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,spmg,IR<i MIg &§SORPTION OF NEPTROHSBX POLARJ;tElJ NUCLEI " 
. " 

Il" Eo Rose 

It is the purpose of the following to examine Sf from the theoretic.al 

point of view, oertain experiments which, cine might be able to perform with 

polarized neutron beame incident on polarized nuclei" In t~s note we 

oonsider (a)' Qoherent and incoherent .scatter1ng in a Cl'7stal takiDs into 

~ccOUDt elastic scattering on~, (b) scattering a~absorption at higher 

e~ergles where dlfTractlcm effects are not present and oDq a single 

nucleus ~ed be considered J (c) the determination of angular momenta of 

levels of ~ompoUDd nuclei, and (d) the process of polari~ation of resonance 

DeutrOllS' by polarized absor~rsQ 

An attempt 'bas been· made to determine what nuclear information . 
i .' • .' '. . ' 

ooUld be obtained in .~ Facti.cal way' b;r determining ;in .what manner various 

effects depend on. the polarization .of nuclei and neutroD8" It may turn 
'. . . I 

.out that certain suggestions involve virtual~ impossible measurements o 

However.. the discussion gi:v:en below is based on the f'eelingthat at 

present it 1s premature to estimate what nuclear polarizations will 
. / ' . 

eventually ~'attainableo 

10' Scatterill& by ,Crystals 
. . * 

fhe' general fOI"m$lism has been given b,y W" G., Pollard.. The 

I 

~ Fo~oming report ~nti tled "Effect or Spin Dependent Interactions in 
. 1 1 \I I . D tfract OD.. . . , 

I ,. 
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. procedure 1. the usual ODeEll;Iployed 1n. neutron soatteriD8 problema of 

usiq the Bora 8pPrCJXi1l8.tloD. wttll a d =f'tJnctiOll interaction bet __ 

Damron 8I1d DUCleio If the 11th nucleus 18 located at tbe position E)I 

the l:n:teraction enerrgat the lJeutron posit.ion .£ 18 

. .' 2 .'" , . 
y (r)=· ... ~X <a.JI+ D~ Jil G.!) J (X CiiJjI) (l) 
, ¥.. 
, . 

. mere 111 1s the nuclaar ,spin, a the DlIIUtron spin" and a)/ , b.ll are the 
" 

acatterlng amplitudes giving the coher.ent aI'Jd incotiereat 80atteritlg 111 

the uapole.r1zed caseo .. 

a; ::& J.7f, 
It 

ill 7" + (iJi + 1) 7 1 
J I r 

21p 1- 1 

hI == .!o 41i' 11.. - '1 0 

1t Zip' 1': 1 . (2) 

.here '1 o· aDd 7 1 are tl19 phase Shifts 'fer totai angular m_ut_ 

3 == .1 ++ aDd 3;= 1 ~ t respectivelf~o' . Iri (2) k is the IDI!J.fPl1tude of the 

wave vector of the incident neutJ,'oJ18 .. 

. :1D te1'1DS, of this ilotatio.Pou.an,.~e result for the seattering 

per unit solid angle~ wherei~ the ~f)Utron wave vector eha.. :froa 1£1 

to)'., I~I =: I ~/~ is 

0-(\9'") = (-: 1)2 L {a; ay, t t/ 'oJ! / 2 1J1 (i,v ;.,.' 1) {v.,+ ib; bJl~ uy mp' (1"" cc#., 1 
41t JlW. .,. . 

• '. 'V,. 2 ]) 
" 2 2 it '* i! V.w 

. +t( /0+ I - /" - J ) [lla" b", .", +~ bv a"d / bv/, "v of".... _ . . 
~ (3) 

Bere 
/ 

5vv" 
;:: ~ c>, if) 0 (J: J/ .,. 'S.jI" ) 

, \ 
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Al~b' mt' is the z componen~ of spin o~ ·th& LIth nuoleus and I@.+ ,2 i .. 

}e _/2 are . theprobe.bili.ti~t;;~~ the • COlOpOII$"t 2 of 'the BPi; otthe ine1dent 

neutrQa 111 +, c> t reepect.1v~1;~\ . Of course» J '0 .. + I +.,1 c 0 J '::::r lb. T~ \ 
'.. . . {'. i:'~: t'~:..i )::. ' . . 
neutron polar138.ti~ tn ~,~:th,lJ. ~ver~ "value of the ~s divided tv tbe 

maximUill·· value -1:0 ·Elt1dent~~·~. . 
. Ii ',.:'~' 2' 

t: -/~ +1'" '. /:0 ... /, ,11,- ,;. 
i.: ' -

r~). 

