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tion sbout the scatiering syoten, i.e.. sesuming that we caw obe-

s
[G]

gerve under essentislly ideal conditio
mean.

As gome aspescts of these experiments - partisularily ithose
asscciated with encrgy tranzfer beiween the neutrons and the segbe
tering syshtem = are quite gensitive Yo details of the microscopie
properiies of the nevbrens and the targed; 2 guantum mechanicsl

anelysis is necessary. One way of visuslizing such sxperiments

2

s

thepretically is in terms of ¢ sbesdy shtalie situabion in which

moncenergetic, monodirectionzl neuiyons are incident upon the tare

et 8t 2 constant rete, and subsequently pass through the surfeace

i)

of & lerge conceptusl spheres centered ab the target at the same
{1,2)

rete., In such a circumstance, the experiment is presumably dssg-

24

cribed by the steady stabe Schroedinger equation

Ll P
£ P ;%E i (1.1)
g PN &?{y‘/ {-'}“ﬁlj

In this sgquation, B ds the tobal ensergy of the scatbtering sysbem

plus that of the newbrong

%@aﬁ@@%géﬁﬁ .

S " Z o (1,2}
whers ;Q/zm is the kinetle erergy of the neutron, Hg the ensrgy
of the system, and Vg, the energy of the interactions of

trons with the system: and %%5 iz the wave function fer the system

plus nevtron. Clearly, in general Hg and ig; are exceadingly
- anfioan
complex and in facht wsually unknown. Nevertheless, we may proseed

formally {&nd usefully) a considersble way before seeking explicit,

1

approximate representations of these guantities., This follows bae

E
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the symbol n stands for s sulficiently large sst of numbers £
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tinguish all the menbers of the indicated seb {usually b ¥ opunbers
for @ system of N perticley with fived spins). The funchbions :%;?,;
are the energy elgenstates of the scétiering system, end the g’: o

are their ccsrres@wa:znc enevygy eigenvelues, It is convenient to add
tothe seb -§ ;@h } the functions describing the neuiron spin siates.

FEsb , we congbruct the expanded get
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Begause the seb 3 1, «ggt_g?i ie presumed complete in the domail

of variebles reguired to specifly the scatiering system amd the spin

>

ez of the neutron, 1t follows theb we wey exhibit
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| ¥, S
{ + . . . .
where \f/ﬁg {v) 15 2 reubren sbate corresponding bo the no® ghate
A ’?‘ a I 2 3 Loy o ~ 2 pa.oe,
of the syastem and bhe gt spin stebe of Lhe neubtron and dspends only
upen the positien (») of the neubtron. Ve may now rewrite equation
{1,2) as
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Letting ‘én 2 E = gﬁ and then ¥, = Znm §

may be exbibibted sas

IS
E.Zn

It is convenient to reformmlisite this systeém of differential equat

»

28 a ayshten of initesral squstions reenls Tunchbions
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Gﬁ <§3 Eﬂ)
( g?q’%}{;a (o) = = d{r-1') (1,8}

and then obzerving thst

{é} = %éﬁw%ﬁ ﬁgf'é_;;w;gi {%ﬁ;} %‘gﬁ%ﬂ;@}i}iﬁ’s" {1,9}

Ta {I,92), the funchion Fn i simply & solusion of the homoe

geneous equation,

fow=® g a s @
(VrelY, =0 (1,10)

20

s

For the Green's function employed here, as defined by (1.8}, we have

A&ﬁ:??“’

G (ry) = bég e (£,31)
47 -y

onos

The source term of the intepral squstion {1,9) is 4o be chogen
go that the eguabtion descwibss & wave funcihion g}»" - wilch corvesp

3

to a scatiering experiment. Bub in such an ewperimsnt, if the intes

ertion betwesn the incident neuntrons and the muclei of the targst s

tem were zevo, one would expesct thab i%"ﬁg a 0,

T



vnleas (ng) corvesponded o the asctual state of the target sysbem

and t¢ the spin staie of bhe neutrons in the incident beamy and

L‘zé
4 = Po(1.,12)
k!ye.sa Lt N

if Ing 8q) were the system sad meutron spin state ab that in-

sbant, Thug in the general case in which the nendron-sysben intere

‘f&'ﬁf?e : J »
2 ‘ g;?"f @ if §§ ii;? <§é):5&9

VRS s N 3 Z p .
“é‘i%é““a E j; ,«:,,,ﬁi w;,g% F 37 £yt £ o
we'

L, SR % UYSIPAEE. S A . b Ey e K P
st approximabion® solubion bo this eguabtion

ne = dan, Jsse (1,3k)
‘ )
f - p ;L%sf

o
when eveluated on the surface of z isrge gohere centerxsad in the scale

tering systen thich ls presumebly confined to a region whose leasgt

linear dimension ig very small compared o

o
ssa
a:
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Hence
¥ 4 4
Z sﬁéﬂ"“ é;‘é& fi"

