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1. Introduction 

Lately; an intense discussion has been developing concerning the discrepancies in 

· the ne-scattering length data obtained from various experiments and, consequently, 

the controversial estimations of the neutron mean· square charge radius based on bn,

values. Having originated with.Foldy (1) a long tinie ago, the experimental quantity bn, 

. is. ~resumed to consist of two terms , •. . . 

bn~=bF+b1, 

where bF is the Foldy scattering length caused by the neutron anomalous magnetic 

momentµ interacting ~ith the dec;tron electrical fi~ld, and b1 ~ _the scattering length -

·as though rendering an int~raction_between the neutron int_ernal_'chargc structure ·an_d 

an electrical field (s_trictly speaking, the charge density giving birth to· this field). The 

'following notations are used 
. · 1 Me2 

b1 = --2- < r~ > , :3 ft m . 

< rfn >= jr2p(r)~r, 

where Mis.the neutron mass. From this, the exp:essi_on 

2 31t2 . . ' . . 2 
, < r;n_>= Me2 b1 = 86.4(bne ~ bF) fm 

appears. The experimental bne estimations exis~ing in currnnt literature arc concentrated 

in the proximity of the t~o following values: · 

bne = (-1.59 ± 0.04)10-3 fm 

bne = (..;.l.31 ±0.03)10-3 fm 

(2),(3), 

[4),(5). 

E~cntually, two estimations of the quintity < r?n ·>· need to be discussed: 

< r;n >=·-:0.010 ± 0.003 /m2 [2), (3), 

< r;n >= +0.014 ± 0.@3 f m2 (4), (5] . 
. 

While no model.of the nucleon_structure yet leads to a positive neutron mean squar~ -' 

· charge radius, the Garching group (5) and the group that measured bne by means oi, 

liquid 208 Pb at Oak Ridge (6) have given·up accounting for the Foldy-term (the first usin! ·· 
" 
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vague argurri~nts (7). and· the latter with~ut any ~~~lanations at·all), thereby reduc;ing . 

· . the 1~finition of the neutron'riiean square charge radius to the expres~ion 

✓ 
,·"'" 

. · _··. 31/ , · 
< r 2 >= --

2
bn, . 

· me 

Under ~;ch circu.mst~~c~s, 'we a~e for~~d to fcice th~ ~rima;y so~;~es ofthe pr~bl~m and. 

·. gia:i'.~e ov~r the,history 
0

to fi~d the ~ist 5>f th~ qu~stion: :_ . . . 

2. Revision of _IJes~ribiri.~ ne-Scattering 

Here, from'- the v~;y first, it i; necessary to determine the genuine ~elati~ri between .. · 
_, .• . ,- . . . ' -•- ' .- ' . ,- . - . . - .' 

the meJured ne-:=-scattering le;igtli and the.nucleon ~trudu.re.Jn our opinion, there _is.~--. ' 

certain misunderstanding of this question [8] an4 we beHeve it will be instru-ctive to trace ' 

- -b~ck how: this'relation is acq~ired in various approaches. 'As the ne-scattering l;ngth, 

'is obt~~ed fro~ slow neutron's~atie;i~g i~ th~ field prnduced by ii.to~ic electrons/th~ 

' .neutron inter~ctio; with an elec~romagn:tic field will be described first.:. . . . ' 

A free n'ucl~61i; as. well as any 'r~:e paftide with ~pin 1/2, is desc~ib~d·bfthe Di!~c 

equatio~>):'et the ~exter~alfield" concept.isJimit~d ~cl, .generally ~p~aking, unten-

able. in fact;.e;en fo~ an elei:tr~n itself)the Dirac equation in.the f~ce of an external 
· ~lectr~inagnetic.:field A~ (<I>; A) - ... . - · . . . -~ · . < •. 

8tf;_·,· ' . . .. •·· ,- ' . 
in8 ==(ca(~ -~A)+f3mc2_+ e4>)1/J.' 
·•. t ._·, . • . C _ , • B<p . ·-_> 

in- -c1{<f>' -. . . - .. ·_· at - ' 
. .: .. ·L ·:,_ , . e··, 2. -: c · .. p4 .. 

1-t ';:;! -(p ..:..,-A) + ell> - --· . .:..· 
· 2m .· ,c • -- : .8m3c2 · 

\' 

1t • '. tt' ·· .••.. ' ' . n,2 .,·_.·._ ., 
· -~o-H - _e_o-[E x p) .:..:. _:__:_::divE 

.2mc .. 4m2c2 · · 8in}c2_, · . 

H ~ [v·x~], /· = ;o, a,(3 arttDira~ matrixes,;,. is'fhe Piuli 
- , . - -· . -;_· -. f!1,C. '. . ., .· - ·. . , ·- -- - ·. . • . 

