableeven if the potent’lalis but crudelyknown. A

●
movingparticlewill Satisfy“the%hfidinger equation ~y + ‘~ ~E-W~~=Q

~hem V representsthepotentialof th.problem Let us consideraV that10G1= eo,

“&Y--
If we consideronly s-scattering

a~pNK\ ?4.Ykz ‘
dis-wc% ~vWVW+ hu
c.e+Efiz r & 6PcQ2 .

momentum),then theShr!!dingerequation

o. $’=(w) ~+ 2- fFZ-VY~W = Q ~US for 5 ~catterhg

Ty (letus call it U ) obeysa rathersimpleone.dimensionddifl%rentia~equation

~“ 4 .~~ ~ ~ -W) u a Q whichone would SOI.VQ

(givena W ) underboundaryconditionsY =O at infinityand finitethroughout.
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Givenan

●

●

Asidefmn the

(chhenever ‘-

arbitrarypotential,what can be saidaboutLL at dght?

\

———

u)]= –@”T.7h-L’
Qppoeite sign. ‘Ibismeans that the

2UACtlOR ~ curvestowardthe ~ aXii3.The concavityis towardthe K axis. On

The numberof bumpsin the regionof the nucleusis detezmainedby thedepthof the

wello The deeperthewell the sharperthe curvatureand the more changesof direction ‘

~ exhibitswithinthe nucleus.

For ~ >0 , the equationto be satisfiedpast ~ is u:’+ z= Eu =0.

1

~z

The solutionsare C(2S2+ ~ and the sine. Thismust be matchedto the curve

Withinthenucleus( ~~ and,its firstderivativemust be conti~~us a$ the j~LCtiOnO)

The wave lengthof thesecosineand sinefunctions,it shouldbs remarked,ia the

o De Brogliewave lengthof theparticlebeingdescribd.
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,FOrE~o , theequationat distancesoutsidethe mangeof action R

● becomes LAJ.$GE)LL . The solutionis hellknown

- ~ is a positivequant~ty.

A ltiear combinationof thesetwo exponentialwouldgive a catenmy

~pidly with~ . Such solutionswouldhave to be discardedbecause

well behavedat infinity. sey the energyis El , and I !

that,grows

theyare not

thecurvatuxwis suchtkt the retchingexponential

solutionis as in (Jl . Fora lowereneq ~~ , the

curvaturewiJ.1be such that~Z is the solution.Now

between~~ & E2 therewill be a solutionthatdoes ‘\

v-+
— E,

●
is exactlyzero.

givingallowable

Fzmm thiswe see that thereme a discretegroupof energies

[non-diverging)v fuuctionsin the case that ~< O .

Consideragain the casewhere ~ >Q j for thiscorrespondsto the caseof

an incidentparticle. Y,eshalltakeup the scat%ring of sucha particlein the

nuclearcenter. (Seehlott~blaase,yfor detailo.) The sinsfunctionthat represents

thewave 0Ut8idethe nucleuswill notneces8arilyseem to coma (whenextrapolated)

from the origin. It will have a phaseshift. This phaseshiftwill dependon the

wave function(withinthe nucleus)to whichwe must jointhe sineti

It can be shown(SeeMott ) thatfor s scatteringthe cross-sectionfor a particle

dependson thephase shiftas follows

*
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\,
When doesone have only s scattering(i.e.the incidentparticlecomesin

●
withoutangularmomentum.]? If a particlewouldpass a nucleusat a distance~ (if

it were unef’fectedby thenuclearforce)and has veloci~ ~ at a g~at d~~~nce

●
from themmleus, thenitsangularmomentumwouldbe ~wh. But in quantummechanics

tieang~an momentumis quantized.m Ub-fi 4 men b = fw & where ~

talu36on integermlues.%he r~ion ~ = O ‘tob= x~$ -I gives the regiont.tl

whichwe have s scattering.We wouldhave~
%scatteringfor .~ between—

J%
mu

and z~w . If, however, ~<~w them wouldobviouslybe no P sca*ter-

iJM (particleaptmsingat “$.distancessfrom the nucleus would not be mare of its

existence.) b thiscase them wouldbe qnly s scattering.This c%ndition
jt 4

can be statedthereia if tlm neu%rom am slow.
J

For very low velocities;the abovescatteringformulais thereforeseen to hold

and take~on a vezy simplefom ~ is vezy big and if ~ is the distanoeof

the shiftof the sineat theorigin,the phme shiftis ~= 2Tr$k. “&” is

● QS’OtWmuch the samefor all low velocityparticles. For ve~ low VelQCityOfi

rectangularpotentialwellof’10.8I&v (thesingletstateof the deuteron)and of

1907 Mev (tripletstate),answerthe following questionsconcerningthe scatterixq

~f neutrons by protone.’

(1) Are thereany bouildstatesin e~oh of’theseoase8?

(2) What $s the vfllueof ‘a*?

IUha 9~or 10 we te~ am

the cwe of theexistence

,(2 ie the bindingenergy

bound atatee,to

theboundneutronand X the incidentkineticenergy.
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Evenwhen a virtual

● and 16\it$used in

tripletstatehas a

Shti3SIShW. thi8fO~Ubi i8

plaoeQf ~ in the formula.

bigger ~ than the singlet.

vsAid@@t here 6 is negative

In the ease of thedeutemn, the

In fact the e for the singlet

●
(spinof neutronoppositeto thatof theproton)is so small

—
deoidewhetherit is positiveor negative. In any case the

seottonof neutronsin hydrogenwouldbe

that it is difficultto

observeds-o@%ri.ngcros8-

real or virtualby scattering?Mulmns fzvmBara and orthohydrogen. It can be shown

thatthe soattxmingfor teal statesis about180°out of phasewith thatfor virtual

a$ates, In para-hydrogen,the SpiRSOf the
?

atomE in themoleculeare antiparallel

and If oxi~Were to scatterslowneutronsf?xxsparahyda?ogen,and if the singletstate

9 werevirtual;

wouldbe by.

tnidesfor the

t@ z atomswould scatterout of phaseand the scatteringcrom=sectbn

For orthohydrogen(theatomshave spinsparallel)the scatteringamp3.i-

2 atcmsWOUM alwaysbe in phaseand the scatterin&cross-sectionwould

be greater. This haa Mm observedand the singletdeuteronstateis believedto be

??irtuel.

Before leavingthe subjectof the scatteringofneutronsin hydrogen,it should

be mentionedthat thisscatteringis thebasisof au importantmethodof neutrondetec-

tion. One exposesa thinpa~ffin layer to the neutnm flu The neutsget scattered

in the paraffinand in each scatteringR protonrecoil swithener$yof the ;ame order
.

m the’neutronenergy. One can detectfastprotonewith ionizationchambers. Hencea

f’asiauutmndetectoroan be builtso

.@

pk!k?!s & KYYl\3a%ofi

T———
ch&%llbef-

% UJ fo%~

Pa~af ~~ Tad ISor >
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Inmder to measureneutronenergies, a collimatingdevicecan be used to %L1OWonly

forwardscattered(maximumenergy)protonsinto the chamber

paraww aa l-rdk 9
The pulsein the chambercan be calibrated$11termsof’protonenergyand in thisway

the originalneutronenergiescan be ascertained. [

SOEtttO&lfj CrOS8-SOCti.OXKj ShOW

with energy,as theseexaqples

complicatedvariations~

show. Theee irregu- ~
I

laritiesare relatedto involvedreaonanoephenomena,~

whichwouldnot be coveredby the,dmpletheoryof L E.filaviy MEW
I

f+).

L 3 4 s ~’
thissection. Incidentally,,one uauaUy measures

*

totalcrosscsections.Sincethe absorptioncrosa- rEumtoN ●

4 caws-
Sec% IQ*

sectionis very smallcompamd to the scattering ~ GP OXYGEN

cross-section,suchmeasumuentsgive,ineffoct~ 2
. .

the scatteringcross-section. {

0+) Me*tte*= M Xeu%rons 8 4 &

If neutximshave energyof about lZ~ or loss, theyhaveReE!rogliewavelengths

of theonierof Angstromsor greater. Intemtmia distancesare measuredin lmgslwoms

,0
..

and it might be expeuted,the~fore, thatatomswill

interferein the scatteringof slowneutrons. This
tf

-/
I

is actuallythecase,as we have seen in thediscus- “/
1

sionof scatteringin orthoand parahydrogenof ‘ /
*AVOW

@

—--- --- -. --,
the last section. One mightdo an experimentof f-h% -+ .

m
scatteringslowneutronsfroma cqstal, in order

to observetheseeffeats,for theiregulararrangemn% of atoms in a crYs~ would teti

to emphasizeany interferencephenomena. If one usesan apparatusof the type

-—
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illustrated,findingtheangulardistributionof

o of angleof’incidence,it i8 foundthatneutruns

w > ==~c~ she

scatteredintensityas a fun(ation

obey a Bragg-1ikeformula:

o where~ is theorder,~ theneutxxmwavelengthand u thCIinteratomic8pacinge

For the firs:orderth$scan be written;
h

v== 2/mGL5tie

H’ a beamof neutxms with a continuousspectrumimpingedon a crystal,thoseneutrons

of the properT for the aqgle~ would be reflectedin a sham beamat an angle

equal to theangleof incidence.Neutronswith othervelocitieswouldsimplybe

scatteredin thematerialin a normalway. One cRn easilyoheckthat the reflected

beamreallycoatainsthoseneutronswhosevelocityis given by theBraggformulasby

takingreadi~e withand withouta boronabsorberin frontof thedetectorfor various

angles. The boroncross-sectionas a functionof ._@ is wellknownand fromthe ob=-

●
servedcurvefor @ VS”~ one couldeasilyget one for ~ m @ . and this

wouldbe foun~to give theBraggrelation(asidefromcomplicationsdue to higherorder

reflection,etw.) It caa be seen,therefore,that the combinationof & crystalend

nwu%xmndeteatorcan be used to analyzea beam of neutxvnsfox?the velocitydistribution.

In sucha way, for exaqple,d.owedd~wn neutzwnsfxum & tankof water

a IY&welldistribution~~oIt is foundthatmicrocrystallineeubs~ance~

better%hanregularcrystalline subs%anues.The

are foundtO ahOW

8cattt3rmuch

eqhnation is alongthe followingMnes. Zlle >

-s

\\\\ “

+i

JI

neutx’6narrivesat the firstxnimacrystal.If W@R5 -z ~ Mlcrocv@a15

theBraggconditionis not fulfilledthe neutzmn“

can get through. O’thermimit will be rsf’lmted. Then the neutronarrivesat the

nextmicrocrystaland once againmust pass the testof not fulfillingtheBragg con-

0

ditionif it is not to be scattered.Were therwbut one crystal,it wouldlav~but
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one test to pass. The more miczucrystalsethemore chanceto be scat~erwd~For a

●
s&le largecrystalonly thosevelocityneutronsare removedthatsatisfytheBragg

relation:For themiczwcrystallinestructure,sooner or laterall velocityneutsof

theoriginalbeamwill be removedas the beamXWWeSfromcrystalto crystalin the ‘

●
4

microcqstall.inestructure.

There is one very importantdifferencebetweenx-rayand neutronscattering.

If the cqysta.1is couposedof 2 isotopesthe x-rayscatterin~is not particularly

disturbed,for x-rayscatteringdependson extm-n~~clearpmpetiie~ of an atom (and

theseare prettymuch the samefor z isotopes).FQr neut~oneit is thenucleus
.

it~elfthatentersintothe scattering~xocess. And nucleiare such thatin addition

*O determiningscatteringcross-sections,theydetemninethe phasesof scattering.

Considera neuimm beingaca’tteredby L iaotopea. —.

For species@

tionalto ~,

e species@ is

the scatteringintensityis propor- ~w

. The scatteringamplitudefor
m= NSUTRLA ,2

Qwave “

&
Thus ~~?~q hve a part in common

ca~ledcoherentpart:) h addition

!lhecoherentpartdoesgive I“ieeto

J-+ m=
%%

(theyscatterthe samefor thispart, the m.

thereis an incoherent(oppositephase~part.

interference.. The incoherentpart givesVise to

scatteringae If fxwmcm unorderedassembiyof atoms,
For NaCl (usingthe (001)plane~

only)make a tableof the >

refleoted(Ist& 2nd order)at

Varklusanglea43

ualculatethe ~V. for each7$

\7hat is the relativeintensity

of first& secondorderbeams,

assuminga Nkuwelldistribution
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How deep willa beam of neutronspenetrateinsidea crystalif theBragg

●
refJ.ectionis satisfied?Let us takefinitepieceof crystal~

say a crystalof ~ p.ianeswith ~X~ atomsin eachplane. ~x=2a5Me 7
Thereare then ~K~ %~ atomsin the crystal. If