, It ill clear, ihet t~~ Ji~$t' two terms ot (,) aiVe th$acatte~.tng 
. • " 'i'~ ~ ~. ;. '" ; . ..: ,. I • . 

ter unpolarl.d neutrons and ~'1al'Ued. nucleic> !he cobe!'ent soatterll'lg 18 

. ".. ..,": 'I .• "" ;.. , . " ": ' , I' ~ I ~ 
: '; ,". r "" " ,,"-,," -

(0- (\9 ) )~,-. :\,.~ ''2} ~ av' «t' " 
, ~.~ :'; :: (417'), 'f ' 

, (5)., 

and the (lsot,roPiC)" inCo~~re~t; tSb~~~ring is , .. 

.' (O-o(l9>51. == -¥ -6 .r/bJl /
2 

1y (iii + 1) 
. (LJ, (A:7r) , , J,I 

/ 

(6) 

• . .' . 1 ! ' .' ~" ,:, ,: . i . .;: 

Th& thir4tetml)' as will b8 .hOttiilbelOlt makea, a contribution to ~tl. crose 
" . ; ,',';' . 

sectiOll prOVld8d that the, nuel~lare partially polar~Z0d,l evep thous1l 
. \ . '. ~. . , " 

,)1 •• ' .- ;.' . , • . . ~ \ 

the neutrons are not o ,1'h~ o:t-igin of thl:s con~r1but1on ean be uildertnood 

from the faet tbat it ~Xptess~~ the correiation ID spin d1rectt~ns of pa1r~ 
of nUClear scattering oentera ~n the latt1e&c The rema.Ining term.e, arlee 

oni;y when' both neutro~s arid nU~le1 are polarized o 

Vie ~st now.average (3) over ,all magnetic lubstates or the auole1o 

Each lo'lueleuB orients itself 1n the ~xterna1 f1eld practiOal~ lnd..pel1llentl1 
~ 'I -

'~f 'tine -:othera... Deno,ting the probab111 ty that "u • have ,the ,value lip ,tv 
p(m~ ), we hi1~ . 

;; = L. rAj! ~(mv)::m Is i;'; (7) 
, !D 

,'V. 

,r 
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,..., 

, t 05= 

and 
~:t, ..;. f ... , ... ~;. 

, ,IlJ,l,~;::: L mil P(fIlJl),~ m~, p(lIly ') =l'N tNII lJ.1.,~vl 
:' ,m.., , rilv" ,I , ' 

(8) 
'.' 

. ,... . . 

Whe~t. ~s the po1arlsation of th~,nucleie We provide for thepeealb111t7 

Ofn~ .. ~~:nuc~ea.r latti~~s' by til' ~l~e CD flO ~' a~h in and':t:B'~ , 

:bi~he ;a~~' ~l to ,1' the' ~xtrelie ~l)lues corresponding toc"mPiete' polarbn~ 
'" "i' . t I. ~ " " , , 

t: tion.~ W~ fa' a~4 t. fJa~e, the ~~e(~i£n'we, .. speak, of' parallel p~lBrilati9ng 
cthanise'of',&nt!P>p&rallel pClat-t~~~tbDo 
.: 0'" ',' ~" . i ~ , :' : .. :~i~t: 

,'WrltlZlg the, cJ'osa se.ction iii; the f'~ 
" 

( 
.~:~. ~.-,:i;L;:: 

. ,,'I ~I 

O-.e ~o ~'Cri, 
. . "'; ,': ~., ; •. ~,.~. :.- \" , .' 

tfhe~e ·ai 1a, the, cress sef!i,tiem stV&b ~ the su.ot(S) aild(6) p ana dropping 
. . . . . ~ 

t.b:a :al"Pent'1.9 ~,We have 
~ (>~, (." • ;' t . ", i . \ ',,-
P,'; :" 18.', , ' II: , " 

'..;J.". ~j;-,~~, t,,,,.iI' '/ (Ill:' , ,,' .' " t 0\ ~ "j ,,~' ~ - 2:.' ,tit' . '0-) bp ;';lJ1 ~'" ti~.e ,(1,,;" J;,,,,, ) 
~' , " , ,4,,, It/vI' " , 

, '. \ ' ,', ' , 

,,' 
, '-

',Hl.l~~ '" lJ, f~. + 2au~ .~; ,~ tJl~ lbt t,,~ i"", 1 
, .' 