& | -3
“Fs :}' + & 7 (‘?s ) I
G 7 T ¢ (1,15)

and we maey ignore the terms of O (r~ } ag they can contribute nothing
Ty

to & current ab "infinity®. Hence at layge distances from  the

scattering system our approamm e solution assumss the form

b
/ Lferd
\ji A A gf?‘?e“ J*;So e

: | (1,16)
. ﬁ%w?”f (’fl ’?/’?‘s”:éﬁ}
= Y 4 »
- 2me ;f @ (2X, VB 1e)
23

Letting K¢ }  represent the amplitude of the scatitered
bisds =

waves assccisted with the tramsition (7}, 5;;:) SN {/'}:} 5:}} '

iéﬂél ééfé }
55, &Q ‘%‘L‘% f;f é (jﬁ?{ K&» 5!};@} (1,17}

we have for our Yscsbiering steites®,

v
X é 2 1 T 18"
i ¢ il s e (1,18)
W‘} A;\X 7 10 g o 6 ol :';3\ 2 m.::&;::m
Pﬁeg f«ﬁ'é;a&id; Sedy ji{ﬁ&s){ Pty £
“ g 5

The resulis of scatitering experiments are genevslly presenbed

in terme of the differential crogs section which iz uswally defined by
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In fisure {2) we have presentsd a conceplualiszation of the experi-
ment and ¢ specificaticn of mogt of the gquantilties appropriste to
the definition of the cross section, T, prodeed further, we define

(-‘ s SL ) to be the current of seabiered particles passing through

the surface of the sphere of radius F going in direction mb:%; o

A
Then if B iz & radial unil vector, J+ R 52d £z ig the nuwber of

scatterad parbticles passing through the element of area di = R‘d

per sec, Henece

mé?&%%a@ﬁs?
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the state veetor %;é' is given by
2

ks \ N
S = lpndh-cotpy)

Evidently w2 may now calenlaie the incident beam intensity, I, and

the scattered curremt, J. Recalling equation (I,18) and figure (2)
we see first of all that
o »

o= o ;’?? ﬁ $
vhere we have vecognized Q £ éj’e ¥ as the wave functicn for the
o e e s i ns iknp
incident beam. Similarily, interpreting g so & /e as the
scattered wave, we have for the relevant oubgoing current,

A A 2
* o R | g (1L,h)
T-RRA =22 |£, | do T

Thus now we have for & Gifferential cyross-section,

C % ns 2 (11,5)
s, &f.ﬁ, = '“""M/é@ ﬁ?@ﬁé AvR

Thig cress-section is still, in generzl, not measureble, as neither
the initisl nor the Lfinal states of the scatiering system (cheracter-
ized by the sets of numbers nj and n respectively) are usually observe
able. Furthermore the initisl and final spin sbtates of the neutron
{20 , 8) may or may nobt be prepared in some definite way. Thus in

2,

erder to celeulate 2 measurable guantity frem (I7.5) we define Png 8o

b Eid

be the prebability of

=5

fafe

.
o

nding the scabttering system in the initiel

1ot

state ng and the neubrons in the incident beam in the initvial spin

state 85, and then cospuatle

ns =~ D ns
T éﬁfﬂ géz /ﬁag@gﬂ;& gfﬁ ¢

2,

(11,8)
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Lastly we gum over a2ll of the wnobservable ¥
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-3
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St

h

neubrong of & definite spin orientaetion are counted in the scabbered

(3

beam. I£ g1l scabiered neuvirons are counbed, repardless of orienta-

tion, then the ohserved quantity is (T1,.7) swwed ever all s,

By

Recalling equation (TI,5), we write (11,7} as
7 1o e £ 3 " 5
gz - ‘,}gﬁ 3 i (1298}
< - i 2l H
A Q< ‘% geéﬁgg
;’?ﬁgﬁé
Farther rveduction of this supression toward interpreitable terms

periormed. Progress in thizg directlion way be gt lzast partislly

o

aooompiished in aceooydance with the folleowing srgumernits. First we

note that by squations (I,

@
(o)