· matrix, and </> is the large_ component-of the bispinor ip) does not· enable to describe 

p;operly th~ prop~rties ~{this point-likeparticl~; becau.se self-c~~pliO:g to its o~;el~c- -

trorriagnetic q~antum fi~ld: 6~di~tive correctio~s) [9] i; lmo~rnto result in the additional 

· teri'ri~ in the equa'.tio~to de;cribe.·the behaviour ~f the elect;oii°in an externiJ·•field .• A. 
The' 1-;;;,t thre~ termsin 1t in eq'. , {1) are'thus replace'd by . . , 
J '-~{ , :J >~ ?\ : eh . ' . < ··. _·._.. , ·n : eh · ,: -
-(-+µ')uH--· (-+2µ'·)u[Exp).:.. -.-(-·· + 2µ')divE, 

2mc . · ; · , . 2mc 2mc • . • . .. _- 4mc 2mc • ,. -

';hereµ~~ {(to)t' +.:; is the electron ano~~lous· ma~d~~ic ffiOIIleni:' 
, _ :._..-:. ,r_ . me.-:_ --: -·•-·. -.,. _. ,' "': ,_ , •i •,·.- . 

. l _, 

· l7
~ :~J~ill~~i;F:·'.'. 

I,. -f:';•-0,:.::,,lv,,.;}'··---',.·. 1 
· 

r:::~~~*··,; ,----•~-*:· .. , .. "-~=-: r-~~~~~:~'" 

.,....,:.._. 
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It is _to emphasize _here that in accounting for the radiative corrections, the coefficients · · 

.. ~ prefi~ed to uH and to divE ~nd u[E x p] are modified in diff~rentways: the anomalous 

·\magnetic m~ment µ~ has bee~ added to_ the ~ag:etic_ .in~IIlent ·2,:.c in the,term COf!taining : 

H, ~h~reas a twofold quantity h~- b~en added. to the· co~fficients. in t)VO latter terfus. 

"Thu-;;, it is quite irripossible for even ~n electron to obtain'eq .. (la) from. eq. (1), that is, 

to account for the ~le~tron int-~raction wi~h quantu~ fields (thC"ridiative ~orrections) 

merely by replacing the m~gnetic moment of the point~like particle in tli~ Dirac equation 

- by the 'total magnetic moment that inwrpor!l-tes the a~oinal~us .one as well. · -
' \ .. '. ,· ,,,, --.. ·' . . . ·,. . -,-

In a generalform;-the behaviour of a.particle with spin 1/2 can be described in a 

formal w:y by rri~~ii.s of the relativisti~ and gauge 1nv~iant equation (1], [9] 

· ·· e .· . ~- 1 · · ·. ·- '· · 'i :' '·_ · . -:· ' · · ' . 
• • C •• '.·... • [c(rµ1µ·:-;Aµ1?-t iµ2~µ1~p!w+Mc2_+ i:o{,µA")]tf=_O, 

8ip · · · e '· •. ..· • '- :• · · : ·. _ · · 
inat = ?iip _= [ca(p ~ ;A!-::-_µ,8(:EH_- iaE)-4-,8A1c2_+ ~q,-: ~□4>'+m□J\.}ip,, (2). 

where we restrict, ourselves )o accounting for. the first· order terms in field A and.the 

/" D' Aiamber operator [] only; here _:E is the spin ope;ator ~nd pµv is the electromagnetic 
"----· 

. field f~nsor. Tlie lowest approximation in 1 /c runs as ,follows /. 
'••· ,·: ' c- - . . • ·-' 

-a.1. . . . -
in~ =1-£¢,, 

8t · 

I,_ 

1t ~~(p-"- .:A+:oA)2_+ e4> .::_ (' en._~µ)uH-- "' 
. 2M c . c .. .• 2M c _ ·- .. · 

L .en · .. ' . •, . . . . n en I . . ·. . • .. -

2M ( M + 2µ)u[E x p) - [i: + M ( 2M + 2µ)]divE. ' (2a) 
. . _ -~ _2 e, _ __ ~- __ 4 ~ _ ':., •. ., .. • . , . • , 

· In.such a purely phenomenological a~proach,• the empirically introduced:parameters 

µ;~ render.both the internal structure of a particle and its interaction with a·va~uum. 
. / . . . . ' ,, . . .,. . . . .. . ' '-. ' . :· '.· 

· of the electromagnetic and other quantum fields, which are not -taken into account in·; · -_ 

_ the Dirac.equation (1 ). The pliy~ical m~ariing of the~uantityµ emerges u~a~big~ously -.. °" '';"' - ·. ' ,•. ·, ., .. -:--•'. ':.,_. -:. -. ! . .,. . -- .. .:.: . . ~ ., . . ' . 