~. ," '. ..' ~ _ '. ' =1 )... . .....' ~ , " :':': 'f' , ',R \, " /, 

~.ta~2 " J'i-' ,," b" fill,,; ~, ~I'V '11 111/
2 

,I' 

'r f' ~ , " ,', I' ,',. • . ' 2 'cl: . ~ ',' ' 

+'2tB;,:', 'Jf .d V (av.. -to t" b" t~) /' , d I I e,' "'b~ f. ~{ 
, , jI " ., ,p, 

I.' 
, " ) ( 

/ 

, " } , ,'/1. Jz' ;. rJ. 2 :,,' 

~,)r ~b~~ta~../~ 0 *L'lb~:1 fIll'] .', ' 
, I ' II \, ' 

, , \ 



. 

,... 

... (,c.. 
r. 

Bere .t.,,~ ~sc il) 0 .,~ 0 Theee :·addlt1o:oaJ. terms due to po~1z&t10lll 
are evidently made up .of contributions to both, coherent and inooherent 

, /' 8OatteriDg.o 1'i)ese are respective17,., ' 

(<r1>,,= + (4~)2 (J~ ,-1~ "v ill tH/\: 2t~~~ecit,(av+l" b""II) /2 

1
2 I}~. ~1~' '/2]] h"v.i, , ';'L- 'sv, ,', , ... ·II.cl~ 

p 

(9) 

s.mi 

" '.1,.. 1 • 2 '2 2, . r" \ (Oi)~;: °4 (41r)2 4"!b.j ~ij/ 1" til y'/bV / t. 1" J (10) 

fie first consider a monatOld,c~ IDcm:O-i89tOp1c lattic~Q I Jlhen all 8/1 P 

b V , ,1 vII tD ~ the same and fbr DO aHeorpt1on a· and b are real. quanti ties 0 

" ((ri)o.;: ....1.. J '2 (~b2 '12 + 4tn~rB' ,1 a' b) Ix: /~v r (ll) 
4 (41r) . II ' 

aDd, the e~ra incoherent s~atte1'lng' pel" atom 1e 

(o-l'i-== ..; -1... " '1 2(~,tf12+ I. t. b2 1) . 
. 4 . '(4 111 ~v .n n , 

: (12) 

'. / 
E2pl"esslng the total d1ffere~1al ol'ose· sectlODs in' tarnus of the 

'crose &ect;1ons ':ror the unpola..rtzed· ease as followlII 
.\ 

(~) =.·Ccr) (;1.+,0) 
,. . 1 C '0 C, j C 

j (0-111 ':'" :«To) i' (1 + p 1) 

y 

,I 
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80 that f, and f.~ a.re the rel<!l.tb'G iu\;reaSc;l 
\ ::. ....'.. 

~.n. r,~.iCIDSS Bec 1:.10'(,),;1 dl.l$ -:~/) 

polarization~ we have 

P i~' 
1'2 b2 .~2 

oN h 

~~ 1l:;.":D 

4a2 
;: :k}j 

:l 
-f 4. ,~.Jt > .~=,) 

. :1 . ''kl . 

,and 

f" =: 
f'N i+ 

\ ,.l~) ..... f;H _--ioz.r-:.:"~c~ 

ti -1- I, 

8quati?U :U)appl1'es to ~th~' incoherent scattering provider! tb1lt this is 

practically entirel,.- due to spin .. d.epanciencG[', of t.he llu;(';llear forceft" If 
\ , 

there 'are 'other soUrces of in..;::oheren't scattering these w~ll not ~ affected 

by t.he· polarization,; ~f the c(mtribution to the incohGlrent sl.:atterj,ng due 

to spin effe.zts is 0'""'" and the additional incoherent scat teri.n!1 0-
s~ _ D 1 

then the total incoherent scatterin;.~ dth und without polari.:zati<:>ri VJould 

be 

-\, 8uu 

ij 

If. 0---' , -- 0- ~ (J-\ IIi 1. - lSi "1 ~> 

(00 ~f: 0'1)1, " (1 -+ ?1)' 0-,,1 + (/1 0 

If one knows the polarization factors i'l\J~ fn ~nd the nuclear spin a -

measurement of incoherent scattering with and t~1thout, polarizatlo.n wo-uld o 

in principle 9 deterrnlne separately. the spin and non=spin p'l'rt .of the 

in!~oheren~ !3.catt.ering, 

For both nel.ltl'ons and nuclei complet~ly polar:!.zed in the parallel 
, , 

eense f"11:1 = f = +, we have .f 1 ;;::: .', 'l and the I incoherent sIJ-atter1ng 
III n . . 