● were but one atom and its cross-sectionwere W the

wouldbe isotropicand at a

distance ~ the intensitywouldbe ‘v”
47r= “

This impliesthatthe amplitudeof the

scatteredbeamat thispointis
K

Since this is but an orderof magnitude

EEcalculationwe are doing,let us call theamplitudesimply _ .
r

estimatetheamplitudein the xee@orceddirection. In thisdirection

~~~ ~= ~
add. %nce theamplitudeis

r
Thismakesthe

NW we ask, ‘Whatis thewidthof the angularspreadof the reflected

Now let us

the arqulitudes

beam?s From

-hphysicalopticsthisangle.@S —
&:.

, tihe~e ~ is the dimension of the %nirror~.

In our case c. =~~(-& ,: Thisgivesa patchof ~ligh%mof size()
hv’~
-N%

● at the distance1+ in the rightdi~~ctio~e Thus the totalenergyreflectedis

undertheassumptionsa) thatthe crystalis so small.thatthereis practically

cryetal,b) that ~ is of the orderof magnitudeCL . WIWJno attenuationin the

the crystala perfectmirrorit wouldremoveenergy ~ @ ~]z It co~d certainlyAOt

remove more. Hencecertainly

10- N2~’ ~ ~ (Ha)’.

thenthe layersbeyond
M

a—_ do not count.
0s UC

We say the beam doesn~tpenetrate

pastMo tiyers. The depthof penetration,then,isMoa O*$@ .CLwilA be
‘8j ~~ will be about2, x /0- ‘Z . ThisUWMM about 104 @msof order 3XIC)

play a vitalpart in Braggreflection.This is of the orderof microns.

)Zfaketerogeneoua (S-aylllaxwe.lianbeamof neutronsis made to hits

m perfecicrystal,thoseneutronsof the ‘right”veloci~ will be weededout

large

rightoff,
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(withina micronor so.)But therastof the rieutrmnsron’tbe transmitted100%.
.

●
Thereare severalzwasonsfor theattenuationof even the ‘wzcmg”velocityneutrons.

(3)

(4)

Tinepresenceof isotopespresentsa randomirregularityand thiswouldgive .

~ncoherentscatteringfor all velocities.

Anotherelementof irregularityis t4e randomvariationof spindirectionof

the nuclei.

The crystalmay not be too regular,but even if it were, the thermalmotions

of he atomswouldconplioatematters.

The cryetalatomsmightabsorbas well as eoatterneutrons.
.

How to obtainvezyslowneu’tronsusing interferencephenomena. The Bragg

whose wavelengthis largerthan twicethemaximumcrystalspating do not in my case

get Eragg-reflected.Ml scatteringof suchneutronswouldbe due to theabove4

pb.enomena.Graphitehas almostone isotope(99%)and the spinis zero (atansof even

10-8cm\,This makes● tItO&C weighthave spinZeXOusually). For &raphitu ZQS 6.69
-

thevol.ts of neutronsof this ~ equal to .0018volts
L

1 volt neutronshave

~s .2stg AIQ-~]. At thermal.distributionsthepeak is at about.()~vo~ts.

appmciabledistance)weed out almostthe entizw

spectrumof themal neutrons. OnJ.ythe veryslow

neutrons(shadedin di~ram) will not be weededout

(theyhave toolargea ~ and can be 8catteredo!al.yby“the 4 processesmentioped

aboveand theseam smallfor graphite. Thuswe oan ge’ta vezy @cold*be&musing

thexmalneutxms and a polycrystallinegraphito ‘fQ tera.

Reflectionof neutronsfmm polishedsurfaces. If onesendsa beam of x-rays

on a polish6dsurfaceat a glancing.aRI.e,one observesa to%1 ref~ection. (M$Xst

a substanceshave indicesof zwfracttonfor ac.raysvery sli@tly iess thanone.) me
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indexof refractionof a substanoeis intimatelyconnected”with the ssa%tering

properties of the substance.The interferenceof scatteredx-raysand originalx-rays

producesa changein phaseof theoriginalray. This changeof phasecan be described

most convenientlyby assigningan indexof refractionthatdeEcribesthe changeof

wave velocitywithinthe substance.At any rate the samephenomenaof totalreflection
,,

frompolishedsurfaceoccursfor neutronstoo. Eut

is very close to one. !l%iameanethata’convergi~

bulgeVeIYmuch along’theaxis to do @y good 5$!it

the indexof refraction

~eng for lleUt~nsl?oQd

were made of’6ubstances

for neutron~

have to

whe.mn

is slightlygreatarthanone. For substances hn whtch vl<i a converging

lenswouldlooklike the diverging lenses of optics; Theselensesare possible“in

principle,but because.11n-i iS so X119 theyare not at all practical.

substancewhere M< ~OJthat the scatteredintensityis of thu orderof that
.,

●
ex~jected from a non-c@std-Mne substance of *Ao samenumberof’atomsfor all

ene~ neutrons. llsetJM?fact thatthe resolutionof’a microc~stalreflecting

h E.+
accordinp?to t~eBra~fomnula is RivenbY % J
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cliAPTERV.I

The SlowingDown of Ntwtrona

(1) of 13irection & Ihmr

Suppose a beamof neutronsi~ made to hit somehydrogen. A neutron loses on

the orderof half its energy per collision. At thisrate a millionvolt neutron

becomes thermalin about24 collisions.(Hydrogenis particularlygood for elowi.~

downneutzvns,becausein additionto its beinglight,it has a high scattering

cross-sectionfor neutrons;~ ZKJbarnscomparedto~erq barnsfor otherlight

nuclei)

Asaumlngisotropicscatteringin the cen%erof gravi%yeys%ern~let us investi-

gate the resultsofa colli~ianof a neutronof velocityv againstan atom of weight

A sat rest. The veloci~ of thecenterof gravityis _
i+~” The velocities

Of Aand~rel~ti~e tothecente~*of~avityam~ ~n~ V4
\+A \+/%

respectively.

In a scattering process, the magnitudesof *T

o 7’
velocitiesin the center of’ &ravity system n lfi y- 4’@

don’t change. only thedirectionschange.

we can get ~j the rasu.ltantvelocityof theneutron

the lab ays$emby add$ng(vectorially)its velocityin

Going back to thelah system,

P

---
/ in

tip
g /1 the center of gravitysystemto thevel.oci~of the center

<e,!
of mass in the lab system.

--*A +m-tr ~rm ~AY+T+*-e3‘z=$~~l+fi>~

5’husthe ratioof neutronenemies befo~ and aftercollisionis
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It shotidbe noted that 0 is an anglein the c. of g. system

o
If @ *S

t
the angle in the lab systembetweeninit$aland finalneutzw directions,it is

collidingparticlesshowa tendencyto preservetheirMrection of motim,

(

T A(xxje+)
In fact>

● 21Ri-f)&dO

zz-ri =
o+)-i+~~=e 4-R ‘-%

showingthatthis tendencyto keep going in theor@nal direction,isgreateet for

collisionswith Mght particles,as expeated.

E1Jet us look z!mrs closelyat the formulafor e Themaximumand minimmn

values ares

●
.

For collisionswith hydrogen@=~ the limitsars thus

atoins,itis, of oourse,impossibleta bring theneutron

~ and ZOrOa For heavier

to rest. In fact where~

I
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Q
or that the energyE’ lies between~ /

and =’+ ~E’ThW

dp = (fi+ l)’ ~~
4A E

●
~us the probabilityof comingoff with energy ~ ~is independer@of ~’ ~

lhe curvefor theprobabilityof comingoff yi~h
v

+1 2

~= ~ fuc~~on of ~’ ~~ ~homnat “h---..
enexgy E’ I

E ?~

the right. For hydxwgenthe figur~would be a

squarewith a cornerat the origin.
L

(“*). ‘~ ‘7E
‘Ahatwouldbe the in~uence on neutronenergyof a largenumberof collisions?

Zt is more co~venientin

the resultthat ’25 is

energyis on the average

collisions l, Lj38t **

this discussionto consider~ w~ ujE . This Comesfnxn

independentof’~ . In fact sincethepercentloss in

the same,the neutron~senergylookslike thisafter “
.

,Q,

—’-=V=
Iand in eachcollisionit is

%
E ratherth~ ~ thatchmges by a mon or less

For oarbon,for example, A=

‘lliismeansthat for hydrogen

i
.
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(21 M str~buti~0f Neu@nb froma Point~~c9 -- E.uarimentalMethods.

It is because neutronsare sloweddownhy collisions,thatthe treatment

● most problemsin whichneutronfluxesare introducedintomediarequiressane

knowledgeof themtme of the slowingdownprocess. The simplestquestionto

40

of

ask

● is ‘Givena pointsowoo of nmoenergeticneutmna, what is tliesteady-statespatial

distributionas a functionof mergy?~ ‘IhQsolutionwillbe basic,“forany source

distributioncan be cons~dezwda superpositionof point sources. Considera b-k

source ina large tank of water. For hydrogen,

the scatteringoro88-sectionis particularlyLarge

at low energiesand so a neutrondoes awst of its ,:*

0EC$lEFX5&S
travelingon the firstone or two of itspathsif 6s W= EAew?y Cxxs

.
it startswith 10b vo~t~e One could investigatethedistributionof neutrons

fmm the sourcein waterby usingdetectorssensitiveto differentenergy neutrons.

For exampleone mightuse an iridiumfoiland get a plot

● 1 Gqkl M
such as the one at theright.The

o-[-a )1 cros8-sectionfor iridiumis shown

OAmlspJ__/ I at theleft. To make the iridium

I.= w more usefti, we preventits ~sPo~-
.

L v ing to thermalneutsby mrrounding
@ ( *W L La

9ooo~ it with oadmiumfoils. We could

J/1
Nxq\t\q

useR~ foils( ~lQVresonance
O-’

B* energy)too. ~)ecoulduse a
,

@-Xn-@’ sandwichand subtractit
200

% ev 084
frcmthe simpleIn (unshielded)

C+-&&v ,
activationin orderto get the distributionof’thermal

I%4
neutzvnsin sp~ce. To detectthe qpatialdistributionof ~<XNATK)N d

●
neutronsof about 50 voltsone woulduse iodine. One ?

*mm

wouldget-forthedetectorsmentioneda set of curveslike ~xt

~bt shown. The curveshem are all nor~lized tO UIIit ~ p+

actiwtion at -O*
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4)

o (3) $M@ributio
~

n of Neutronsfroma PointSource~. theCalculationof r2 ●

Viewouldnow like to solvethe fbl.~owingpzoblem A point sourQQof neutzpns

of eIlOX’gyEG is locatedin sOmemediums The neutronsget sloweddownby collisions

upon leavingthe source. Considerall th,eneut.mnsof energyII. How far away fmm

the originor eourceare theyon the average? What is their~a ? ~

Considera typicalpath. The resultant displacement
a

“%

z,
4“-= 4

F=Q\+&+’~~t~$\” \ + Q&
-p% r.

=a rz= q%J#+t,ttd%m~

*A
+ WI “@&, &ht,,.,. + &z&,,,,!,

)
We wouldlike to avenge thise~ression● and shalldo one pmzuneterat a time.

Firstconsiderall thelen@hs 1 fixedand all P.

the angba (? fixed, but

diagmm). Laterwe shall

c lengths ~ and anglesP

le% us do thispart of theavera@ng.

under theseamnunption8we should

where @ & isthe cosineof the angle

repeat the

diedral

saue schemeand againan averageof a

anglevanishes

zti c0s‘2fi3 &t as f~it3.[z,

Hence in general,~s=~s ~COSL~,,,KQ5

Q$A n ““’’””””are eucces$ivevec%or@.
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RecaJ.lingthe resul %s of our average over angles and using these lastresults

In the case of

however$it is

a largenumber

hydxmgenthiscalculationcan be completedin an exactway. In general,

now convenientto make some approxinm tions. Let us aamune i% tak(3B

of collisionsto producea smallbhangein energy. This is more true

the heavierthe atom collidedwith,

me lmg3.e8 ~ ~29 elm., may takeon all valuesfromzero to ~ ● To deter-
—

mine ~ we must averageover the variou8possibleangles. Noticethat the coeffi”.

● —2cientof ~~ )WVf :s

E
% X=C05?% +h3c052c05A + $~~~~ 1

But 8ince~ a k
36

and since later terms consist of products of an increasing

numberof suchcosines~ for ~ largetheseterms rapidly beoome small. One wou.id need

but the firstfew termsin the seriesto approximaLo the coefficientof ~1, Further-

more,the firstfew ~’$ wi~l not differappreciablyfrun ~, . C05~~ is on the

average
s“ CaiL this C ,t(jsfic62% is C= on theaverage. The coeffioi.ent

This can be written as an integral over the ~’~ rather than a sum. “
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Itwas menticmedt~.,tfor hydrogenthe formulafor ~>”couldbe uorkedout exactly

●

fromabout1 VO.t (chemicalbindin~f’onxsno longerplaya part; to - .iCIKY,

CT for neutrons in hydrocenis fnirlyconstsmt. For alowi~:down in bhitire~ion,

It can ~e sho~nth.~t(bec~;useA is fuirlycon~Lant).

UsingM3e as a neutrw sourcein a

datu experimentally.
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(4) ~tribution of Neutronsfrotna Po@t Source-- theAze Ilouation.

b the last sectionwe have discussedone descriptionof the spacedistribution

of neutrousin a tank, Munely ?a . Yieshallhere discuss!motherm can e=bg~

once againand assumethatneutronsare fed inlma systemat energy=9 withiua certain

region. Vieshallbe interestedin the spaoedistributionof neutronsof

gics. Accordinglydefines.neutrondensity~[x~~~~~~>~e which is the

neutsper unit volumeat X,UJ~Z i.nenergyrange ~ to~+~~
/!’

varioueener-

numberof

d=

Con8ide~a volumeelementand the neutronsin it in the “1{+7d~

neutsin this rangefrom2 sources. Firstfmm diffusion

of neutsof thiseuergyfromothervolumes. Secondfrom,$hedegradationof neutrons

of higherenergy. Considerfirst

coefficientis

D

h<

= -p)

and is usedas follows. Consider

the diffusion.From kinetictheorythediffusion

*

( wherewe recallthat

c~3- a35)
the face~~dy of our volumeelenrmt. The net

numberof neutronsin the energytienge~e diff;stngout ac~ae thisface ia

per unit time

The numberof neutronsdiffusingin acrossthe oppositefaceis

The net numberenteringthe volume aczoss thisoppositepair of facesis

per unit time is

Dw2nde
●

per unitvolume.

u
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Nextconsidertheothersouroeof neutronsin theenergyrange d~ a~~.

o v

x
wcxdd be the number of collisions of’a neutronin unit time.

F
~ gives the
x.

in unit timeia

Similarly per unit Tc)lume per unit time

neutrons enter the energyrangein questionat G +d~e

h the stationarystatethereis no net changein m at any point. Henoe

This is then the slowingdowndifferentialequationfor the 8teadystate. It ia often

more cozwenien%to deal with

Y
lff =

h- %
the so-calledslowingdown density

m ther thanwith R itself. The mason for thisname for
%

foJ.lowsfrom the f aat

$< v
that,at? was noticed, ia the velocity of a neutron alongthe ~ axis. x ~~

ah 4 n
is thenthe mxnberof neulx per unit volume per Wit time CrOSSiDg any Vsdue ~ on

the ~ axis. Xn the steady state if
%

is inte~rated overail space the nvmber of

neuts cross- (my enengy value ~ per unit time is certainlythenum?.)exof neutixwna

J$
fed intothe systemin unit time,a constant,i.o. @) ~N ~ ~Cj~ = aons%antfor

9
aJ.1~ , Thus

%
28 in some seaaea simgler quan%i%ythan ~ . ‘his ie indicated
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MXWon for the uame is th.~tfiatbirth* the neutl.onhas

o.fthe neutron increases.
.

——

I

Consider a subtit:m~e~vhero ~a conatanc.
To use our ~e diffeientid I

L ..._-.J
‘.,hatis, illthis case, the relitk)n betweeji

e;untio~ we must specify buundary
‘& and the actual n,ime from birth’?

conditioRs. LeL us do the point source

mt.tdium(’thiscorrec~onds somewhtit to our cxperirnentd tank of water with the AM

th~ a~v e(.untionfor %.( Let us borrow the corrcspoadin_ solution of the heat
1-.
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* j.ncrea~~~) the space distribution for.the energy= gets broader and broader.

●
This is as it should be. Fast neutrons are distributed close to the source. slow

—
neutrons are considerably spread out.

mentioned before that
%

this with our particular

has the property that (* CM@ .(.QY&

solution

Thi8 establishes that Q is truly the eource strength as we have a&S8rtSd.

It might be remarked that this Gaussian distribution for
9

of a particular *

could have been arrived a% without the detailed calculation. Let us consider ~

instead of %( The sRace distribution of
%

● except for a multiplying function of r ).

be arrived at somewhat as folaows. Consider

and m for the same ~ is the same

The spatial distribution of ~ can

the x axis with the source at the

origin. We are interested in the d2@ribution n as a function of X for a

particular T . A particular ~ EEXUISa particular nUmb8r of collisions since birth,

or a particular number of path lengths tnavelled. If the number of paths is a large

number and all mean fme paths are srnll compared to the total’distance traveil.ed(and

such is the case) then we can use a theorem in the study of large numbers which says~