as the coefficient prefixed to uH_jn. eq. _ (2a)., Consequently, it is understood to be 
' , ' ' .. ~-- .. ·. -- . ' • '._ .· .. \... . . . -.· '.· '' . . > _·. .. -· 
' . the "nucleon anomalous-mag1;etic moment~, completing the mag~etic moment 

2
:

0 
of 

/ a poi~t-like particle with ~pin' 1/2, m~s M and,charge'e. Yet, according' (2a), this 

- ' empiricallyintroduced- ~uantity µ sho~s up ~o -d~termine not o~ly.the interacti~n of th~ 
. - .. , , ,' :_ .. . • ' . , ' ~ . ;_. ", .· . . , .,_ , . , , , • 'I -- -· ; . . , ' .- . 

'particle with a magnetic field, but with an electrical field: E, as _well: the "Schwinger · 
~ • • .( ' ! • • • >. . • V •-' • ', ; "', • • ,J ': r ,:_ • - 'C: • ,· < ,. 0 

- . interacti°-n" (ni,xt to last 'term in eq. (2a)) and ~he "Foldy interaction" [1] (last term in 
. ' ~ . ·' ·.' '-· ,·· -.. . . . ·. . ' ·. 

, ,(2a)). Certainly, expr~ssion ~(li'j for an electron(µ=µ~) corresponds CO!llpletely with 

the general ;henom~n~logicalequa:tions (?), (2a). , , .- - . 
,_. 
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As far" ~~the pa:ram~ter ( is conc~r~ed, no unambiguous- ~onclusi~n about its physical-
. ' . . : . ·' " - ·- - - . . . . - . --t. :·.· - : , 
contents can be drawn immediately from eqs, rn), (2a): The fact that i: is incorporated / 

side by. side with the terms' c~nta'.i~ing µ in the co~ffic~nt 'pr~fi~ed t~ divE(R) ~ - b,~ 

4>.(R) = .::.4,rp~(R) in eq. (2a) (Pe(R) is the charge den~iiy inducing the electric field) 
- . ~· , ' - : . . .. - , .... ,- ·, . ' ' ' . . . 

· does nofconstrain the equation 
. 1 ·· ' ~-- ,. 

. f_,,,; 6 /drr~Pn_(r), 
' ' ~ - -

(3) .· 

(herf Pn- is the density of the c~~rge clistribu:Jon ip§ide the nucleon); contrary to ~hat 

was pres'itmed i; [1], [8], and [10], as ~ell as in.some other publications. fa such a 

phenomenologi~~l approach, this qua~~ity ds, ~ ~ matter of fact; a fitted:pa~;i:n;ter 
: . ,. . .- ' . ·: . ~·. , I • .; , , ', , ~ \ ·• - • " ' • . 

that is allowed to take any value, including zero. · 

-
0

• -The i~teractiori i-ep(es1;ntecloy the lasner~ i11eq. (2a) resu~s in the Bo~n amplitude . 

\r 
of ~eutr6~ s~_attering ( e == 0) i " · -- - · · · " - ' · · · · · 

/. 

'fne(_q} 7 ~ 2:: [i:+-µ
2
:f)IdR~;_i~RPe(I}-f 

' . . . \ ' . ~ 

(4) 

'in the field, ind~ced by the ~harge density p.(R); and iri ~a;ticular by th~ cl~arge"di~t'rF 

bution of the ;tomic elect.ron"s, th_e ato~ being nailed down (botirid). With the quantity: 

µ being equal to the expe~imeiital valu/of th-~ neutron ;;_nomalou-; magnetic moment, and 

the quantit~ ds assumed to beequal to:;ero; the ne-scattering lengthb~ • .;;·-.;_fn~(O)/Z 
•• -·' • ,__ • • '> • •. ' . • • 

J~ 

----prove~ to be equal to the value:b:: = -:l.46810-16cm, coinciding within a small er~ 

~ ror~ ~iti~pto:d;t~- ~xperimenti,.Lres~its (2) ·-[7]. Thi~ _is evidence· that_ the i v~lu,e is~ 

~~all. However, pursuing this phen~menologic~l a~proach; no rigorous conclusion about.·-
. __ . -,J.. -.... ' - .. '· •'"- .. . -. .· ,··; . -;;· ' . . : . . ' ' ' 

. - the nucleon structure can be acquired through this result: Certainly, as it was already 

. :,_ e~phasized .long before [1], ~~ approach can not been asserted a:s expedient if the. coeffi-

. ci~rits' a~signed t~ aescribe. the nucleon structure ar~ i~trodticed purely empirically a11d . 