. disappeanlJ ~ as was to be oxp.et~-;-'eii J ~.'he minimll.m wa.lue of f n i~ '"' £2 51) 
. . . I .. Xl 

, 

-7'" 
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the ~oherent scattilI':lng ca:l.l vanish only i.f f'n ::=. 1: 1 and fN = :t :ta/1bo 

We flls6 check that reversIng both polarizations together has no '3ffect but 

reversing eUher ono changes the scattel"ing and in a way which depends on 

the relative neutron B.nd nuclear polar1.zations; that is, i.t is not trutE; 

that F" ::>1' f i or the sum of' polarization-dependent cross se~tiona ~hangefJ 

sign werl the polarizations ot' neutrons (,or nuolei) are changed In direction: 

This effect wbtch ls due to spin correlation of nuclenr pairs i~, of c:ourse$ 

absent in the case of scatt.ering or absorption by single nucle:ts S'ee Sec lion 

:2" It is ah,Q obsel"'Vecl the e:ntire polariza.tion eff'act is pl'P.stmt. onl;y .if 

thIS nuclear forces. are spin-dapendifJntl' b 1= O,} 

It is seen that the coherant scattering coefficient f., d(;lpend,~ 
" 

onlY on the rat:lo alb" 'l'his can evalua.ted t \'l~t.hiil a. sign, fl~om the 

scattering b.y a single nu~leus 

.JL _ + 1-1{1-;lfq.,:-
b - - 2 ---:=:--..-.£ 

..)1 
0.5) 

where r and O-i are the ill.:!oherel'lt1t and '~incohel'ent· cross .sections for e . 

the single atom 

/;..~ 
cr\):::: k2 

i '10 + (1 1- 1) 11 ' 2 
"~--'-"_""""~4~ -...-- J 

2i -r 1 
(16a) 

~ .. _ __ L }J 1 -;- 1'\ " .. / :1 -' '_~w,_L 
k2 21 T 1 

( ,2 .. n", "'"' YJ ; 
( J.. ( o· (16b) 

:Il'he sign of alb can alao be determlnad from studies of dlff:;.""actlon 

in the polarized cas®u/ obsa~{"iI'ing whether the coherent scattering in(Jreases 

... 
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or decreases when the neutron polarization is increased.. Far, parallel 

polarization ~n.increase in coherent scattering with increase 01: tn meana 

a/b> 0 and a decrease means s/b" 0.. In practise it would be simpler, 

to reverse the direction of neutron polarizationo Then if the scattering 

with parallel and ant:1~parallel neutron polarization are 0+ aDd 0-:-_ 

respectively the magnitude and sign of. ab 1s determined frODI a measuremeut 

of 0:; - <T_" In addition, if one measures the scattering with and vithout 

~uclear polarization, but with no neutronpolariza.tion in both oases, the 

difference in these two measurements gives b
2
,that is, ~he true (spin~ 

dependent) incoherent scattering without polarizatlono Even more direot~, 

a measurement of ooherent scattering without polarization gives a2 and 
" 2 

with ab determined one gets the spi~incoherent soattering from b =: (ab)2/a2~ 

These measurements would be practical ~ven with small nuclear polarization 

if the iricoherent scattering ampiitude b » a, the coherent scattet'irig 

amplitude.. The example given below for H, where this condition is fairly 

well fulfilled, amply illustrates the point.., . 

It is alSo important to .emphasize that here as in .ill. cross section 

.asuremeats one can obtain fni"orination only about products of scattering 
. . 2' 2 

amplitudes.. In the present case one obtains a 9 ab and 1) 0 Thus, one can 

change the Sip. of both a and b sil!11l.lj.aneouslY without contradicting ~ 

experimental resultso .Therefore p at best, one can determine only the 

absolute magnit\1!l6le of the phase shifts 110 I aid / 'll/.and their relative 

,eigllo 'rhis information 1s already 1II0re than one can obtain from diffraction 

with DO polarizatioDo 

, 
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, . 
A numerical application will serve to indicate the magnitude of 

the expected effects" For hydrogen we have 

eri =-18 barns, ac == 2 barnsg i:: t, alb L 0 

then 

f 0 == 3~ (1 .., 1,,15 f.,/rN) 

. 2 1) f i'::: ... T fN (rn + T f}l 

Neutron polarizations I f'n I :: 0.:>3 have alreadJ' been obtained" AssUlldng a 

DUClear polarization of 002 we have 

in 

Fc 
f1 

~ . 