‘That if one sums a large number of numbers which are equally likely positive ~ negative,

and whose magnitudes am

that the values of these

distribute on a Gaussian

all LessJby farathan the sum of their magnitudes, one finale

sums (always taken for the same number of small numtwrs)

ourve provided no additional information is known about the

wmbers suauned.s (This theoxwm, incidentally cau be used to show why repeated measure-

0
ments of some physical quantity U.ke a len@& fall OXI a WUSSZW curve, provided that&

the errors are what we call nmlom.) In our uase the theorem implies th~~t ~w~- %

where ~< is sme masure of tha width of the distribution. Similm?Wfor Me Y and S
- $@

directions. Hence ~s ~~Yl$Y’”1 ~ 13@3sas 4? w ~
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diAPTER VII

‘l%eDi@ribut~oa of SLOW Neu$mns

4$

in a Medium

(1) ferential Eouation

To find the distribution of neti$.mnsof yarious encwies in a medium, one

usually deals with two separate problems. F&r&t there is the slowing down pmblemO

and this was dealt with in the las% ckqt~r. But the neutrons do not continue to

get Slowed @mn Indefinitely,for the nuclei they collido with am notia% rest, but

have vibrational energies correspondi~ to their temperature. The neutrons event-

ually come into thermal equilibrium with these nixllei.and show a Mucwe.lian distrib-

ution oormesponding to ihe temperature of the medium. Clearly the problem of the

distribution of these S.Loweddown or thermal ne”utronsis quite distinct from that

of the distributions of’,theneutrons being slowed down and must be handled by

separate

●
In

what can

m thodse
/

approaching this second problem we ask, ~Given a source of thermal neuts,

be said about their distribution in d medium in a stat%onm’y state?* We

seek a differential equation aa our description. Let n <~> ~>=] be the

density of tihennalneuts at: X +j)~ “ Consider a unit volume. There are jj

mechanisms by which the numb& of neutrons id this volume change with time, First

an
the diffusion. ‘1’M8gives a net contribution to ~ which is ~~~ .Second,

some neutxmns are captured or absorbed~. This numberwiU be proportional to ~,

n
?Jewrite ‘—

63
Lastly we have those neutzxms generated in the VOMIJ.Sby the slowing

down to thenna.1of fast neutz72ns. This te,nnis

for ‘& corresponding to thermal energies. Thus

D&n- $J +=$

%
T the value of ~ at this place

the desired differential equation is

which .iszero in th$)sbeady state. Here we must put in the proper

*
*This *em should perhaps also have been considered in the slowing

But whemas orders of magnitude are such that in the slowing down~

space dependence

down process.

the consideration

of absorption is usuaUy a refinement. here it is a necessity.
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of the homogeneous equation

by substituting into

hvG3

This should, of course, be zero, and

important because any eou.roecan be

and the corresponding solution would

it is. The point source solution is particular”.y

~pre8ented by a pro~er assemb~y of point sources

be a superposition of these point sourue Bolu$iona

.,
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●

corresponds to thermal neuts. But for a point

the slow neutron density .at ~ is *Z7

= t7- +

(2) ~arv Condi~io~ th ,Diff’emsntialEm ‘atim.

In ozxierto solve the slow neutron differential equat”ion,one must know how ~

or 6ome function of n tehaves at the spatia~ lxmnd~ries. Considers finite

convex medium with a neutron

can be said of
0

or n at

om take
%

or ~ equ31 to

source in it and free space everywhere around it. What

the boundiag surfsce? To a first approximation one

ze&e This is pade amevhat @msible by the argument

that free space acts as a perfect.sink. It absorbs all.neutrons and returns none.

It therefore ac.t8as so heavy a drain on the neutron,densit# at the boundary that no

density can be maintained there. AetuaUy a more refined calculation wU.L show that

a more 2roper boundary conditictnis the vanishing of n or ‘
$

at a 8urface 0m66~

away from the bounding marface (where ~ is the neutron moan free path in the mdium).

An even mom refined argument leads to 0.70 h as the distance of this outside surface

from the true boundary. We shall consider at least the first refinement.

Consider a plane boundi~ surface. We shall assume FREE
gF#cE

1

that in the neighborhood of the boundary the neutron density ~,

~ is a linear function of distance. i.e. a-1

--=S==I
Let us now calculate the neutron flux @ at the bounding surface.

‘~

\

..

Certainly it is~zmdient ~ Xfthe diffusion coefficient~)},~,
~~$i~

CIA
f.xp= ~ in this problem
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The flux can, however~

distance ~ Y?rm the

● a neutro33going off at

Aamming that neutrons

●
the number of neutrons

fmm this volume ie

51
also be calculated as followe. Consider a unit volume at a

tmundsy. There are ~ @ neutzxms here. The probability that
%

the angle & viiLLescape ia ~-~—e 0‘k ,

Leave this volume in an isotropic fashion,

L

\
crossing the boundary per unit time coming . & a~

w W -z

Comsider that the volume has unit area perpeadicul,qrto the x axis and depth ~x

Then to integrate the above expression over ~ , would be to find the total amouu~

of neutrons coming each second to tlm surface from an infinite coiumu of unit cross-

sectional area per~endioular to the eurface. But this is readiLy seen to be the flux,

or the number of neutrons cuossing unit area of the surfaos per aeoond, pxxnrided,of

and writ@3 //~~@ this integral is seen h be a rather simpie.one. The solution

gives
+

.= $;(*Z$ * +~) .

Equatin’gthis to our previoue xesuLt for
+ (= Py) ‘e L@ +=+h

But @ is the X intercept. ‘Iherefore we have shown that n vanishes at q @isianoe

~> outside the bounding surface. This is the bound:~w condittin we sought to

d~rive. It is to be noted that this boundary condition realy describes YL at the

~, The X in$eroept is usad only to&scribe this. Zn Particular, the

boundaqy cculdition does not mean that m vanishes at ~= -~~ ~ and h ne~ative

beyond that dist$mee. Our conclusion is simp&y WLIJGdezasi~ a% a bounding surfaoe

ah)’behaves as though n is a linear tl.mc~ionof ~ vonishing a% ~ z e ~

*
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(3) &?uLw3x!A.a@nLe~ th

● border to be able to use the slow neutron differential equation one must

know the value of Q . ‘lomeasure 1 in the case of water,’for eMWWple ~@$Ae @3M

●
use a pile and a tank of watsr. N@ecting end effects this ia essentially a one

dimensional problem.

32 ~ -L--l=o2X2– p u
and the non-diverging solution is m= ~&~ (ka@mSk8SmsaEMnm13AtSWithand

without cadmium

for themals as

we can evaluate

separating the pike and water tank to ascertain (by a subtsactaon)l&

a function of ~ in $he water. From t& data obtained for-

t l?orwater. It isfw2.8 cm Forparaff$nwe get a result that

shows that the absorbing mechanism in the case of water and pamffim is the same,

hydrogen capture, (ice., One need assm nO carbon or oxygen *sorption to account

for the observed OS>

●
There am other schemes to~ixw’mine ~ and related constants for 1320. Some

am descrabed @ a paper by Fermi and ~mddi(?,~,<g~%>~sliows a temperature dependence

and it is somtimes of

has been measured and

interest to know this Wqperature dependence. For Water 5*

Since p.y where A is the captwe or absorption mean free pa~h and

and ~ to cakctiateA or vice versa.
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● For a substance such as gmphite, the procedure of last ~~j@do@S not
—

sufficiently represent e.one-dimensiona~problan for us “~ obtain ~ by ~asurement
-e 6LQCW. ~~ 1

‘z

●
as simply as for water. ( ~ becomes a length of the order t @sx.\wv=O pN~CT- >

of the dimensions of tho mediuc~) One must solve the 3 dimm- INWIS

sional problem. Consider a block of graphite as that shown at ‘:57’” 2

where Q is the sou~ze strength. This solution is obtainsd kJ fairly straight-

forward Mxrier nothods.

~ 15”0 /30 Cma 103
ij (d3*3 390 39b

~ )567 ed5 f3G27
This table gives the vaiue of ~ for the j components in

ener~ies, and the % of each component present. Scm@imes

of the range $-~~ which is equal to 2 ~

54
268
936

graphite at different

such data is given in terms

—-
i?romthe numbers in this table, it is seen that at 30 err-, centimeters from

the source
%

becomes very smali. Then it will be true that $he ‘=ource* tezm in

‘theslow neutron diffusion differential equb“.“.JA hill be stiL. The slow neutxrm

A~-~~=o at such distances from the source.
Q’

Bemuse of the boundary conditions~oneassumea a solution of the form
00 .
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Substituting into the differential e(;uation,we get an equation on ~

● 42 nfs
r 1

#E>
= (32+5’) + & %Vs *O

— - _a=daa

where

F!ec ..um for r>s >1 the solution for ~ Is one quit”:}damped, experi-

mentally it will.auffice to co~are activation meastiements by slow neuts in such

&or a typical gmphite sample, we have constants

f
ut/.55/ g, ~t) a j@ .38 Q= /50*49c~ .

which happens to b L33..2gcm ( ~ =
)

2.1 cm) This informt ion and some good raeasure-

ments wiil allow us to find Q . Since ~ dew~~a OA density. by c.nvemtioa. ~ for

all samples of gr’’phite(graphite ia tested by meaaurimg its ~ in tiiisway) ia re-

duced to the value it would have at
f s 1.60 in order that one may compare clifferent

sanpleu of gmphite and make statemwnt.as to their purity.

Here we briefly record some of the results obtained in this way for 4 common

fn,bs%anceeo

,?
At~$/c,c. Q
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&tua.Jy tkie2 microscopic constants in such problems are O_=ca~, ad ‘%bs

● lioq ccuvenie~ce let us list some of tk relations between these and the more easily

#here h) i3 the average number of scattering coilisions made’per capture.

(4) De AL&9 . ax’the I%flection Properties of Bound.inv.Wrfa aes for Neutxuns.

Y/e have x far in this ohapter outlined the i~ethds of obtaining neutron

distributions in mzdia due to sources within theim. However, neutrons are oftan intro-

duced into a medi~, from the outside. It ia convenient to define a reflectivity, or

as it is cwled, altmdo (whiteness - Latin) for a surface. It is simply the fraction

of the incident neutrcne eventual~y returned or @reflected*from the surface. h aOedo

of one means perfect reflection; an albedo of zero means perfect (blaok body) absorption.

See Fexmi’s paper on the mtions of neut~ons in hydrogenoue substances

Let us

plane surface

noutroxrl(Ienti) nelle sostanze idrogenater’ in H.i.c.Sci. ~, 13, 193GS

solve a typ;,calpmbkn. We shall cal.cuia$ethe albedo of an infinite

for slow neutxons. Lut first it shall be neceesary to f./&--

solve the following prob~e~

and occupying all of space to

#Given a ~~dium bo~ded at ~=”~

the right of this pJ.ane, what is

the probabi~ity that a SLOW neutron starting at a point d

units distant from ~~~ wiil escape from the mdium, 1,~. will

reach X=Q ?“

Ke shall do this pmblezn twice, using two very different approaches. First

we shall use the slow neutron diffusion equation and assume that the p.rotAemi is one

dimensional, i.e., that the neutrons move ord.yin the ~ -direction.
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Assume a point source of neutrons at ~ on the X axis. ~

● ‘~iemust calctiaLe the flux at the

(for this is precisely the escape

o is in this case,
A-A -

(everywhere but at -d ) and

origin for unit source strength

probability).

:==0

since this is

The slow neutron

a one dinwnsional

for o<x~~ , assuming the boundary condition m~O>=~

For ~>~}&tThese two solutions must joinat ~

so that ~ is continuous and the gradient d)?
Tx ‘a”

●

05 ‘—’———— “%

diffueion equation

problem the soluiion is

nL(

o c1 - x-
a finite discontinuity. To find the amount of this aismntinuity, inte~rate the~mpk~e

diffusion equation throughout a small “volumew surroundi~ the souzwe.

as 6-0 foq m“ must for physical reasons be a continuous function of K , ‘lhe

tvsnttily escape from the i=ciium.
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Before we use this result to find the albedo of suoh a

0“ for neutrons

another Viay.

● rigorous way

den5ity in a

one-dimensiond medium

incident on the bouna~~ from the outside, let us redo the pmb~em in

In addition to the me’hods of diffusion, there is a more exaot, more

to attack problems of the type being discussed. To find the nettmn

prticu.larvolume V at a tiaw t ‘, one could investigate the density

of neutxons that are moving toward ~ and are in other volumes at various earlier times

~’ so that (consideringtheir velocities anddidzmoesfromv ) they would be

in

as

tm

Vat thetime~ . The neutron density at ~ at the time

soriiisort of sum or integral of these other neutron densities.

integral.eqw.ttion in the neutron density n .

t , couid be expreesed

t.ewould be led to

Thus in addition to the differential equation method of solving diffusion

problems, there is an inte~al equation method too. It would be well to stop a moment

anticompdre the relativemerits of the two approaches. In eettinc w the diffusion

o differential e@aation it had to be assumed the quantities like fi dn
J Tx

etc.vaxy slowly

diffusinS particles. Further it was assumedwith respect to the mean free pa~h of the

that densities of particles were large enough so that speaking of ~uantities like dn
m?

made sense. In particular one would not expect that the soAurAon of a pxublem like

the following by diffusion me ‘hodswould give physically true results~ - Wind m(~e@,

the density of slow neu%xms in

neutron source at the center of

in the medium of the ephere.)w

a sphere of mdius ~ ,ifthere isapoint slow
a

the sphere. ( ~ is the mean free path of slow neutzons

There are, however, no such mstrictio~ on the
A*

use of inte~fi+lequation nsthods. No assumptions a~out the variation of ~~ with

distance, etc., need be made. Integr~ equation methods are more general. xkwever~

theyare usually mme difficult. It often becomee

problems by means of the differential equation and

m in order to get a rough idea about the function in

expedient to do

pmpor boundary

question. Then

the diffusion

conditions first

one ge~s the cmre
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exact solution by means of an integra~ equation.

9

This is the Gmcedure we shall

follow here. IWe have obtained ~(~) the probaiil.ity that a neutron C units from the

bound”lryof a one dimmsional medium will escape it, by means of the diffusion dif’fer-

● ential equation. Let us now

Consider a neutron at

thin;s may occur. ZG may Go

apply integrai methods.

right. each with a 50% chance.

a collisi:n Jr i% may collide.

the left or it z-mygo to the
o d --?-7(

If it goes to the left, it may escape before it suffers

The probability that a neutron at Ci wi~l escape without

a colJ.isionis therefore tho product d
I
z

x q-x

whe~e ~ is the total nsmn free path. However a fieu%mn may escape even it it suffers

a colli8ion. Say the neutron suffers its first collision at ~ , and th~t ~cX> is

the probability that a neutron from C/ suffers its fir6t collision at X (either to

● the right or left of d ). P(xJ is the probability that

eventually escape. Clearly then, ~[C~~ can be written as

p(d)=+ d“~ +7—~(x)all‘y

a neutron at X will

some sort ok sum or int-

p(x)

whez% it is assumed that them ia isotropic scattering in the Lab system, i.e., that

~(~> depends onW on ~ and not on the side from which the neutxmn arrives at ~ .