Y and {I,7) we have the relaf

R T = 2}:: vz # o == o - 5
& ?}‘? S 7y .} 2 }”‘,"? E fies ¢
8o that
Zo ‘zﬁ &&.@%&é ‘;‘}; «
?%: éﬂ ¥4 *g“?@ 4 o {}359}
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et of conservation of enevgy. Note that

in accordance with notation previcusiy introduced,

Now ¥k, (or equivalently, &= -~ the ene

the incident beam) ‘s prepared syperiwmentally, snd k ‘ n

5‘,.
iz an observed quandity sppropriate

bean, l‘r&sigzzaﬁe this labier mantity by l,a { or

453‘{? H }’35 ‘% rY
c"?;ux gﬁq ‘ Wﬁcﬁ ; f L - \E / f
s - £ H ﬂg&wgﬁé* mg = f? jé‘:{ i‘j‘;ﬁ
= e (PSe s f RS, ] VT S e Epy #
iy ﬁwf‘ S ¥ H
where svidently
-
{ @*‘5 § S8 e =S 4
| Gllgédy = [ /0L
P 4
=
as exhibited in eguation (I1,8). Emleying ag 2 representation of

we gee that we may write {II,11) as

f"‘S‘ﬂ; dadé (ﬁ“ (&)t
‘éaé}g = 21N &,
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Tt gheuld be emphasized that the auentity presested inm (I1,13) is
act an obssrvable, a3 it is esaentially g sum of delbe funchtions.

However, it do2s provide us with a onaptiby that by integration
& £ hrs o =

W

g divently vrelsbed to cheervebles. and iz furtherwmore in a cone

forka

venient form for further menipulation in thal now the sum over n
{(final system stetes) can bve performed. The principsl advantage
geined; of ceurse, is the removal eof the factor k /k from the
gummnand .

Now ecensider the sum

Z ot { &n = e—r/?vl}f ] ¥
fz g @fi£2§ i
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{Remenber that ‘% depends only upon sysbem varisbles, nob the

position of the neutron, and

/"'
state.) To proceed Purther, ib is necessary 0 give some explicit

conglderation to the interachtion emsrgy. Vgns Heeping in mind that
we ave concerned here only with the scetiering of slow neutrons (nsu-

trons with ersvgies of the order of or less than a few electren volts),

and observing that usmally the seattering of such neubtrons by izolated
o 4

IW,;

nuclei ig isobropic in the center mags coordinate syszbem and ine-

)

Gependents of the neubron ensvgy (effesctively as if the nevtron and

the terged nuclei were hard spheres) we choose our pobential so as %o

the approwimsbion, {I,14).
and simulbaneously proevides considerable simplif

geguent anelysis s the "Fermi peeudo-potential,” i.e., 2 pohential

comes infinite, Sines the potenbial energy, Vsu, 12 the sum of bthe

potential snerpgles ef interactlon betuesen the incident neutren and 211

o < 2 (11,16)
¢ — éf%‘fi %fm o Em/t 2904 i
o = EE= D 4(S, $)S Ry
/

In this expreagion, B} d Lhe o BB
=g
S i1g the angulsr vomenbum of the neutron, and 4, 18 the angulasp

. b . S
momentum of the 572. 74, nucleuvs, The opanbtity, {zfif 7L ;{;Z. Ve oG, T8
g e e &

the secabisering lengbh of the {‘22 ﬁ" nueleug snd ig - as indicated -

®

-
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generally a functlion of the anpular womenbum of the newbron @md
the micleus.
With thig particular choice fer the potential chaerascterizing

the interaction between a neutroen aznd g nucleus, we see that (II,15)

becomes o ég§;°{£%fd§%f}

L2 g -
“lé ﬁ’”% {E’a;{;;{{;fé i@%}f@} (11,17)

.Sy
¢

It is convenient at this point to inbroduce further cowpresgsion in
cur notation. This we do by rewdbing {(II,17) ss

N ‘ B
%%@5 = wZ {?73;{}}} 9?05‘9}’ (iisla)

=
4
where we have introduced the symbol

o - éiﬁglafgéwnégﬁ
Up= 4 e

We now return to ocur consideration of the sum (IT,1h) vhich we may

(11,197

ﬂ%%{g§¢’§w$%é§ o iy , )
g E € <ns| Miﬁd@}{ 1S [ Uil naso)
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This ig the form of the scatiering crossesechbion that we

pois

ghall empley as 2 gtarting point for the snalysis of gpecific exe

eriments in the svbaecquent secbions., This expression is schbually

o]

guite general, and will be employed in an investigetion of the scei-
tering from gases, crystals, and liguids. Furthermore, it holds for
a considerables range of incident neubtron snergies provided the scab=
tering of neutrons from isclated nuclel of the type found in the

semple is schurily iscotropic in the center of wass cnordinsbte system

and independent of the neutron energy,

Section IIT) The Scatiering of Newbrons by Dilube, Monatomic Gasss

we congider the scatbering of neutrons by s dilute,monstomic gas.