Relatiye Cbaws in SClt:t!ripg 

Due to Polarization 

0.:>3 

0088 

,,080 

"" 0 0 3 

0328 

0040 

o 

0120 

"" ,,013 

the 4l% increase in coherent scattering on reversal of the neutron polariza~ 

tion Is an effect easily observable although the changes in other cases are 

no~ particularly largeo These results would also indicate that diffraction 

of neutrons of known degree of polarization might be an accurate method 

of mesauringsmall nuclear polarisatioDSo 

Considering a lattioe composed of two types of nuclei with 

polarizations fl and t2 we can easi~ obtain the relative ohanges in 

coherent and incoherent soattering in the case that the structure factors 

" :i.e,... L. e tor ,the two nuclei have the same or opposite numerical value <> , 
JI 
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We find 

Pe=...l.. 
4 

. +1 -~ f{~ iI' tl ± ~ 12 f'~)+4fn(al:t ~)(b:J. 11 ·f'l ± b:212 f'2>}' 
(81 - 3-) l' ., ~ 

~ . \17, 

and the :t: s~gn goes with ratio of structure factors::. ±1, reepeotively" 

The incoherent scattering gives a coefficien'¢, 

f1 "'" 

22-222-2 2 ·2 ) °1 11 11 + °2 12 f2 + In(ol il 1'1+ 't>2 12 f2 (18) 
2 2 bi 11 (11 + 1) + 02 12 (~+ 1) 

which is ,l of course II independent of th,e values of the structure factors" It 

is' easily checked that wh~n b1 .: b2S' al = 8 2, 11 = ~~ f 1 .::: 12 these results 
, . . 

reduce to (13) and (14)reepectively, wherein (l7) must be taken with + 
eign~ Again we check that for complete parallel polarization there is no 

in~oherent scattering for the bi=nuclear 1attioe o In fact, from (10) this 

is seen to be generally trueo 

It is also seen that in stiCh cases tor which a ~itfraction peak is 

absent due to accidental c~~cel1ation of the coherent scattering in the 

unpolarized case~ a1::t·~ ::::" 0$ the peak may be present with some intensity 

if' apprediable nuclear polarization 1s achieved, since in this. case 

oeob ,-v (b1 11 ~l:t b2 i2 f 2)2 

From a measurement of·the coherent scattering without polarization, 
. 2'2 . . 

one can determine (al ~ 82) and (al·~ &2) if both peake are Qf sufficient 

intensityo . This gives the relative sign of' 81 and~.; With. nuclei polarized 
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but Deutrons UDpolarized one can obtains at least in principleg 
2 'i '. 2 

J (11 b1 i l + 12 b2 t 2) and (11 bi t1 "" 12 b2 t 2> and hence the relative 

sign of ~ and b2Q With neutrons also polarized one gets the additional 

data. (~ + ~) (11 bi f1 + 12 ~ ti) and (al "" a2)(11 b:L f1 EO 12 ~ £2) 0 

From this the rel~tive 'sigtUt of (a1 :t &:!) and (11 ~ f1 1: 12 ~ f 2) are 

tilted tar both ratios of the structure factors., 

20 Scattering by a Single Nucleus 

The foregoing can readi~ be specialized to the case ot a single 

nucleus" Bere the scattering is isotropic $0 that 1 t will be more con

venient. to introduce the total cross sectlono This wl1l again be denoted 

b.r cr-0 For the unp01arized case the cross section is S·h ..... Jy a- = 0-: + <:r:"t 
.' ......" 0 C 

where V; and 0-1 are given bJ' (16)" When both neutroDS arad nuclear are 

polarized •• have 

0- ;::: ~o(l +- f) 

:= ....L.. [a2 +- ...1.. 1(1+1)b2 + i tn f~(ab "" ...J..b2)1 (19) 
471' 4 "4 J 

and 

f =- i I ... fU -JL (1 ... ...L -l1-) .... a 4 a 

1+ 1{i +1) b2 . 
4 .2 

(20). 