In detaU the sum shouid be written:

where the first integral gives the
probability that a neutmm starting
from d will go left, suffer a colli8ion
at X , but will eventuLly escape.

The second integral gives the probability
for the same thing with initial motion
to the right.
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The factor ~ - ~ appearing in those integrals gives theprobability that the collision

●
Titit~is a scattering collision. There are 14 scattering co~lision$ per absorbing

1 . d/B
L’he solution of the differential equation @~e p{d~s e . ~etua

.d
thereforotry ~@~=A e-w as the ~oltitionof this integral equaLion. & doing,

we

(

as

.

find

c1

AF4JS$%J ; 8eep.!3!5). Thus this so~ution goes as ~
“ pJs$”??

r~ther than

-2the differential equation solution ~ .

he are noR in a position to do what ~e ori&hally set out to do .- ta find

the albedo. Say a beam of slow neutrons moving along the x axis fmm the left bite

the plane ~so . That probability thJt a neutron of the beam will make its first

A non-absorbing medi~g ~ould event~ily return all neutrons and have an dbedo of ~ .

If-we wish %0 kIIOVi P fox an angle of incideace 8, we are forced to drop the

one-dimensional uttack and the problem becomes more difficut. ‘l’heresuit is that

This is inconsistentwith &e first resu~t (0=0),

for the fact i.i.aL A though e e ~ for Lhe incident

only bectiu~ethis sohtlon aliows

neutrous, Lhey are not restricted

to move along the x axis in the ~edium. The effect of

to the ~ axis is to d.low longer paths and hence more

makt3s @ s~i~tly smaller.

allowing motion tita~.les

chance for absorption. This
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Luppose we wish tq mea..ura the al.bcdo for s1o;.neutrons on paraffin.

●
i.direct ~

measurement Mou.ldbe difficu~~o for even if a collimted slow neutron beam can be made

to impinge on soma paraffin)neutronswould be coming off titall angles from all over

the surface of the paraffin and their detection would be no easy uatter. A much

neater way of finding the albedo is the foilowing.
,...,.._-

Place a thin :’S&-z?=z:

foil slow neut:an detector somewhere in the middle of a masa of

1

,.:>y> f>%~::sj~ ‘.>//>.

paraffin whose boundaries are far en..ughaway from the foil that
:.>Y+;J 35~j+4
~4/4&>p//”-

(
-“+%-~~“’-

the paraffin’can be considered infinite in extent. Bya thin .??////
.

foil is meant one whe~ there is little modification of the neutron

to the presence of the foil, i.e.. one for which G~ $’z~~, whe~

cross-6eotion,itthe number of atotns/W. and $ the thickness of the

dist:$ibutiondue

~ is Lhe atomio

)foiJ.. By

this activity A.● means of scms neutron source we induce an activity in the foil. ChJ

Next back the foil oa one side with some cadmium (enolgh so that /P~/<’:. /
*

it can be smx.unedthab the cadmium absorbs practically all the

11

55:
/w~:

slow neutrons hitting it. but not enough to distort the neutron ..<5/: ..-#./.<.
“://. :53.2.”/// / ....

flux field appreciably.) Remeasure the activilw in a detec~o~” -//~A

foi..Le

“10see

second

. .
‘~cfwmuweox”

Call this activity B. Now the ratio & bears a sirnpl.erelation to the albedo.
B

how this comes about, consider the number of neutrons ~ hitting the foil each

in situ2tion ~ . M is clear that for a uniform distribution of S1OV?neutrons~

A wowd have ~ neutrons per second hitting it fran each side, andthe foil in case .

would have at Least ~~ slow neutrons hituing it per second. But that is not all,
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for scam of the neutrons passing through the foil can return and pass

e

1

‘lP I+EWRMthrough it again (for there is no cadmium about to prevent this.} In ~, 4
%\\**

GET WW
i’ac~we can calcuate the aver:qe number of times a neutron akout to ,

y-.:

\,-.

●
\

impinge on the tilwill pass through it before it is eventually ab~wbed ‘-’”%

in the paraffin. Certainly the probabi~ity that this neutr.~nwiil return through the
.

foil Le P the aJ.bedoof the pmafi’in for SLOW neutrons. The probability that it

will make at least two trips is

passages through the foil for a neutron about to hit it is on ‘theaverage

213. slow neutrons hitting the foil each second, rather than
1-(3

—

2@r
horn this it follows that —~ —

& (MM
Hence a measurement of

and B suffices to let us calculate the albedo. For paraffin~

● poor absorbers of neutrons for it has to be

B“

measurement would not be feasible with

assumed that the diffusion length in the

medium is small compared to the foil size, i.e., that mast of the ‘reflectionm takes

place close to the foil, ~rther$ if ?iIedetector is not thin it acts &e its own

cadmium, so to speakO and a correction must be made for the .absor&tionin the foil.

‘f ~ 1s ‘thea
verage fraction (averaged over angles of incidence) of incident

neutrons absorbed in the foil, find the re;l~icm between ~ and the albedo.
BL
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0

:Wc4ear Fission

(.) 3@WA@Uiwm~esofJWX&

Eef’ore we pnmeed to take up the wbJect of fission, it is necessary to get some

● understandin~ of uh.lt it is that,iiolds nuciei

to find an expression for the nuclear bindin~

mass and bindinc ener~ axe related throu@

nuclear mms={nmibur ofneuixons x neutron

- bindin~ energy
1

in terms of the dcnemi nuclear pm’a~oters, A

to~ether. For this purpose we should like

energy
[
or the nuciear amsa -- since

mass) ~ (number of protons X proton miss)

and A A is the number of particles in

the nucleus and S the number of ~rotons [.i- k) is tl.erwforethe number

h the absence of exact knowied~e concern~ the nuclear forces,

findi~ the clepende~ceof l.incli~energy on k and A is a difficult oae.

of neutrons.

the problem of

‘.$emust examine

our empirical knowledge about ‘nuclei for i,mpl,ications concernil~ the nuclear forces or

8
the binding energy.

& The sizes of nuc~ei ax~dthe binding efiergy. From scatteriw and Qtlkr o“xperi.’

ments with havy nuc&i it is found th:~tnuclear radii .;oas “A%In fact,

fairly we.1.ifits the knowu data. (It should be nmmked th:,tthis formula does not

wan very much if’applied to the very ligbtect nuclei.) For our purposes the foxw,Ua

iqpiies that the sverage density of constituent partic~e~ is a’boutthe same in all

nuclei. It is ~uite likely tkt the density viithina oin~~e nucleus

from one re~ion withilkthe uucleus to another. If “acertain binding

nuclear f’omes is to Le associated with two nuclear ~mrticles L>ithin

does not vtiIy

en.,r~ ciueto

the nucleus a

much

Eiven disMace apart, it is clear fra the foreGoin~ that thiE binding ener~y per unit

Volu!fleof nucleus is constant fiu~uch as tileaverage distances between constituent

*
‘articles is everywhere the atime. :ieconclud’e,therefore, tht the bindi~ ene~
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0
of nuc~ei is essentially proportional to their volume or to A. In terms of the enexygy

of a nucleus (the negativ~ of the Mnding energy) ~~ehave then ~ A - ~1 A

●
where ~1 is some positive coefficient whioh these considerations have not sufficed

—
to determine.

B. The surface d’ the XWCLSW and the binding energy. ‘&eknow that the above

discussion is not the whole SZOZ’Y. For example, even i~ it is asaumed that nuclear

constituents are everywhere spaced the same distance apart and are subject to equal

forces everywhere, it is clear that an exception mu8t be made of the particles at

the eurface. They are not surrounded by aaxmy particles and are therefore not bound

as strongly as partie.lesic=ide a nucleus. The mmberof euoh partiolea is proportional

to the surface, and we must subtract a number proportional to them from our previously
.

discussed binding energy, for we see now that we have somewhat overestimated the bl.ndi~

energy. %!3 muSince surface area goes as ~z Wemust add to E a factor QzA

● E%=- CL,A- UQ4=1S
z *

G. ‘i!he‘actthat & tends to k ~ and its relation to the binding energy. Xn

addition to the “7regoing,we have other bits of $nformtion about wolei that have

certain implicationsabout how ~ must depend on ~ and A . Let us investigate these

relations and incorporate them into our expression for ~ as correction terns. For

example}it is found that the number of protons and neutrons in any SWleus are WW

nearAy the same. (It is true that for heavy nuclei there m’elesaprotons than neutrons,

but Yie shall assume that this is due to the eleotrostatio repulsion between protons

wh$ch ‘l-eshall Consider next. Thxt is, we assume that if it were not for the CoW’xnb

forcee between protons, there would be equal Rumlxu?sOf protons and neutrons in nuclei.)

There are at least 3 types of’nuolear foxces within a nucle .s;neutron-proton, proton-

pmton, neutmn-qeutron. In view of theequality of the number of protone and neutrons

e in nuclei, the last two types of foroes

viore the pmton.proton forces stmnger~

must be of the same order of mguitude. Fox

nuolei with IUXW pxmtons than neutrons would
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tend to be more strongly tcmnd and heraoemore stable than thoee with equal numbers

o of each.
[

If the energyE of isobars (same ~ , different”~ ) I
I

were plotted against ~ , $.eshould get a curve symetric IEj Io Afor nuclei with ~ protons,and (~-~ )about ~~ ~
v

I

neutzms would have the same E as those with ~ neutrms
1“ i

and f~-z> pm’tons since neutron-neutron and proton-proton I
I
i

forces are assumed equal.

ener<y associated wi tb the

must go as some even power

The curve as drawn shows a

Anuclei for which ~s ~ are

d~ps.rturafrom equali@ in

the most stable. mus ~ E=

the number of pm tons and neutrons

of ~Z- $) For simplicity consider that in the neighbor-

hood of’ & E= ~ Z ~ s~~ what the “dimensi~ns.of ~~ .o~ff’i..
2> ‘es ‘s (~-z)

ient should be consider two nuclei with the &um value for - ~ one having an
:

h

twice the other. {Thus both nuclei have the same fmctionW. excess of neutrons over

●
grotona, but one has twice ac many paflicles.) The lar~er nucleue will have twice the

~~ifv/. as~ciate with each extmorupaimd particLe acertatifiUdme.~. It

appears, &erefom, that~3 should be proportional to A . I

E3= + a36(~-&]Z ow G.3 q
%

D. The CouLomb foxves between protons and the bindhg energy. The problem

of find= the energy,

be approximated by the

problem. ‘I,hatis the

of lxldiuB R?w

The result is

written with a

~~ , due to the elect~static forces between the p19tnn8 can

solution of the following strmi~tforwati electrostatic

propsr coefficient so that

2 uniformly distributed tliroughouta sphere

the energy is in masa units

Xn Evun or oud numbers of protons and neutrons and the binding energy. It

@ is found empirically that there are very few sta’bl~nuclei with even atomic weight A
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and CM atomic nnmbber (A). In fac”~it can ~ aid Mat the most stable nuclei &nd

to have both 2.and (~-=] even. U ight~y 18ss stabi.ity occurs in the cases

&&jj@even and A -even)(~”~) odd. And, as ue have said, k . odd{~~~ is the

least stabJ.e arrallgeifientfor a nucleus. C&irAy foxces between nuclear constituents

must thereforo show a dependeime on whether an even or odd numkr of neutxuns and

pmto~s are allout,and

been advanced based orL

ener~ levels and th~t

that can fill the same

SQ must the binding euer~. Scme sort of explan~tion has

tlm idea f,hatconstituents tend “&ofill the nucleus’ lowest

strong forces exist between the pairs of neutrou8 or protons

Level. It has been empirically determined that 55= ~

can be assigned as a correction tern to our expression for & on the fo~lowing baA88

To find dv~~ ge% ~Z- and set this equal ‘Q zero. lhe resulting equation

tmtween Z and A

is one for which ~ is a minimum and therefo~ gives the stablest values of Z for

nuclear wuaees. The result is that ~aS.C)14 and ~1= .00504

J
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expectad ‘itheoxwticallynalong with Dempster’s e;.perimentalcurye and note the

AMzE&&’L.’A!Wlt” .—

U~ing the formula f’or~~ one can cuculate the bindi~ energies of neutrons

to isotopes of uranium. This infoxmtion wi.1 be v,xy closely cmnected with the

ability of slow neutrons to fission these various isotopes as

us calculate the binding energy of a neutron to U2fi

+ (-’l (n-) = L..00893

SW)
~ (Va3b =

.36.12133

— ) = 2360ll&Ol

we shali see= Let

our formula)

In such a way me finds that the binding energies of neutrons

.—
u.ouldbe 3.~1, 6.56, 5.3L L“kw,respectively. ‘l’hisa.Lte*&lgR

s

‘\ -’.
the binding energies comes from the factor , This sltei@km

the ~gular variation of ~ ~A@~ with A and ~ given by

the magnitudes of’

is supe~o sed on

the other 5 tenne.

P

Ca&cul.atethe Linding energies of neutrons to

T&z% “~197 ~~49 =W ;,~5

Use the fonnula for M ~AJ@ as we have done to obtain the masses. Mf iciently

accu ~’ateex~ data for nuclear masses (for such an applic.ttionas we h,ve

for ‘theli~test nuclei.
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(L) The J&AmAwQA <.

m In what follows, we shall txy to account in u rough way for the existenoe of

fissio~ in the heavy isotopes.

● “ A examination of the packing fraction curve shows that in the xwgion of

uranium the packing f~ction is of the order + .0006 whereas for middle weight

nuclei the packing fractions run of the order — 00007. This implies that thd

heavy nuc~ei are not energetically stable against breaking into 2 middle sized nuclei.

Let us look into this more cl~=lye Csearly the energy that wouJ.dbe zwleused in suoh

splitting is energeticallypossible. This difference cm be written

or A times the difference in the packin~ fracti.ons. So that when the

●
of the packing fmctions is positive fiaeion is energetically

possible. lt i..to be noted, howevw, that A ~p~k‘A) - PQ~(~)] I
does not give the energy released ti a fission procesp. It d

I
gives the energy for the transition from @ to @ (see I

positive, the

difference ~

A

/
/

p/I THE

%
W* Ne

‘\J

i
/,

STWME

&

lWcLGl\
/’

/

curve +). Actuaily the end etate @ is of lower energy
~

than @ Hence the total ene~ released in a fission is >~[,i$~lh-p$~~’)] ~-

AXf ~were240J~ is Ml and ZA comes out 93.74 for the

Anuc~eua A (p.65 ). ~ iS then 46.B?. but using ~ and the formula for Z*

zA
the stable~lmis ~1.15 or about 4 units from ~ This means that akout q@

particles wiil be emitted per fragment. From the pack~ng traction curves it appears

fission is exoenergetic for all nuclei“withA greater than about 100. “1..thSR

is fission such a rare process? Consider a nucleus that breaks into 2 fis:im
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tE(MQv)
fragments. Plot the energy of the nucleus (i.e., the fragments)

●
/

I-THE @LILoMQ
FORCE “B~ERKas a function of the distance between the 2 parts. At infinite la

fI Wti’t AT

seyaratic)n

● combined (

or cWOMev

Lhat about

diameter of

contributes

~emo This

I ,\
CIQSE sEPAR-

we t.lkethe eneqqy at zero. When the fmginents am
i hT\o*s

hQ) VieknCJWf~~DAmeasu~ents that~ is a~ut ~~ 1

I
greater. This lets us plot a point for ~=o.

P*

points between ~-=O and infinity? Up to distaaci of the ofierof the
.

the fragments, it is the CouLomb ene~ betxieenthe particles that alone

to the enczgy tietweenparticles since that is the only force acting ketween

(. 1
~e 2

energy is .The ~.ilue”ofthis tmn at distances the orderof the
r

nuclear diameter is eithe”rsmaller, equal to, or greater than the L80 or 200 llevat

@O.We would be able to dmw three different transition

IL

El =

curves from ~e~ to such distances. (See diagram) Presuwbly ‘=.> }
#:/