the zppropriste one for the measursmendt of the scabtbering of neulrons

]

by the individusl nucled thet comprise the gas: ag the interference of
£N g

{terme in the sum over 1 and J for § different from 3) may be conside
ered negligible if the & ludion is sufficiently great. Im fack, we
ghall here define a dilute, monatomic gag to be one for which the ine-

terference combribubions to the scabiering crogsge-gechion may be ipnored,

in such an evenit, our expressicn for the erogsesechion reducen Lo

ok -
: f ’ &gii‘ 5§&,§ ‘é?ig" ., fj,z,‘i, g::. o . M{:{nlis&/ . s
0 dQdw= e RGOS R, [SMI RS M
ey C“éjé v{}gﬁ@ &
A g;. i «;fé?gg‘,{gjm{w};ﬁa>
#, ‘
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We are, of course, &lso assuming here that owr scatiering gas
5 p =

%

congists of but a single nucliesy component. The sum over i and

e

hag disgppeared Since, after sebtiing sgual o j and sumwing over
5 we found a sum of ¥ identical terms - hence alsc the disappearance
of the factor N-%,

At this point it is desirsble to become somewhat more explicid

aboub the spin-dependent scatbtering lengbhs, a. Recall that they

v =

that ws wust nake sowe sord of & puess as to
¥, cheracterizing the interasction of a neutvon wi
a given nucleus. That we can only guess sgbout the naturs of this
interachbion Pollows firstly from the fact thedt at present the law
of ferce governing the intersction bebtwsen nucleons is ack knowns
end secondly from Yhe facht that even if the foree law for sueh in-
teractions weve known, it is doubtiul if the precise chavacter of
the interactlon between a newvtron and a given nucleuz cemprised of
geveral nucleons could be dedueced therefrom. Hence we lead frowm
ignorance with sn appeal to eimplisiby end choosze a potentisl of
the form

- S 04, (16 {I71,3)
f{aw‘wfgﬁ“”fif“ﬁé*°"gﬁéfﬁvgg u

P

Such a choice, plus the definmitien (ITI,2), implies that



=i

where 'A%@‘ is %o be interpreted zg the scatiering lengith for the

L
spin-independent part of the interaction of 2 neutron with the gﬁ*

part of same - and sre Lo be regarded as smpiricel constants

b
o

penden
to be determined experimentzlly.

The auantity thet here concerns ug is the factor in the ex-

presgion for the cross-sechtion,

CE “ F oy S “
Z /5. e, }{ CII Y

$

st
bt
4
=1
@
AL
pa—

.‘;\4;?:‘:&—0 i'ﬂ_,“\‘ J f N g'ﬁ.«lhu

=S SLIERA I A
2 (Ml lr S g G s
M, H

If we let § 28 I, tren the matrix element in (IIX,5) may be

e

conveniently rewritten as

=f
bt

‘*'~;:=s<'& PN
Csmla,+a, T2 | s

! o

We now assume that our neutron detector in no way dlstinguishes
between neutrons in differvent spin states, i.6.; every neutron

entbering the debector s counted regavdless of its gpin osrienta-

uch an event, (II1,%) should be summed over all final

[esd

tion, 1In ¢

neutron spin states and we obhain

LT, 7
< BN . ot ] " ) . 3 e
s %‘} ;f . ﬁgf i . \} N }:}?5 %_;’ S} § L ) Mg o :}; dne T 3 jd_
3 - ¢ o A =S



™

explicitly the indicated meirix elements. Bub this is not readily

sccomplished in the repressntation chosen above ag it dc¢s not diag
2 pressatabion in which G2y
onglize J The reprecentation in which (a& well as 5; and 5%
. . . o . A R
is disgonal ie the ome in which 4 and S acd-to form 2 J of fixed
magnitude snd in vhich furbher the projection states of J along

the s-ay¥is say are alsc constant in time., The labels for such shates

would hence be {J m) where

dnd gijfﬁ} = ‘“fé'?fj«‘f“‘?;z

1>
Tn $his representation, (I1L,7)

DECones
]
= L Ted=52 ﬂigli
2 om < g f{é + G LI N gy YO ) Jn >
) / <’j MG TG S A el )
= . ) G opse 7 £ 1 ‘”EE? 2
=S P )T (z) -
=L g [ 4, ' /
&
;o od

In {IEE;?}y Py is the probebility of finding the neutron and nucleus
before collision in & stete heving total anguler momenium J and z-
component m. Since the msgnitude of the neutron spin is 1/2, it
follows that there are bubt two velues that § cem teke ons j = I41/2

and § g I=1/2, As the toial number of states that can be formed

from a nucleus of spin I snd a neubren of gpin 1/2 is 2 {21 < 1)
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same for all atoms. As 3 conseguence of these assumptlions,
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