For B thts gives 

. fs =", 0095 tn .f. 

and for tn = 0 0 3, fa":. 0 0 2, we get a So" decrease in total cross sectiono 
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This is a rather small effeota It may be noted that the primary information 

to be gained from scattering of polarized neutrons b,y polarized nuolei is 

8 separate measurement of the cross sections for the two orientations of 

Dqclear and neutron spinjl ioeojl trom a ~omparison of the cross sections 

with and without polarization (either fn or t J = 0 and both tn' t N .;6. 0) 
. 2 2 

one obtains 1 0 and 11 .8eparate17 0 While such information can be obtained 

. for slow neutrons from crysta1·d:1ffraction data, and in the case of 

hydrogen (and possibly deuterium) from scattering :1northo-- and para ... 

molecules, it would be V8'r"){ desirable to know both phase shirts at all 

energies a From (20) it can be seen that the relative change in 'scattering 

cannot be greater, in order of magn1tud.~ than tn 1'1 irrespective of the 

. * . 
magnitude of hIs.. Therefore, it would be advantageous to attain large 

polarizations of m:'utrone and/ar Duclei" There is also involved the 

question of obtaining polarized ~utrons of higher than thermal energfo 

A possible method will be .d1scussed in Section 40 

The total cross section with polarization can be written in terms 

of the ~se sbiftso Using (19) and (2) we tind 

. _ ItJL. {i 1~ + (l of- ~) 1i . . . ",~ m '12 J 
cr - 2· + 1 fn 1'5 o. 

. k 21 + 1 21 1- 1 . 
(2l) 

From this it can be seen that onl1 the squares of the phase shifts enter 

and ·henoe their sign is Dot detenUinable trOll a measurement ot the. total 

* . .. In thiarespect th~ soattering b,y a single nucleus differs from diffraction 
by a crysta.l because in the . latter case one 'can measure the coherent 
scattering separate~'wlthout polarizing nUclei or neutroDSo 
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cross sectiOll.. We can also write (21) in the form 

0- ~ IJ1.. 0 (1 ... tn 1'.> + 1 (1..,.. i tn ta> 
. (1 12 . (1 + 1) Yj 

2 f . 
t2. 21 +- 1 .21+ 1 . 1 -+ 1 . 

1(1 ... t~ iii> Of":t +,(1 + 1)(1 -+- ;1,;' 1 tn t.><Tt+j-' 
~ ~ 

21+ 1 

w'blch representss weighted average of the eross seetious for the two 

j-valueso From (22) we see that we can also write 

f= 
i tn IN «(/:1.++ "" o;~) 

:I. O't-t + (1 + 1) o-;,+t 
(2.3) 

!hG sign of f tor gi'Ven fl tD Is again 8een to be an indieator of the 

comparative strength of nuclear .forces for the two spin orientatioua 

oorresponding to 3 = 1"± to 
. From (23) and (16) we can express ot±+ 1D terms of the quantities 

capable of being measuredg 

.1+-1 p) "1,,* = 0-0 (1... 1. 1'" f. 
O1+-t = 0-

0
(1+ p) 

tn t. 

(~) 

(24b) 

It is instrUctive to consider the limiting case of oomplete 

polarization even though this is a al tuation which one hai"dll' expect. to 

approach 1D practise.. Far the parallel allignment of sp1ns, 1'n::: 1'1:' ±l 

we . have from (22) 



a- = 0-:r 

... 15"" 

=01+t 

This 1s to be expected since the total IS cOJIlponent of spin 18 1;:(1 + t> , " 

which is a substate belonging to j = 1" -t- t on4" (I BoWe.er" for the anti ... 

parallel allignment, fn = - f5 = ± 1» 

V =-0:: ..: 
21 ~=* + "i+i: 

211- 1 

and both cross secticms C11, t t ~nter 6 The s ~omponent ot total spa is 

1. ... t which is a sUbstate of both values of j.. Only ill the classical llmit 

of large spin i does fT. = ~"'* 'J 

:3. Angular Homentum ot Levels of Compound Nucleus 

Perhaps the most readily obtainable information once one Call 

produce polarized neutrons of resonance energies, 1s the determination of 

t~ 8Jl&11lar momentum of leyels of compOUDd nucle:loActualq this inform", 

tion can be obtained trom scattering as well as absorption although in the 

tormsr case it may be necessary to take into account the effects ot multiple 

scatterill8 and, in particular the depolarization effects resulting there:f.'romv 

'It wlll be considered tor the present that these effects are negligible; 

i.eo, the target thickness is small oompared to the scattering mean tree 

path.. This assumption is, of course, not restrictive when the absorption 

cross section is much larger than the scattering cross sectiono 

Considering a beam of slow neutrons lnci~ent on' a nucleus with 

spin i~ the total. SllgUlar momentum of the combined system is J = 1. ± to 
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Th~, levels of the compound Ducleua with lz2t.J! spin values 'can be involved 

1n tbe scattering or absorption.. In the case of well-separated levels only 

one of these will be imolvedfor resonance energy neutrons .. , Of cotrrse p the 

existence or the resonance implies well-separated levels.. The problem is 

to d~termine which value of J refers to a particular resonance (I As is 

eb01ll1 below, this can be determined at once from the 9ua1ita,\ixe observation 

as to the 01reQtiqq in which the 'cross section changes when the polarization 

(of either neutrons or DUClet) Is -turned on .... 