stable nuclei wi‘th~ >100 are represented by curves of the / I
. /s I

e
tyge ~ , with barrier heights of the order of 50 klev.Presum- 1

1.
ably, too, uranium would be represented by a curve like ~ I

I I
where the barrier is about 6 l&ev. Subtancee whose aurve ViotU.d~ B V*

be given by = would natur~ly not exist for long in RXture. This curve presumably

representsnon-existing transuranics. For a somewhat m~~ detailed discussion of

the transition distances ( ~~a k U_=%> , see the Bohr-P~heeLer paper in the Physical

Reviewof Sept. 19390 Let us think of W ~ as beiag of the order of diameter of a

fission fragment. Then ~=z)( W@X #3(~~Y3 ~&2=~~~

We can draw a uurvo for E~ ae a functi~n of atomic

weight. The curve for ~A gives the excess of mass .}K)NE*

or energy of a mother nutieus of weight. A over
~TGMt~

that of its two fragments. ‘i’hiscurve becomes negative

*LOW h=85 It =o-- the Cme for~~ in the mi
a a graph one can get (EG- Ek) for any /+a (E$.~A~ is a masure of the height of the ‘

mmgy barrier against f im ion.
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he CU.Uof courtieinvesbi~..te

sepurazloa curve in the neigbmrhood

.
Gonsidor the 3ohr liquid drop mode~.

more preclse~y the .JmfIeof the euergy us

● sphere and we calculate the chmge in energy fox’a sma.d defamation. ..=4SSUIW that

.
the first deforwtion of a ~phere that is Mt,inning to split is a vesY sim>~e oi18,

namely that the ~pLere stretches a Lit in one direction wad f.Lattensout ~orLtc~AdicuLar

The cpheke becomes an ellipsoid.

that the sphere doe~ not change its volul.eon becomi~ an

is reasonable in view of the fact that a.d nuclei tend to ,naintuin

nuc~ear partisle=, as ‘:.ehave seen). the chal~e .inthe enerfl

clefc?mationivillbe due to only two of the five factora dmcassed

in the Last sect~on.. First the~= wi~l LO the surface energy which wi.LAtend to increase

witL defOX’WtiOA becauee more surface will be exposed And second ;,eheave the e.Lectro-

of’a nucleue tends to decreaee with defc?ruuLion aad ‘I @erical nucAeus ia Unstmle.

‘i’he~pposite is true for li~bt”nucleie Lrou this &ictuie’ZL is in heavy nucJ.exthat
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Jind the ~urfticeenergy-is p~pcIrtional to the surface area which can be shown to be$

NOW consider a sphere of’original radius~ . ;;astretch it in one direction

for (A and b in the two energy exp~ession6 above Qz@ developing the results in

[where it is to be noted that the first term

the sphere and the secord, a correcticm term

defonn:%ldonas predicted.)

The surface energy is proportional to$ -

+A- ,,,, ,’)
is siIRplythe eleutzwstatic energy of’

that gives a decrease of energy with

ror M(A)%”

The condition for sta~i. ity against defamation is that the bracket be positive,
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transparentand one could expect appreciable spontaneow fission”.‘ Even i’orZ&??

there are T 20 fissions per gm per hour $~ontaneously, so that for heavier.atoms

this quickiy beca~a a p~ti”nent’phenom,enon. I?Or eXSWk, fOI’ PIUQMLLW 238, ttte

s;cmtmneous fission xnlm is already J.07per g.mhour.

We sINAI be more intereated,in what followai)inRimims bro~ht abowt by,,

neutrons Wan in sponta,ueousfissionse Neutrons can cause fj.ssionby contributing

their kinetiG en%qjy and their binding energy to the nucleus. TQiseaergy is at ietm

nUCieW3 high enough within the lxi:’rierfor a fissiaA to takq place before the excess

neutrons to nuclei witp an Qdd nuder of newtrona is larger than it is to those with

uranium the height

It .ioto be

fission nith other

have done. For fission, me must have the”enezyg :. rise to the top of the ,jxzwriero

e
but in addition it is neceswny ,tlwtthis energy be cmcentmtixi in,t’m proper mxk$

of motion for fission. This may take some time ‘andc&peling ~nmceme$ may therefore
,.

accur at the expemm of’fiasiofi. Since th+ number of modes (and .Jw3nceof u~eless

non-fission modes) incxwkwes Siith exc~tati,m euer~, it may therefore be wary M.keiy
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(3)

In additio~ to the fap~ea??mceof,the fission

taccompanyingfission.

fkaguwits, one Qan observe

%“p3rticJ.es Rdkn7ingox’

interesting prubim, The diatributipriof TissiQiI fragkxits as a.funct’ionof atomic ‘

weight appears at.the x4*$.
@ +s 5\Q?JEm

r L ?“

At the hW.f point (if U2X’ ,
:, .@& /’”’

is fiss%oxmd by a fkeutmi and 2 wet emitted in the GCN.U?JM?~.

of f’imion, one WOUAA get A ~lL7 if it is as.wmed that
4’ “’

u nucLeu9 s3plit9into 2 equal.f%gfmntio) cm! Ch$eived 3’
) ,.

yigld is wry low. ktmd of even &@itti~ff, the split- +=

ting ia very uneven m this experimentfai curve dmws. Thi# . “

phenomenon has not as yet been explained ‘Lheoxeticai.ly. ~

As for the neutzxma of fission, they are classed as e$ther IM?omptor W.ayed,

‘prompt”meaning that they leave the fissim fragment after its formtion in times

umler qarcumstaucbs mzch as the folAowi.n& Consider the fission ptmceos once again

The fin..kl%agdh%s are not of sphericed shape. Hence there will W a ccmsidersble

vlbratimal energy absodisted with oscillstiona about the &?Q~iLibi?ium(spherical)

shape of She fragaierat.This excitation eneigy may be”A@3cient h evaporate a

neutxwi, especially six%e neu”taxmbinding energi~a in fiskion fregymnta me mall

bdcause of the excess 02 muimm,s. For exmpAe, awum that &’~ is made to fiasion
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0
(where ~= 50 is the stable va]ue for ~ if A = 118). Thus neutrons may be lightly

●
bound to fission fragmsnts.liheneverneu’txunetission

neutron emission is likely)becaus%of the absence of

matter of fact} one would concluae from observations

is energetically po8sible~

a barrier for neutn?cnm As a

that considerable excitation

73

energy must be present in the fragments because ~ , ~he number of neutzmns emitted

per fission, is for U2~, to take m enmple, equal to 2.4.5or slightly mor~ than one

neutron per fission fragment.
i

!i%eenergies of the neutrons that come off at
9

U&cams
per P@X/

fission are givan in the distribution curve at the right.

In the center of gravity system of ne~.tronand fission

fragment the neutron energy distribution would be sort of

lt~xwellianwith a ~tempemtureficoxn’@SpOAdhg to the

excitation of the fragment. ‘logeL the theoretical curve

the lab system one would have to t~e account of the motion of the i’ission”fragment

and the dependence of emis+on probability on neutron energy.

for the distribution in

Derivean energy distribution c&ve for fission neutrons assuming a velooityv

for the fission fragment and a Maxwell distribution of energies in the c. of g.

system. AAso assume that the probability of neutron escape is pzuportional to

&&j& velocity.

The observed results agree roughly with those to be expected on these considerations

exoept below L Mev where no sufj?icientl.yaccurate measuxx?n?emt$have yet beersmade.

/
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In addition to these prompt neutrons some ( A l%) come off

delayed. To exq?lainthe emission of delayed neutrons, consider

a fragment t

&9’
A which under-geesa -disintegration to iinucleus
*

B. Usually this disintegrationwill go to the ground state of
1

L

O,

B, but occasionally the nuc~eus B may end up excited with

excitation energy $neater than LE., the binding energy of a A B-

neutron. & such a case ueuln’onemission becomes quite likely. Such neutrons

would come off very quickly after the P decay and would therefore s~ow decay geriods-

thti.tcorrespond ‘to

ofB.

‘It@delayed

observed and their

the periods of the @disintegration of A to the excited state

neutro~ periods that have been L/2 life

yields are at the right. The first 53.6 aec

● 2 periods are rather well verified. The short time 22.0

ones are as yet not defi.nite.Lyconfirmed. 4.51

1053

.42
TCStW

delayed neuts
per prqpt

*00021

● 00139

0CJ0178

.00201

5--
.0001
.00

(3) The C~8a-St3ctions for l?’i8S3.Qnand Cowethg Processes in Heavy Xsotoges..

J& U2*, as in other heavy elements, the only

likely processes caused by neutnms outside of scatter-

* - (%)~) capture andf%))~~ processes.
C)-

The M* ;

aross-sections for these processes in U*38 are plotted.

Note that capture is mom probable than fissiou for w u
t a Mw

neutron energies up to X 1 iJevO
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(bein$ about 20%asprobabJ.e at thermal energies). The(~)T~proce= does however

have a few of its own resonances ( * 2 volts, * 5 volts) also. At high ener%iea

the (%r’)process is quite improbable compared to the

For Pu239 , the thermal (.O~@V) cross-sections

I.tt9aZ ‘/& La+
section is ther@ore z 1050 barns. The variation of fission

.% @OO .

cross-section with energy is indiuated in the table at the
I

CR.QWW@

right.

● portant

The capture cross-section becomes relatively less j.m-
,~4 3

at.higher emex?gics. 3X18 29

L?N& ~,96

I

.
.,

, .,
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(1)

itself

oan be

ce~ses

on the

CHAPTER U

chain Reactions

The ?mperties of Natural Uranium.

It will be shown in this section that a neutxun

in uraniu of the isotopic composition found in

chain rsaotion cannot maintain

nature. Whether or not a chain

maintained will depend on the relative probabiJ.itieso~(~J~’) to fi~~~ pro-

for the neutrons in the material.
.

Although a fission in uranium wi.11release

average 2.4 neutrons9 it will be seen th&t the (~j~~ cross-sections (for

the various energies in the neutxwn

nmst of’these neutmmso and to make

to cause at Least another”}ess than

spectrum) are sui’t?ioientlyhigh to drain away

the probabilityjfor the progeny of One fi8si0n

unity. Let us plot on a single graph the

capture & fission cross-sections for the two main isotopes of U.

/ The cross-sectionsobserved with a piece of ~tumJ. lJwouLd be the sums of the

/
above cross-sectionsand these are plotted at the right.
-. :

It is to be noted that below %~gv and above x L4Mev IQ

q >% and In between @&& te greater.

One would conclude, there~ore, that if it were pos

a reaction going in natural uraniume it wouzd be sustained by neutrons whose eqer~
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(i

ie greater than + J..4MN or by neutmms near thermai, for in intermediate regims

t&s neutrons woukd more likely be absorbed with the emission of a V’ , than lead

to nev biasioneo

Oonsidar firat the high energy region. It will be shown that the existence

of a large Inelastio scattering cross-section prevents the &lizeti on of a chain

reaction. Given a big -88 of natuml U (big enough so that surface leakage of

nautmns la no consideration)and a fission oocurring somewhere in the middh, let

us see what $0 likely to happex3. About 2.4 nbutxxms wLL1 be produced. The fission

neutztm speotrum is such that we can twsume that 1 neutron is produced with energy

below tho effectim f%mion threshold of U2* ( -1.5 Mev~ and 1.5 neutrons

energy 7i.5 @v. The low energy neuln.wnwill probably be absorbed because

high oapture cros8-section at its energy.

a fission is only z .O~.) Wexe there no

neutrons could start a chain Xeaction for

leading to fission rather than to captuxw

(In fact, the probability that it

Witli

of the

causes

inelastic scattering, the remaining 1.5

they have~four times the p~babiiity of

(i.e. * 1.2 of our 1.5 faat neutrons would

lead to new fissions, and since the necessaqy condition for a chain is that the num-

ber of neutrons per fission that lead to new fissions be greater than one$ this

would certainly start a chain reaction). But there is inelastic scattering of these

fast neutrons and the oross-section for scattering from above to below the U238

threshoM is of the order Z:3 barns. Since ~f is only ~ .4 and ~-.t

only & of the 1.5 fast neutrons (rather than 4 of them)will produce fissions.

5“
This is about .2 neutron8 and them canbe no self-sustaining chain due to the high

mmning the following data,

Below Threshold Above Threshold
d’-,me~hs%e(above to below) --- -— *.- ++ *L. 2.3 barns

w&--
.GO* .47——— —-- ——. 4— —-.

w=- ——-— ———-. L7— ——— ———-.l.2

md a fission spectrum when 40% of the neutrons are emitted below threshold and

P
_ve, what is the mm u~actorfd or an infinite mass of metal?
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.

Now, Let us consider the thermal region. For .025 volt neutrons ~+s 3.~ and

~ = 3.2 bane, or G;o~l = ‘7*J ~rns. All of these cross-sections behave as -~

a and so their relative values are roughly the same throughout tbe region. If the 2.4

neutrons produced in a fission manage to get slowed,down to thermal energies without

‘s9xZ,+~\,32 new fissions.● absorption, one would expect them to make UB—
~9)

One

wouid have a @goingU chain.

(2) ~ Use ofa~ratd or.

The probiem, then is to reduce

the neutrons are absorbed. %..would

Mix the unmium with a substance that

thin enough so that a fission neutron

substance, culled a moderator, before

the fission neutron energies to thermal before

be led to a scheme such as the following.

doesn’t absorb neutzons.

will make many collisions

26 ia likely to meet some

it should wke enough collisions so that it is probably thermal

first U nuc.Leus.

●
One might

not exist, i.e.,

consider

He4 will

USi~ &4 as the ~“de~-tor f’or it is

not capture neutrons. However such a

Spread the uranium

with this other

U again. 11.fact

when it hits its

believed H2 does

moderator would not

be practical, the mean free paths would be Lon&, and a structure of about one cubio

mile might he required. One might think of using liquid helium in such a structure,

, called a fipilen.This is also obviously not very practical, but a remark might be

in order about dimensions of piles in general. If one can succeed in increasing the

density of a pile by a factor f, as in the case of liquefying helium, then the linear

dimensions of the pile can each be reduced by the factor f and the operation of the

pile will be exactly as it was before changes were made, because the ratio of mean

free path to a distsnce in the pile stays fixed. The ~vemall result is to multiply

the VOiUM8 by f-3 and the lMSS by f-2.
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One is fbrced to uee substances th~t do absorb neutrons, but that do not absorb

them very much. Ch:.tinreactions hnve been obtained with graphite and heavy water.

Possibly Be or evesa~0 may be successful moderators.

Consider a graphite pile .-andassume,that it is so Large that leakti~efrom the

surface can be neglected. Assume that the U is uniformly spread through the pile.

zhe maximum xatio, R, of the uumber of carbon to uranium atoms required to keep ths

pile going? The maximum is set by the absorption of the
.,

carbon at thermal energies. itSsume 2Y=2.4 , i.e.,
*

there are 2.4 neutrons emitted per fission. Assume
70,WERh~RL EWRGW’

further (in order to get the upper limit on R) that

no absorption takes place during the slovii.ngdown “bc
[-J[~[EJ

thermal. From the diagnamat ~he right, it is men tkt t \3 -WE TQTRh
C’RC3SS-SECTION “FQR

for ‘thepile to go 32 ~ 2%+ IllUStbe >~ W*RB\M~ PRQCSSSI%S
e Pi-r -rttEia~/~L ENERGIES.

This gives .00~S!~< ●24 CX- k470 t=31gT3.Z~.00qBRB~thS

or in terms of’weight, the ratio of weight o17carbon to-~ruust be < 25. ACtUally a
.

consideration of losses durinpjslowing down. and the ccxmideration that W is not

spread uniformly throughactual piles (resultin~ in higher neutron densities in the C,

away fmm the W neutron ~sinksll)&h tend to make eves lower this upper limit, There

is clearly a lower limit for ?3(for, as we have seen, a pile will not go without