, While the results obtained in Section 2 are applicable here this 

Is nOt read1lJ apparent since it was assumed that the phase shifts are 

real whereas absorption corresponds to complex ph8.se shittso Actually' this 

difference is irrelevant'? Only the properties of angular momentum operators 

are involved; that this is so is brought out more clearly b.Y the following 

alternative procedure .. 

Denoting the wave functions of neutron, initial nucleus and 
I 

compound nucleus 1:0' X p r aal i respectiveq we would write the cross 

-section, in the ff1rlJ1* 

* 

, 0- = oonstc ~ p(m1 m) I (P • X .1. 1f ) /2 (24) L ' JM ~,m. if/lilt 
JD,im 

where II, lilt and m are the .-oomponents of the spins J, i and t of compound 

DUcleus, initial nucleus and neutron respectiveq; p(~ m) is the probability 

that 1z =- lit. aDd 821 ::: • = ± t" The matrix element 1a (24) aotual17 involves 

of 0 Bathe and Placzek, Pqs q Rev <) 51,481 (1937)., 
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only the part of the respective wave functiOJl8 Which refer to the angular 

momenta.. All other factors, widths» resonance energy, etc .. , are in the 

constant factor in tront~ It has also been assumed that onlY one level 

is in re8onance~ 

Corresponding to the fact that the addition of. angular momenta 

and t gives both r~sultant8 1 ±' t the wa~ ~ctio~ 4 JJI can be expressed 

as a mixture (linear combination) of all wave functions corresponding to 

angular momenta which can give the required resultant in the sense of 

quantum meohanical addition of vectors,. Thusp 

~ = ~ (1 t ra1 JIl I ~ t J 11) :t r . 
.111 . lit.· ' P 1,1Dt 

(25) 

where we have used the notation of Condon and Shortleyil' for the coefficients 

(transformation amplitudes for vector a(~ditlonL, . Inserting (25) in (24) 

aDd using the fact that A.p ¥!-~ form an Ol"tho-normal set of functiOllS 

we find 

cr = ocmst ~ p(1l111l) /<I t ..,._/1 t J II) {2 
. 1· . , 

(26) 

~he coefficients which are needed bere are ·listed belo'r: 

I 

J lIt=-i Ii::.""" i. -
1+1- :1 + il1 + 1 1 ... 1i1 +1 

1-.., t t .,. IBt i+~ 

* et" Condon and Shorlley, Theory of Atomic Spectra, pp-73-78 
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Fa:: J;=: 1 + t., then have 

a-:::::: consto L pCmi ) (1'0+ /2 (1 -+ llil -;- 1) + { 0.., 12 (1 ... 8i +l)} 
mi . 

where we have used 

p(m1,.t t):. p(lIi ) I o± 12 

and p(mi ) is the probability that l z = ~ which is, of course, independent 

of 110 We now use 

L p(mt )m1 - tJi 1 

and. evaluate the constant so that, for unpolarized nuclei (or neutrons) 

" cr :;:: 0-1"" t" Then with (4) we fim 

(J :;:: "i+t (1·+ tn I'll . ~ .) 

Similarly. if the resonance level has" J = I -1- 118 find 

0- =: a-r~ (1 ... tn iN) 

(27) 

(28) 

It will be seen that the tota.l cross seciion (22) obtained in Section 2 

is simp:q the sum of (27) and (28) weighted with the factors 1/21 +- 1 and 

(1 + 1)/21 ..,.. 1 which are simpl,. the relative statistical l'IBights of the 

two resonance levels o In the resonance case considered here either 

Of. + t » ~. or ot-i» (T"i r t so tha~ either (27) or (28) represents the 

total cross sectioDQ " 
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From (27) and (28) it is clear that one needs onlJ to observe 

whether the cross section increases or decreases when ~he neutrons 

polarization is changed from zero to a value corresponding to parallel 

spin allignment With the nucleio In the former case one concludes un

equivocalq t.hat J.=. i -t t and in the latter case one has J = i .... tQ 
The magnitude of the effect is of order tn fa. so that for the eDmple 

considered above (tn :;: 0.,3 9 fN ==- 0.:>2) the crose section changes by about 

6 percento S:uch a change should not be too difficult to observe at least 

qualitatively.; 

40 Polarization of Resonance Neutrons 

In the ~reoeding section it was assumed that one can ohtain 

polarized resonance neutrons Q Actually i the known methods of polarizing 

neutrons are effecti ve either for' thermal neutrons (polarization in ferr~ 

magnetic materials) or for very fast neutrons (scattering in Be where the 

polarization is due to spin""orbit coupling,lI or scattering in heaV)" nuclei 

wh,re it is'due to the coupling of the neutron moment with the contracted' 

electric field of the nuclear charge) 0 However, i i is evident that 

polarized neutrons of resonance energies canaleo be produced b,y virtue 

of the large difference in cross section for the two angular momentum 

values 1== 1 ±, to For this it is f18cessary that the target nuclei be 

polarized 0 It ~ill be sa,en that the neutron polarization produced can be 

made large if sufficient neutron flux is avallable o 

The intensity of polarized neutrons as 'well as their polnrization 

1s easily calculated" Let 1-+ and I", b8 the transmitted intqnsities of 

.Q 
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neutrons with m= +, tam"", t resp8ctive17o Then the total iDtensit7 is 

I = I:.r + 1:= (29&) 

and the spin intensity in the transmitted beam is 

J =I+ , .. I.". (29b) 

Denoting the distance of penetration into an absarbi~ foil qy.x and,the 

resonance cross sections for m=~t b.f CSt we have 

dI+ dI
Q 

~= .. N~ I-t- 9di"'"'='" No-I t~o) 

where Ii is the number of e.bst,rbing nuclei per unit vol\1Jlle" Considering 

first the case that the resoDance level c~rresponds to J = I 1- i we have 

1 t 
cr:; == 0-: (1 ± 19 \ _ 0 " . _4 

where 0-;,- a; -t t is the cross section f~, no polarizatiOuo 

From (29) and (30) we have 

".41 
cD: 

:::B 
. it . 

a-. (I +.' N J" 
o i-t 1 JJ 

d' it ... ...L =!l 0- (J + .:...:L I) 
dx. 0 1+1. 

(31) 

(32) 

In (30) we have assumed no depolarization effects due to multiple scattering 

vhich will be fully justified far the case' of large absorptiono In any casejl 

since the scattering is isotropic a~ neutrons which becomes depolarized b,y 

scattering are effectivelJ removed from the transmitted beamo T~s is in 
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oontraat to the, situation in which neutrou ~ polarized b.Y the lcmg range 

torce ,.f1elds sucb 88 are operative in the ferromagnetic or contracted 

Cunlomb field scatteriDgo In these cases the scattered zaeutro:n.s are, for 

the most part, de:f'lected thrOUgh sm8ll angleso 

'rhe solution of (32) subject to the initial ocmditioDB 

1= 19J. =- 0 at z :::: 0 

is 

I ' 1 III fr. ... r:::rox cosh .. ,p 0-
9 

.. I it 
1= e, 1+ 1 (33) 

aDd 

J -So-ctt ilo-t. =- Co. . s1Dh • 9 II :x: 
1+1' 

(34) 

Ttia polar,1z~tlon of tl1e tranad.tt~ rieutrODS 10 

11, 1 10-: t • 
. t, ::. ~ /1= ."" tanh 0 .It 

. D . 1.+ 1 (35) 

Fat' J.= 1 ".. t we oDtaa the o01'Tespondlng results .tw' replacing 

i tal! + 1 by - tl" Then 

.,.BCToX' . 
I.::: e cosh I 00 tlf x (33a) 

J '=' 18"". 0-OX sUb • cr; £11 :x .(3411) 

ami 

p:::: tub I 00 tu z: (35&) 

It 111111 be noted tha~ for J = 1 t * the neUtrODS are polarized 

in the antlparallel. S81188 0 This 1s a cODSequence of the fact that the 
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cross section in this case is larger ,when the neutron spin is parallel 

to the nuclear polarisation.. When J = 1 "" i, the reverse 1s true and the 

Deutrons are polarized parallel to the nUc~ar polarizatioD" Using aD. 

~zer to detect the neutron polarization one could obtain the J value 

again 0 

It also follows trOll these resUlts that while 1IIcreasing D.UClear 

polarization pr~uces larger neutron polarizations the latter is not 

necessarily' limited qy the former" 'l'o produce neutrons polarized to a 

DRlCh greater extent than the. nuclear allignment it is onlJ' necessU1 to. 

use a thick 'absorber so, that thepreferentlal absorption can eliminate 

. more and 1Il0re of the neutrons with one spin c~nt.. It follows, there

fore, that the e~,sentia.lllmitat1on is one of neutron nUK and detection 

sensitivity" 