mderato.r) and this lower limit must be less than our upper limit if our whole schem~

is to be feasible with C.

the

the

the

These considerationslead us to the pzmblem of capture during

slowing down, which we have hitherto neg~ected. &99Um% that ,
%

slowing down ~ensity, is constant. That is that

number of neutrons/cc. that change from energy above E to

bdow E in unit tima ~ (~) does not depend on position ,(2) does not de~end on E. The

physical conditions %at would give such a
%

would be a uni.foruux?diumwi.tia u.n~forml-

ly spread steady SOWCO.
.

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



~,ehave seen (P.45) that the velocity with which a ,neutmn drifts down the

● he can write.the number of neutrons per c.c. in the logarithm!.cenergy intervaJ.dg “at4 j

~(G>(J&= LA d~
%y

Now consider an atom of U in the pile. How many neutrons
w=

●
inLhis ener~ interval will,it absorb in unit time? Clearly this wiil be

\ .

%(G) (36 “v ~ rcq
and in terms of E, the tota,lnumber of neutnms absorbed per ato~ per unit

The upper limit of the integral need no% be picked too carefu.1.Lyfor the

creases rapidly as E increases. The lo#er limit is usually taken as the

tion edge 6 .3Qv. Under these circumstances the integral (without the

‘fl,2~0 barna. (This is determined experimentally.)

iL nce
%

neuts are produced per unit time per Unit VOhliRt3,and

time is then

integmnd de-

!@ ) is, for

r

each atom

can associate with each atomabsorbs .+
~ ~J

neutrons in unit times one
‘5*3. ~

(
-gan aabsorption volume” —

●
~,~ =

(note that this truly has the dimensions of volume)

where we can say that each aLom will absorb all thoee neutzmns made in the ~absorption
.

volumew surrounding it, and only those. For ‘~- , this vo~uxe is 4“ x 10-’21 C*C.

which is much greater than the size of a V fiucl.eus( LO-35 cc. ] as is to be expected.

The total number of neutrons absorbed per c.c. per sec. in a pi.iewould be

%
$

a~d the number

atoms per c.c.

4 x @2’ x
Nwnbw OF ~%ms CFw

cc.

of atoms of ~ ger cc. vmuld be L6 X 1020 and the number of carbon

neutrrms are absorbed per c.c.~Q f s~.ar 64% of the neutrons are aisorbed.

However this is a considerable overestimate. This stems i\ i *

from the fact that the absorption cross-section has sharp

resonances. The absorption of n atoms is not the same as “ UN(

~ times the absorption of one

9 otherts neutrons, so to speak,

atom. The atome absorb each I g

and so ‘shield* each other. ‘Thiscan be olarified
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somewhat as follows. The spectrum of neutrons in the pile is not I

●
wi&)what it would be if WC were smooth. There are depressions in

-

.the.spectrun at resonance energies simply because neuts with such

Nuclei of’ u are therefore pre-energies are quickly removed.

●“semtedwith relatively few (cross-hatchedareas) absorbable nuclei. E-+-

The carbon

slowing down absorption, one would lump the ‘~ in the pile

for then within a lump there would be no moderator which would tend

‘tocut doxn the

rather than spread it,

to even out the neutron spectrum by continually feeding n&utrons into resonarce regions.

Those nuclei on the surface of a lump wouid quicldy remove all incident resonance neutron~

.. and interior nuclei would see very few.

But how would lumping effect the absorption of thermal neuts by the-f and the C ?

absorption would be

? where Y&is the density of neutrons of thermal ener@es at the carbon~cmd~ and ~LWq

8
the neutmm capture cnms-secti.on of? carbon and the number of atoms of carbon/cc.

~8p@CtiV@~y . For uraniu;l,the absorption per Cece per second is simh.arly

and the

neutron

distribution. Hence from the point of view of.absorption of thermals to get fissions,

lumping is undesirable.

This result and the previous one that lumping ia desirable fmm the point of

View of cutting down absorption during the slowing down of neutrons suggest that a

complete considerationof the problem may lead to values for optimum sizes of the lumps.

In the next section we shall calculate the reproduction factor’for s pilo with spherical

lumps and shall see how the various factors that go to make up the reproduction factor

m depend on the size of the lumps. For the pzwsent we shali record the empirical results
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for the self-absorptioneffects in

empirically that for a homogeneous

homogeneous and lumped piles. It is found

mixture of TJ & G

e2

● where &%bt is the scattering cross-section of ~ atcm of ‘~ -s that of &he number————

~oderator atoms ~er W atom V,ehave seen that if we were simply to add atomic

(
~ asabsorption,

E
is 240 barns. Substituting the known scattering cross-

secticnm for U&~ in the empirical forlaula,Le get -- 12& Zven for a u.nifonn

distribution the fiself-absorptioneffectn is of the order of a factor 2, i.e., the

“absorptionvo~umew around each W nucleus is but haif as big as it would be were there

no ceeonance absorption effect.

If, however, one lumps the‘~, the discrepancy should be

found empirically that the fiabsorptionVolumew of a lump of v

even Ureuter. It is

in some carbon is

●
Apply this to a V sphere of 3 cm radius.

Actual vOluKm - 112 CC

Empirical absorption volume =990 cc

A1.sorptionvolume calculated neglecting

self

self

let us

screening or

absorption = 23,000 cc (or 20 times the observed one)

Can one constmct u pile by unifomily disbursing in ~ ? ‘J’o’f’indout,

c
calcuiate the reproduction factor. Take ~ 2G0 {i.e. 200 C atoms/w atom)

to start with. Take ~ (no. ofNe@S/fiss.)= 2.4. Empi.ricaily(we use the formula

of -’~”~).tf%la,,= 75)using the fact that CSC for carbon is -V .4.8bans and
-.

(%% is + LO for-~. This gives as the total tibsor~tionper C.C. during slowing down

%.
2,6 -I 24 20 &

x X75X1O
●158 %<\x/L2 = ,5q

o

or - jO% of the neutrons are absorbed during

fission reach thenwd, Now~C for carlxm is

(in each sec.)
LJ

SIOWiIl~ down. Thus 1.2 neutrons per

.0048 barns and ~= 7.1 foru

the numberof lx?ulmabsorbed by the-~ is
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7.!
C-O x .00 Y8)+’7.!

~1.-z 85
absorbed by the u~~ince ~~ absorption in ‘~ lead to fission,

*e get 180tjx ~~ =

f.1

.58 fissions. This pile wiil not “Go”.
e

r

——
Show that for no uniform distribution (i.e. for no value of% ) +s a chain reacting -

<’

.___l

pile possible, by finding the maximum reproduction factor as a function of ~ and

J&QQA-&&@?ss ~h~ ~. —

One could design an .inhomogeneouspile by using one of the geometries at

the right. The cubic lattice of spherical I.umpsof

&

@:&-- ‘::$:*
uranium 1S slightly more efficient from the point

..-

of view of neution utilization, but the cylindrical

geometry has the advantage that energy can be removed
~’”p:.e--b”~

w~

I /
(the pile coded) by blowing air, say. through the

..
, ! ““’

cy~inders.
,,“

/ “’,
..

(4) %~eo~du Ction
,

FaCto.rin a Lunmed Pile.
..

‘Ihereproduction factor for a pile with spherical lumps.~tart with one neutron

in a sphere. ~ neutrons will escape the spherejwheree is

for there is a small probabi~ity that the original fission

give rise to a ‘fwt fission~. Let f~ be the probability

somewhat greater than once

neut will (while still fast)

that a neutron is either

resonance or graphite

“reach thermal energy.

Vrather than C .

abaorbed “duringslowing down. Then & (~- ~R~ neutrons will

Let f~ be the probability that a thermal neut is absorbed by

Then ~~ ~ fl-~R> thermal neutrons will be absorLed by the

uranium. In onier to find out how many new neutrons, on the averageO are made by such

an absorption multiply the above by
9

which is

[ 1[

probability that absorption of -- DO. of neuts
thermal neut will give a x per fission = 2.4
fission= X9 for u for w

‘?t 1

Thus =
Y

L32 and the reproduction factor is I<= Y--Pycl-fFz>&

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



84

l-etus see how the 3 factors (r)(\- $R> and ~ can be calculated. Let ue

first get an order of magnitude calculation for & . The average length of path of

● a neutron escaping from a spherical lump is the radius Assume that there is only a

60% chance of the original fission neutron to lie at the high end of the fission spectrum

● (in particular that it has energy? 1.4Msv, taken as the U238 fission threshold). Now

w~ ●* .45 barns and hfiss -->oc,b ‘Men our original neutron would make this

usmy new onesa

060 x % x W-})
h ( where ~~- /) is the net

production per fission)

due to fast neutron fission. Thus in order of magnitude

neutron

(where we have taken
fi+ so; dz2.4 ~,

Actua.Lly G can be calculated by somewhat more refined methods, givin% more accurate

results.

8

Next we calcuiate (~- ~~~ . te have seen that

tipirically the absorption volume of a lump of ‘~ for

~.VO\,neutro.. are aLsorbed per second by the lump,

But ~ v= (whereV= is the volume of the graphite

cell) neutrons are produced per second per lump. Thus

-k
Vol

Actually a somewhat better ca~culation gives RR. 1- ~-= , but the results of

this and the simpler formula are not too different.

Now it remains to see how ~~ is calculated.

the lattice is infinite, then at any symmetry plane,

g.mdient of neutron density -- for themal neuts for

.9 must vanish. Now the boundaries of a cell, as defined above~

If~@
the

exdmple .- @

are a~~ synazletryplanes for an infinite medium and the @

problem of finding the neutron density as a function of

I

I
i
i$!D
t

I

;4!0
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o

position becomes a typical boundary vaLue problem. Actually, for purposes of calculation

the cubic cell is replaced by a spherical one and one
m?

1’
I

finds ~)the thermal neutron density, as a function

< 3

I
!

of position in the cell under the condition ~Yl=~ ‘1

at the boundaries. Having found this, one can calcu.kte Pdi i
-i AC hi

the rate of absorption of thermal neutrons by the ‘U-

In this way

and % is the albedo of the

‘ab s

sphere (looking from the outaiade)

Q ‘1
& where 1; & ~i are the——

—..
Take a 3000 gram lump of U( ~~ 18)

-
which is spherical in cubic cells of side 20 cm,

Calculate ~T, [One must use the above fomula with hi~h accuracy, because nwnbers tend

And so one c~ictiates the four factors in 1<.l?ora typical lattice. these

numbers my be of order ? = 1.32. cl= .8S ~~~ ,12 ~ =l~os

For such a lattice ~<= 1.07 (the best k’S fora W-C system are ~ L1O)

In industrial piles -- cm even irIlab piles to ,;ivestrong neutron flu-s --
,

one runs the pile at k@jh pcwer. The Argonne pi~e ( ~ 20 ft on a side) cau’t be run
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higher than 2 KY;because no special pxmvision was made

for cooling, For higher power piles, one must introduce

a cooling systea In Clinton, for example, there is a

rud LatLice with air cooli.n~through the

of the Clinton pile is %.~OCIOKY and the

channels in which

air coming out is

are water cooled and Q jackets must be used. The point

of mentioning the cooling problem here,is to indioate that

because cooling material must be introduced high power

piles cannot maintain~ at l!~ but will

vcdue of /< , the cooling msteriuL being a

show a Lower

non-productive

86

the mds lie. ‘me power -

at 100°. Other piles

.-

absorber.
— .—. - —

~.—

(s) 2he Relation between the Reproduction Fa~r and the Crihical Lize of the PU.e.

Assume we have calculated ~ , the reproduction factor, for a particular iattice

and it turns out to be slightly greater than one, say, 1.05.

●
Were we to have an

infinite Lttice”one would hJve a supercriticalpile. How big should we make the pile

so that it can still be under control, i.e.$ just a little over critical? If ~ is

the thermal neutron density in the pile, it will have a

maximum at the middle of the pile and show a general

dependence on distance within tinepi..Le as shown. Super-

‘“fl>,.h

posed on this will be the fluctuations due

lumps in each lattice ceLL Let us assume

we can, in what followee consider only the

~~-
to the uranium %SLTlO~S os uswGR~S

that there are many lattice cells and that

general dmpe of Yl as shown above, ic.,3S5urne

that the humps in Y% are ironed out. ‘#ehave derived once before (p.~$)) the differ-

‘A_vAm.~o.gT=o
ential equation for n , the d@n8ity of thermal neutrons,

3

It is to be noted that ~~ , the absorption mean free path, is to be considered

as some sort of average of i~ for pure uranium and of ~~ for graphite.

a

For pure

,
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e?
graphite~A. is ~ 25~* and for the proportions of wand graphite usually used the

m ‘average* ~i is about a tenth of this.

In addition to the slow neutrons in the pile, there are fast neutrons from

fission. For these we also assume that the density is a mnooth function of position

● within the pile. The equation obeyed at equilibrium is the slowi~ down equation

This equation and the preceding one

equilibrium. The < of this equation and
%

related. ~et us inve~tigate the relation.
. -T

are

the

simultaneous descriptions of’s pile at

-a

per sec. Of these !7 ~~ are absorbed by the
A

of the thermal neutron equation are

thermal neutrons are absorbed per cc.

w , and as a result
7

C72* new
A

(fast) neutrons appear. One would be inclined to write for ~(~’) at ~=~-)whichis

the number of fast neutrons made per second per C.c.jsimPIY~<CJ ‘Y)fTvf\However
A

one would

have the problem of reconciling the continual absorption of neutrons during the slowing

down with the use of the slowing down (or age) equation. For in the derivation of the

● age equation no absorption term was assumed. It was assumed instead that all the fast

neutrons eventually become thermal (p.~], ‘#ecan however use the age equation if we

decide not to

in those that

aud they wiLl

fast neutrxms

be interested in the actual amount of fast neutrons in

will become thermal. These neutrons not absorbed will

be 6 ~l-~p~ of all the fast neutrons due to fission.

the pile, but only

obey the age equation

Thus ~ (\$R~2$;~W

are made per C.C. per second that eventua~ly become thermaJ.. This is the

effective ~~cl> undwe shall write

~(b) ‘K-F~)@~ ~m” ~’~m.

This i~ the desired connection between
f
and ~ , and we are ready to apply our equations

to an actual pile to determine its size for equilibrium.

For simplicity assume that the pile is shaped as a cube. Because ~

vanishes at the boundarj (actually, as we have seen, the true boundary

m

“ 0.

e condition isx=~ at .7~ outside the surface, but in thie case J

this is but a few cm., which is small compared to saw for piles)

ZL

....
Im)t Jq s}mklTaT.

we expand~(%)~,~) e.s Y@,l$s)= ~~,jl% 5\n~~~ ~
Lk.J
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down for the effective
of fast neutrons.)

solutions

(P) .

(m

●
If this is substituted into the firet equation, we get a condition on the conetants

of the pile that must be satisfied for a Solution.m-x

This can be written ~ = z

the infinite lattice. ~~inceour @quaLions have been

this equatiion~ives the length of side “a” of a pile

if ~ were the reproduction factor for the inf hi te

solved for an equilibrium piles

that would be in equilibrium

lattice. This can be written in

where Q* is in meters.

9 AS ~ approaches one~

If the pile were

on the dimensions would

●

since

we

~aM b~conlesinfinite~ as is reaanable.

a rectangular parallelp~.ped~ it is easy to see that the condition
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the pile is of such a size that the 1,{,\ hamonic is S1i~ntly over critical, SLY 1.021 -

it can be seen that for a pi]e of the dimen:.tionsto r,,akethe 1,!e\ ha~monic critic}d~

the higher har~~nics \,illnot be critical antiBill dIe out. For my Afjpe of”~/i.Leit

cun be shown thtitLhe main ha;”monicpresent in a pile is the fundamentw.

● �✎ ✎✎✍�✍✍✍❞%lcul.aLe the
..—. ——.. -

Mi J Gion betwe=tlthe tmi@t and the rxliurrof u cylindrical pile
t 7
\g&w K for the inflaite laLticejf the pile is to be~~_p~ui I.ibrlum——— ——- I

(6) IJpx IMxmaent ELM Lions of the Pil~..-—--

‘@ Luve cierivetij equaLions to deticribe a piie at e uliiurium f.eshall l(ere

dxscuss t&ietime d.,pcmdeme of the behavior of a p$ie. Y,esh~ll aewmle for sj.s,plxcity

Ut I“irst thtt a~l the neut~ons prouuced are prompt. Actua.ly uhe Gelaycti

v~ry import:mt In runuiil~a pile. ‘l’heyoften twikethe difference tmtween

not .ruuni.~. l%wevcm, for sil:,p,licitylat us at fimt mke IAe nswmpticm

I
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90
and the otiner equations of the equilibrium description

As= 3& (@= k ~ ~

*
remain unchanged because of the above assumptions, i.e,,

%
it is assumed that IQ)is

still preportional to ~ at all times* there being no delayed neutrons and no delay in

● . the EJowing down of prompt ones.

FOT a general shape of’pile, the problem is to solve a differential eqt.x~tion

Q( k (&wI A@+@=Q where the @ are eigenvalues, and the boundaxy condition

is that $ =6 at (really near) the boundary. We assume that the time dependent

solutions are expressible as products of a space dependent

only on the time.

The age equation beccmms

we c:tntherefore write for
% >

Now let us find the fozm of

equation and a-= (m A+ = - d(t) +=”u)~

From the thermai neutro~ diffusion

exponential.

Let us consider the exponent, \<~ @-@. ~ - ~~ti .
A

It is a

.
decreasing function of 4 , Recall that @ is a constant denoting some harmonic

of the s“bationary solution. Because the set of equations is linear, the time dependence

o t f%+)
of the v:~rious karmonics is Gz

~ FUa>

,@ t,,,,,, ZC2,
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and since F(u> decrea.e% as & increases. it means that after a time the fundamental

● harmonic will outgrow the others even if we started at ~=~ with a complicated distrib-

ution of neutzxms in which some higher harmmics were important.

●
Men the exponent is zero, we have a time-independentGr e[~uilibriumsolution

Kge-~’~ -~-?2T~ti,=o

This is precisely the equation we deveioped giving pile sizes for equilibrium, i.e., for

piles just critical, just *goingfl.

where, of course, the proper

K.=d-~ ~‘by~“)
u.) is substituted as determined ty the shape of the pile.

~z

a ‘Phere “= F’ ‘tc”)
Taking @ to mean (A), ? the

us rewrite the exponent

LL &Ifthe reproduction factor were ~s

wouLd be just going ae we have seen.
)

then the pile

Calling this value of 1< simp3.y \<Ojthe exponent

●
can be written

-J ?ipql<- kcJt,
or the time dependence is e~

Write $01 ~ e S ~ k ‘ke~~
t/T

‘e
where ~ is the period of’the pile.

(Ltehave neglected ~ ‘@t Lecause I.tia of order unikyj, T can be written

J&t us reconsider

taking into account this

our 3 equations in order to find a better

time the delayed neutrons. The ec;uatiom

*

expression for T“

remainunchanged. The last equation must be cha~ged in the following way.. If a neutron

h absart,edat T=o j $l!3Zofthe fiesion neutxxma are deliwred

delivered later. At any inetaht therefore x99% of the neutrons

a and z 1% are delayed neutrons fxmm pnvious fissions. If
?

is

immediately and l,%are

delivered are prompts

the fraction of neutrons
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that are delayed, the number of neuts made per unit time in an eciuili.bri~pile is

● q(co’k+fi”ph + p+h = k~-n or the same qumber
as if all neuts are prompt

PROWPTSJ iNL?hY=~ K

●

~a~ is expected~.

N5dTRbNS F$tQN PR5WIous R$SION$,
But if theW’S in the 2 terms are different. i.e., if we are not dealing with a

pile in equilibrium it is necessary to know the time distribution of delays. The

fraction of dehyed neuts emitted in interval~t at the time ~ after fission is

/q*)c) t

~t7-. g,~-zi
1s/ t where the G ~ are the

various delayed neutron periods. If, however, we are at a time ~ , and we look back to

an interval (jtg at a time t- P , we see that there were i<~

then.

~ ~[t-t~) dtt absorptions

The number of neutrons appe-,ring as delays from these absorptIons in unit time

.% t is l<.% met-t~ dt ‘ ~ &+ie ‘~. Thus
.

Thislthen~is the equation

the delayed neutrons into

~~eseek a so.Lution

we must use instead of simply fb)a~>~~when we wish to take
f h.-

account.

of the same form as before
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and one can solve for ~ as a function of the period ~

Since the 2nd term of th’edenominator is small, we can write without appreciable errors

so that the 2nd term in the first factor is small compared to ~. which is z ~ .
w%

Z’hereforw,multiplying out t,leexpression for ~ and neglecting the product — —he

PLQd
VT

times ~ ~ since both factors are small ,
t

h e*~ P,’@i
K=ko[~+~T *Z TA~~ 1

The relative excess of reactively ~-}.CQ can be written

oHQ A (since eis approximately — UT
& ~. are of order ~ ) which is the lifetime

lS-
of a neutron.

The expression for k-lta
T

car.te interpreted physically quite ead.ly if~ is

either very big or very small. For ~ large W@ becom?s @*+z Red

~ KS T
l’~hatis the physical meaning of the numerator in this expression? The average Length

of time of a generation is simplY~~OC-Pl ~~ pi (~ +@G>
Qwhere U is the

generation time for prompts and~:~ ~L is the generation time for a neutron delayed

@~ seconds. k-)<~ forThis expression is exactly equal to the numerator in _ T large.
k~
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&xne of the known delayed neutron periccisfor U2~ Ei.3!#? S!&
.6 se:

*220 2.2 i
are given at the right. Using this data let us get an .194 6.51

.152 3L?
idea of the magnitude of the average length of tim of a ~“2

a generation.
G
1+’*00015 sec. z fm?-,083

L
Thus the acmtribu$ion.’tothe generatio~

the pmmp@o Were there no delays, it

.666

time of the delays is A-60 times that of

is seen that~ ~ouid be very short even for

smallexcefis~ .

shwt~eriods, i.e., T4< 9:

depends mainly on the prompts for

delayed neut.mns do play a considerable rolp.

complete formula

8L

-ET

(7) EQdi.nRK andProDer Pile D- SiOnS Exr)eri~.

Since the critical dimensions of a pile depend on ~-~ where ~ is close to one,

small errors in ~give rise to iarge uncertainties in the pile dimensions required.

To detenuine ~exgerimentally for a pertic”ularlattice one can proceed a~,follows.

18
1 .

the si’de-of the column and b is the decay factor in the e~onential]. For such a . it
?

,
.
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can easi..ybe shown that ~ a 2~~2 . .!- ~~a Le assert that the equation relating the

~kroduction factor for the infinite lattice to @ (of page ~~ >is still trueo That is

This is true for essentially the same reasons as for the full size pile. Given a

the @ in this equation will give the dimensions of the pile at equilibrium. In

caSf3‘am is a true dimension and *bm behayes as one. Kerw we to keep ~ae fixed and

KJ

this

enrich the lattice ( ~ larger) certainly the decay wouid.be slower -- i.e.,blonger~

and this is borne out by the formula in the same way as the dependence of the true I

hfi
dimensions on ~ . )Fora cubical.pile in equilibrium /<=( ~+ TW e

~%
wheM

3~a
~ is ~. this time, A beimg a side of the cube.

or a measurement of “b” in a model lattice permits one to find the size of the R of

the equilibrium pile.

One can find the properties of graphite or uranium

in another way. This method has to do with the effect on

that determine ~for the pile

equilibrium piles by absorber,..”

Let us consider for a moment the problem of the control of a pile. A pile

c@@a5Qf’bQv5, Xt’4Awki kaddad,%ls temperature dependent and one must be
.

Wte for this. GQe mush also be able tG co~fipensatefor the absorption due

materials~ if one wante to use it for~ say~ makinfiradioactive substances.

is always

cr\&3\bq~~@’MI .
able to comp&-

%0 foreign

Thus a pile

is planned with excess activity and control rods are relied upon to vary ~from below to

above 1. One might use a cadmium rod which one inserts to various depths in a channel

of’the pile. To see the effect, suppose one placed an absorber in the pile where the

neutron density was ~ . )It is not truefae might be expected that the absorbtivi.ty

at any point in the pile is proportional to ~ ,, Consideran absorbing atomat the

center of a pile and one near the periphery. The absorbing effect of these atoms is

proportional approximately to the square of m at the 2 positions. The reason for
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this is almg the foi,loviingLindd Neutrons absorbed by the centraLly located atom am

: F~*+-

more likely to be of service in the pile than pe~ipherai ,

e neutrons. :The bffecti’veabsorption i~really (neutron deimit$

.X effectivenessofneuts). It can be shown that the second

● factor ispmportioml tow, and ao the pmduct.goes as%z.

ThuEJif a controA rod is inserted into a pile to depth ~ ,

the dependlmce of the absorption of the rod on ~ is G} ~

proportional to ~~(s’”~~~% ~.a.ubica,pile ‘~Q~
T

of $ide ‘~. One can use control rods to teat samples of g&phite or absorbing mater-

ials as foilows. One builds the pile with a channel for the

The critica~ <equi~ibrim) position for the control

rod with no W@.e is detertinedd Then new critical

insertion of mm&8.

/ /’
~ w

=fl :h~:~%+x//a4+’32?z.52//#.//~ ‘
poiitione for the variou~ saqoles am determined and =% ~Q

Rob
/

the differences in critical.position are a measure * ?zzz2//

8

of absorptivity of the sample. One can use such a scheme to determine mac tivities for

~ieees of uranium correct to j places.

(8) and IMiatio D Production of a Pile.

The number of fissions produced per o.c. per second in a pile is f~ m M 3‘~
A m-zz

where the Sactor8 areI the fraction of themals absorbed by the v , the neutron

density, the mcipmcal lifetime of a thermal, and the fraction of neuts absorbed by

“Wt hat lead to fission~ AsaumZng 200 M& per fission, we must multiply the manber

‘& 5
of fissionslsec. co. by 200 ~ ‘32d4~*~inofie~to get ‘*C, 9

h55ion
the resulting expression the product ~U2the flux, appears. We should use WW

avdrage fiux and it can be shown that for a cub~ithis is related tQ fio~ , the

In

, the

Putting in proper numbers this is ~ 4 X 10-9 ~~v, One can obtain powers of the order

%

5 X 103 ~ (Clinton) which ~~ns that the flUX at the center j.s--J.012e At Hanfo@

‘1 m UWM $
neutron fluxes at the center of the piles are-lo 3 ~z” *

*=\o\u-me C#AWqNe.
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In a \ kiUowatt pile there are + 3 x 1013 fissirns/sec. Assuming 20 Mev Of

*-W radiation per fission, and that j% of this is not absorbed, then the total radiation

from the pile is 3 X 1013~$OfA 1 Mev’or the eqxivaJ.en’tper second, For a pile of

I<kilAo#atts, we must multiply by~ . The surface area of a pile is - 4~(jOO)2&L

so that someone near the pile would get in one day (l& see)

T&’ 3X!C)’3 owe WvPhotiow
-*\& q-j’ ~

ziR%’?xoY- c~a - ‘~v
NOw a dai~y dose is+l(18 PhOtXmS/GT+m day. (This corrq,xuxk to abcutl~unit). Thus

a pile gives of’the order D*W (x?sESa -
04” K 7 ~&y;

This gives an idea of the diffictit shielding problem, since~is usually-j x103.

For Large piles we must shield by e fac%or of a biliion or”so.

In addition to the gmblem of shielding from the 615 one must shield from the

neutrons. One can use cadmium to shield from thermal
●

8

neut~, but one must be careful to put the cadmium inside

the Pb shield used to cut our the pile’s ~is since the

(’>~~ reect~o~ in the cadmiw ~kes mW ~‘~ . HOWe+VSr

Wi-%neither the Cd nor the Pb are very effective against the very fast “neutrons. concrete

can be used to help cu-bout the fast neutrons. It helps slow them down and capture

them. However, concrete is bulky. Layers of Fe alternated with layers of paraffin

forma less bulky and somewhat more effective shield. About 4 feet of this will absorb

bya factor Log for the ~;s , and a reasonable amount of the neutx%

Let us estimate the minimum bulk ~f a radiation shield for a pile. t%tnce”~~a ●

q-
$ to attenuate o~Ywill attenuate+ -!-in 25 ~+

e we would need at least 500

the ~$by 108. Since we need neutron protection too. a coua~romiseshield wiU be

asat least 1000 CWZ .
(

This is the minimum bulk of shie~d that can do the job. ‘I’M%

incidentally, is one of the difficulties in making cars diven by piles. The lightest

●
)

portable nuclear ene~ souroe based on these principles would weigh about50 tons.
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Let us consider the radiation the pile emits via the cooling system. In Clinton

9 the cooling system is an air system, which blows through the chcume~s for zhe uranium.

None of.the fission product gases give trouble (theuslugs am in U cans) but some “
.

s
of the argon in the air becomes radioactive. The air is disposed of through a 100 foot

stack and is quite dilute and harmless. At Hanford the cooling system is a water system.

There the problem of disposing of radioactivewater arises. It is diluted to harmles=ess.

(The salmon of tho Columbia River are s’til~healthy.)

(9) Qthf=*D~~@wkQ.

In addition to graphite piles other types are pomible. For eiample, theret6 a

D2 O pile at Ar&onne that can run at jOO W. For this

pile.WoV==10L2 or the sam= as for the .5000KM Cliuton

pile. The reason the latter has SC)much mre power is

simply due to the fact that one can put more uranium in

#

the Clinton pile. Heavy water has some adv:,ntagesand

some disadvantages over carbon. It makes 3 pile easier
.
to COO.L(at low power). Xt is still, however, expensi

‘Theadvantage of smaller size piles is very important. 4%

very important disadvantage is the decomposition of water

by the energy of the pile. Only 100 QV will decompose a Lmolecu-lee in a homogeneous

pile, a solution, this would be esgeciaLQ serious for most of the 200 Mev per fission

would be picked up by the water and & 2 mg per KU per sec. wouid be decomposed. This

wouid necessitate schemes for recovery of the J)z..

One can use diffe~nt materials as moderators If enriched rather than neturalw

is used. Since for every 3.9neuts absorbed in 235 giving fission, .7’P&?.,5give ~~

in 233 and 238respectively, it is seen that the number of neuts, per thexmd, absorbed

s by ~would be
3*9
+06

)GL+=Z.05 rather than
3*9
~ x2+=/e=o
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*
if we used pure 235. Actually even a 1.4%enrichment of ~% makes a considerable

I
difference, and this is the material used with the water boiler at Omega. Eater

. makes a good enough moder~tor. This particular pile .

● can run at-j ml. One problem connected with thi~

pile is the disposa~ of radioactivefission products~,

Such piles are small and it is

for use as sources of neutrons

feasible to build them

for experiment pWp0s8E30 Cwbcm

\
I

I

I

I
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NE1311iiNPHYS1G3

CWG’TER x

lklstReactors

(1) ‘F-%w4w a Nu@.ear ExD~cmion.
—---

We have spoken of chain reactions mintained by thermal neutrons. We shall

see that in order to

neutrons to maiitain

the time it takes Y%

pzmduce nuc+ear explosions ohe had beet make use of the faat

the Ctl&L Iltwill be conven2en$ to speak of e-folding times,

* the ~eutmn density, to,be multiplied by a factor e in a

supercxiticalasaembly. We have seen (p.g] ) that this time is the lifetime of n

A $~LO-3 *C and w=lse<e~neu%ron
m

divided by ~-~o For a thermal pile,

or %eQ-Wl\n~t~e is NIO-2 secondsorlonger: l&a water boiler~+.50 CJA~l$a@ “
,.

and ~+ z /
A;so that the@ -folding time is= K*I A 10-4 secoadib In a fast reactor

(say U2~ or pu) ~\* Lo”cm and ~~ fog >k .~ 2 80 that for a fast reactor, we

are minuna -- i.e. we have

For the industrial

e-fodfigtimeis’~loa seconds. kui the

assumed the most favorable conditions in each

problem, the advantage is in long e-folding

is such reactors ‘thatare most controllable. t is shortl?orexpl~sives,~

zwac$torsthat become important.

In a kg. of fkeionahle material there are 4 2 x 1024 atoms.

times given

type of reactor.

times,”for it

e -foldi~ time

If ~ is

the reciprocal.of the ~-folding tim then a feaction could continue for at mst

t
CJ

seconds where = b i0a6 ‘1’MB would give timss~~= .5, iooj, .54f ,sec for

the Graphite pile, water boiler and fast reactor respectively, Actm.ailymechanical

effects begin to take place 5 ar so ~-folding times befoza the using up of all material.

Nhat happens here is that after many generations
.0

NWthe energy re~ease is great eno~h so that pressures

expand the reactor. Its surface increaaes, leakage

increases and eventually the reactor falls below
b

critioal andf’romthere on thereactim is just

dying out.
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Let us consider this more quan%itatiwly. -t
“Saythe pre8sure goee as P*~6i?

critica~@ sphere. ‘lbeenergyareleasedup to the point that the criticality goes below

L ia of order PWAX”~ !lhus, the energy %@ ~’=? ~(~qc+knd it is

seen that ~ enters as the squarp. GLearly, to pzwduce an e%plosion,#we must.use a

reactor with the shortest possible ~ -foldtng tims.

(2) Eauations fo stribu%io~.

Let us calculate the critical properties of a fast

reactor (such a reaotor the size of

active msteria~ is -U3 cm and

ot the type shcmn. In

.

the mean free path is ~ 10 om.

Con8ec~uentlywe cannot use the

differential diffusion theory,

approach we uked in pile theory, that ie we may not use

for it is not true that mean free paths are << dimen-

cross-section (i.e., the cross-section mcdified to take account

elastic acatteri~). Let us call ~’ the sum of the transport

sions of the systern. .Inthe fo~3,0wingappmabh we shall have to intmduce ammg other

things the tzwmsport

of the non-isotropio

oross-wm tions(p.~ ) of all the a tank ger c.c. Then (since& ~~=i ) this cxmss-

section is simply the reciprooaA of the mean free path. The processes that can occur

upon collison other than trampn? $ (elastic scattering] ares

No. of neutmxm No. of neu%mns
hitting nucleus leavi~

i oCapture

Inelaatic. Scat. 1

FimiQn J1

1

2Y
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On the average, for every aeutron hitting a nucleus, I+F come out, where ~ is

8

either positive or negative depending on the type of material used. j+~ canbe

are reasonable. For a chain reaction to take place, it is

some pa~t of

In a

what happens

that aJ.1the

proper calculation of the operation of a fast

to neutrons in various energy ranges, but for

necessary that at least in

reactor one would consider

our purposes we shall assume

neutrons have some avprage energy (one group theo~).

We shall establish an integral equation

and ~ . If at a certain point, one neutron is

density at a distance P from this point if’the

in a shell of volume 4~@~~ by a neutron is

for the neutron densit~ in terms ofa

yroduced each second, what is the neutron

emission is isotropic? The time spent

d_~
*F . The average number of neutrons

● ~r
w

found in the shell is ~ since 1 neut is emitted per seconde me ~eutmn de~ity at

C& 1
the distance ~ is then

v
divided by+~~~~~ or It is to be re-

+~w~w “

marked that this result is based on the assumption that there is

medium. Suppose we now wish to find ~h, the neutron

density at a point A in a critical reactor. TO find this,

fiud the contributions to &his density of a volume element

at R, i.e., we try to find how many collisions at B result in

scat%erings in the direction of A. We then integrate the vo~ume

sgace. In the volume element@ there are ~(~>~ -(B> ~~

no absorption in the

e~emnt (j& over all

collisions per second.

And n@J~T&3”CB)u (Vkw$i) neutrons come out of’the volume & each

second. Thus ~~ aan be thought of as a neutron source of this strength. BUt we have

seen that such a source will give a density

n(8) d~ V WC 6) C1

4T+ qf’
at a point V away if there is no absorption and the emission is isotrtmic. He can

‘
.
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.[;edr 103
account for the absorption by multiplying by a factor ~

* Thu5 WA]=
[

%(s) o-c 15) +’m)] q “~f~~v
4TT q~ r - cm

IN
spat=

and this ie the integral equation we sought. For a system in

● equation must hold.

V( mCA)dh c=@ J(%) =0

equilibrium another

Jall
Spacfx

for there will be no net production of neutrons in the system.

(3) %’he_&itical Size of a Fast Readxm.

These two equations can be considered tl,eequilibrium equations of a fast

reactor {assuminga one group theory) just as .;hedifferential

were the equilibrium equations for a pile. W shall use these

determine the aritical size.

But before we do let us return to iiffenmtiai theory.

equations of p. =

equations also -to

rKe had ~=~ ~

large rtumber. This~~- and-we assumed that ~ was a rather(p.55) where~=r~b$,

8
aawmption czwpt in somewhat as follows. We assumed that the flux Qf’neuluxms is

everywhere gmmportional to the gradieDb.neglecting higher derivatives. This is the same

as assuming that Y’@ is a function that is fairly linear for distances of order ~ .

%/&
In a one dimensionalproblem Yt(X)~oes as z , and for this funotion ;O show little

curvature

be large.

tO nmdify

in a distance > , it is necessaxg that ~ be a small number, or that ~

Thus our original diffusion equation implicitly assumed that ~ was large. Try

differential diffusion theoqy to be valid for~ small. ~y we have a gradient

of neutron density along the ~ axis. Because of this gradient, tie density of neutrons

ta?aveUi.ng at any anglee to th$~ axis, is not the same for ail~ at a given point,
I ,.

but is a maximum for neutkns moving in the d$rection of the gradient. Write as the

neutron density moving at;the an@e e at the point z

or writing
!?

=Gos~ this is
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104
m(%}~)d% ● z~d~ wh=~27d~ is the element of solid angle. We ,wish

o

to establish an equation for ~ ~X)~~ , We follow the procedure of examining all

the factors for the variation of ~~~, ) with time.
.!

Since we are aseumiug that aU the neutrons ha;e the same vd.oci ty,

●
neutrons

everywhere moving in the direction
? F

wiQ have an~ component of velocity V* ~

If ~ varieB with ~ , then the chang~i.n~(x)~~at x in time ~~ will be

a’~(~-w~dt) - m(X) which is SimpLY -~} ~k ~ , where we have considered
o

neutxrms moving i~ the specific direction
5 e

Another source of neutron loss frcm our element ~X~~ is the fact that in

veach unit time, a number of neutrons, ~~ , will suffer collisions.
h

If the neutxona

F
in ~~ wem initialLy m&i~ in direction , once they have collided they will be

moving in some other direction and will no longer belong to the same &dy *

We must now find how many neutrons are scattered into thesolid angle ~.~ by

collisions wh?retdldis z~~$, For the various directions ~~ a, %“ there will be

8

e
~(~~~h]d~~~collisiona out oftl~~in unit mlq. ~~ of’ ‘theseneutrons will be

,
moving in other directions after coilision. ~ will ~ absorbed. Therefore the

N,
number of neutrons initially moving in direction

direction > in unit time is

We must integrate this over (j~~to get the

into the direction
IF

. Per unit solid
Q

Atequilibrium *~4LVL,

total

Yf t@t am scattered into the
t

CM
77
number of neutrons at X scattered

angle, the term to be added to our equation, is

(where we have put ,

aTdyt for CM’ )

Further, we assume, because of our past experiences thatuti~will be of the form “-
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et where Q Must be determined from the constants of the problem, Lubstitutin~ into

●

form f(’~) = - . “@ must now make sum, howevel”,th:ltthis has QC least some
@-F

values of ~ thbt do Give 8olutions. Th.~tis. we lmve established th,~tif there ale
F

titilla fairly large number,

8 2N .+-
1

(
~-l

=~y
- *b

~ because N is > \ .

I \
Hence ;+-= Ca + G“

Na y r
3l’he fir6t tippmximtion ~ives ~ 2 = — , which ~ives precisely
P@

result fnxn our rougher differential diffusion theory. In the me

IIBym.ibstitute fx? the correcLion ter,,;, 64— , the first ap2r>~

the equttion, we find:

\

‘eloped iu powers of

t appmxi:mtion We

‘anLim reUuL t. Then

)f,. 5.+
b 5/%
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YIt?shallnow return

8
developed. In the integzal

to our integral

out, OXAthe average, after a collision. For a

equation unking use of what we have here

stood for the number of neutrons coming

tiiediumwhere there is only capture

can therefore write for I
7-’

It can be shorn that th~s formula applies ~ven with F positive
<x - %x

which case the density goes aa~ d e ~ “or we have sines

*

(say for D235) in

and cosines. TheJ

method of pxwaf that this applies where ~ is positive would be essentially a repe-

tition of the cczlculation,where allowance wo~d be nade for fission. It should be

*remarked that the equation ~n- —
k’ ‘o

now holds whether there is production

of neutrons throughout the volume or not, The
.%

termin the comp~ete equation (p.~e)

becomes unnecessary. Neutron production is taken care of by the new more general

expression for k . This expression was developed

8

me+ and is a function of% only. We shall

~ dimensional integral equation; (for a mare exaot

shown to give quite similar results). This method

under the assumption thatW% goes

however apply

and laborious

was developed

this in our more general

calculation can be
.

by - k)
.

(’”-)Serber and we shall apply it to the simplest pos8ibLe geomduy, i.e., ; F)0

~ >~ in ~ spherical coreand ~~~ outside. Vi;begin by writing Y !%lc$s

-L-WQ‘n &z where ~ is the corrected Q , i.e., webqginwith a

somewhat improved diffusion theory. ,On the inside ~z<~ and the solutions are

like sines and coeines.. Outside QZ?Q and the solu%ion~ are exponential.

I
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●

✘

e

but the left side isg. {W] , whence w have an equation of the one dimensional

b ~gl V-/’/
form in (mr) . me SOIUtiOn~S m * he + B!z on the outsides

where we may certainLy n@.ec t the first tem because it represents a diver~ing solution.

Similarly the ~ ~~(~~ ~~ term is eliminated on the inside because it gives ~

infinite at the origin. Let us normalize our solutions so that Yl(Ciial Then -

of’Satm?yhlg

equation wi~l

If it checks,

.
the first at all points ~fj we oha~L do so{only at the center. The 2nd

8uffice to determine ~ . We then substitute into the f~rst equation.-=, ...........’ ,,. iwe say we are‘deali@” with a crttical (equilibrium}assembly. If, however,

the fi.rstequation does not check, tbe sphere is either Wo large or too small for the -

parti~uiac f Ad ~~ and ~}emust try a different radius.

Let us the~fore substitute into the ~~d equation. The intigral must be written
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.

Ihese are simple integmls and the result is

~= h=c+~ ~,n ( ~ea) - I+G-CL LOS h~~ =&~

c H+’(4’) I +- Bkra ‘

Me ROQ substituteinto the first integral equation, letting A &efer to the point ~=v

‘fl(~>= \ ~ we my write (onceagain splitting the integml into 2 parts)

Them inte$ralehere are slightly.more di.ffi.o~t thanthe previousones, but they

On the leftappqarquantitiesrelatedto me core. On t+ right are the quantities

reiated to the outside reflector or tamper. We stabstitu~ in this equation ‘thevalues

for ~ and ~~ ‘forthe particular materials being considered. We can then plot the

8
Left bnd right

point and this

Havin&

functionof w

hand sidesas a functionof ‘Q*. The aurveswill intersectat some

valueof @~@ j& the mitioal or equilibriumradius.

foundthe critioalradius,we my findB “andwe can plot Y“L as a

. It will be foundthat the ourves

showa discontinuity.This discontinuity,of course,

willnot exist-- but it %lmmt existsm$ LG. the

~radientof ‘& is fairlysharpat the boundaryaa

oan be shownby a more exactcalculation.

With not very involved modifications, the theory here discussed aen giVO

infom&tionabout superoriticaLas weU as eQuiMbri~ systems. We had written

.( n,p)::;~+?(m~+’%,
n(pi)-

RP “
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This equation tiya that all the neutrons in PI at a time t comes from points

9 ahero they suffered their last collision at some earlier time, t’. ha system

at equilibrium the times az’eof no moment in the final

D
critical system we should know ~.~~. + e 3.f

td.1over the system, the intensity at
P at the time

resui %6. But for a super-

Qct
the ix).tensitygoes as @

the neutro~s suffering their last collisions at a distance ~“ away (and coming off

in the proper direction) at a tima K’t
v

earlier than .“ We have simply substituted

n(p)e-q~ Ft3r ~(P) to trikeaccount of the va~iation of m with time.

We can solve for ~ ,
,

the recipxucal of the e-folding time, for a supercr.itical

asaembly a6 followe. Say that we have a core of material with Q= 20 cm, but that a

8

solution of the equilibrium type indicates thatQ~lCl cm is the critical radius~ We

solve the problem by finding an ~ which when substituted into the time dependent

equation for ~(~) wiJ.Lmake thnt ’equation hold at the center for Q=2Q, just as it

holds there for~= 0 and cX~ 10 cm In this way one can calculate the e.foldi’hg

$irneof a I’aatreactor. This e-f’olding time will be valid until mechanical IS”ffects

set in and will be needed in estimates of the efficiency and other properties of such

an explosive nuclear reactor. .
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Neutron Physics Final Examination

1. Int!lereaction #~He4 =F17+nl

w
the masses of the atomic species involved are:

~. U.00750

J = 1.00896 .

,a) Is the reaction endothermic or exothermic?

b) What is the reaction energy in MeV? Q= ..?.

0) What is the reactionthresholdfor theO(-particle2.
!r-

??. Assuming thatthecross-sectionof cadmiumforthermalneutionsis

Z500XIO-U, find the thickness of cadmiumneededto reducethe intensity

6 (densityof Cdof a thermalneutronbeamby a factorof 10 . =8.65, At wt,=U2,4)
* —.

34 A neutron Of 1.5Mevcouaes againsta protonat rest~ Jk-ng thatthe

#

neutronis scatteredby 30°in the laboratorysystem,find:

a) The angleformedby the protontrajectorywith the original.
directionof motionof the neutron.

b) The energ acquiredby the protonin the collision.

— —-—

4. Aneutron wi%h initialemergy33 has two”collisionswith bydrogeaatoms.
What is th6 probabilitythataf?erthe two collisionsthe energyof the
neutron has a valuebetweenE and E+,dE?

&.

-— . ——

5. A square graphite COhmn of density1.6has sides150 m The intensityof thermal
neutronsdiffusingup the ookxnn ikm=ases by a factir~ eveq 28~0 Find the
absorptioncrossvsectionfor carbonassumingscattering oros6-section4.8 x 10-4
(Atomiowt. of U@3011 =~.]

—

6. h atomhas z SS50. Whatts the minimumvalue of the atomicweiglztAfor which
tineatam emitsnOutronsspontaneously?

2/3+M(AJZ)= ,99389A- .000&LZ+ .CUA

*
Mass of the neutron= 1.00893

(Forthe atomiomass use-theformulaz

●fJ$3(&~-“02
A

+ ●0627z2/A~3+&036$A3/
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