are Iieyer gained throuih an/morC-:or~less -gener:1 · ~nd ~rofoind ~hysical "theory ~r, -at, 
- - - ( ; ! ; •. • - • . ' ' . ---

least, a model. . .· _ 

As p~irited out ~hove, ac~;u~ting for radiativ/(correction:s f~r the el~ctr~~ itself 
'- :-• •. - - ~ • • / ., • ,' • ' • .' ,._ .r - '• •• •,•: • •. • • '• ,. • e : • • • 

modifies the coefficients by Hand by divE in different ways, All the more, whe11 the 
••• , - .!,- ,_. • ' ·\, , •• , -·, ,. ·, 

· nucleon,-being a much more complicated composite' system, interacts with an external 

el~ctroiria~~~tk fi~ld, its strii'cture c:n ~ot b~ t~ke~ into acc~\mt mer~ly througl~- modifi~ 

cation of the Dirac equation; in_partic~lar, through ,replacement of the point-like-particle .. 

< :magneti~ moment by the total orie: in~luding the·ano~~lous§ne as well. At thi~ tin~e:, 

' ' b~ca~se ofthe lack of~ ri~or~;;, thoroug{theory, the nucleon: structure is investigatecL . 
in the frameworkof~ari~ii~ a~~roa,~hes 'and midels. ~ ' ·' .... . 

, ,~- ' ' ,- ' . . ' ',, ._ ' . -
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NU:cl~h properties are knownto be successfully described in 'the Cloudy Big Model 

. (CBM)(ll]; wi:~h ~he intera~fo>n on the surface of the ha~ between qu_arks confined .. 

. inside the h_M and t_he pion field playing an essential role. The energy of the bag

nucleo~, including quarks and meson fields, in an electron1agnetic'. field replac~s t.he 

.. nucleon.interaction °With an eiectromagnefic field in eq. '(2). According to CHM, this 

energy is, p/~sented_ M the expectation" value . . . 

< NIVIN >=< Nii'' AµIN >=< Nl(j" + i:)AµIN >, 
r ' ' .'. - ' 1' - ., - '•' -- -" q ''• • • ,'• ' i' 

✓ .(N=n,p) .. ' "/ , .-, 

(5) 

',ofthe operator ·v, rendering the interaction ~fan external electromagnetic field A.with 

the.quark and meson fi~lds in 'fhe bag:ni.icl~o~ ground state IN·:::,., that is ,in ihe three

quark state, hav~ng a total spin and-isospin 1/2 and th~ given proj~cti~ri~. Her; jq,jµ are 

~ operators of the_ quark and meson. field currents. The energy of the bag-'-nucle~n- in its 
-.· - ' ' 1 ' /, ~ - - -, • ' • •• • ' • , ' 

r~s_t frame in a static magneticfield H = Iv X A]has the comm~n form -(Ho:)µn,p>The 

-~al11esof the neutron ancl"pr?tou' magnetic mcime~t;·~ .. ,p, obtained ac~or1_ing (5), pro~e : 

to be in sufficiently go~d agreement with expe~iil1~ntal data (11]. : in th~·~ase considered, · 

the ;ne;gy ofa neutron pr~pagati~g with a COIJ.~ta~t velcicity Jvl ~~through a: c;n~tant 

·- electri~ fi~ld E =-..: 'v' 4>, is represented, according to CBM, as follows: 
• '• • - ' • . ' ',°"<. . ' 

. e''~<nf(j~-+}~)<l}ln:; ~JlntTH', (6) /. 
----·. 

where H' ~ 1 [E -~~]is the magnetic field in the neutron.rest system. The second term 
• • ~ '\ ·:', ·, •• • ' : ~- > -~ ·'·.' • • \ ·.: • • ·--. •:' ·.·'. • • , 

in eq. (6) is the spin-orbit interaction, induces the well-knowri "Schwinger.scattering". 

·• ! Tb~ potential 4> varyi~g ~lciwlfin the nucleon range, the,firs_t t!;rm in ~q. (6) r~duces to_ . 
. ! • \ i . ~- 1 -~ ·: . . ' \ . 1 .·, ' ' ' , ' ·. . ' 

. -Ene(R), = 6R4>(R)6/drr2 Pn(r) = D.R!(R)6. ~ r~ ?:\ . (7) 
I -. ,•. -, · I · ( ) ·. 1 ·0 .. ·O, · ·· ·- - · - : Pn r =<n Jq +J.- n>, _ , . , . ' ' ·_ _·· .. :.;z, 

where Pn(~) .is· the·. neutron charge density .. This ~e-::-i~te~actio~ (7) in .the Born-

approxirnationresultsin the"scli.ttering amplitude-~- i . ' - - . 

- . fne(q)"=~
2:/c<;>)/<fRp;(R)e-iqR_'_ _ (8) 

T~e straight£ orward. calculatiori of the, expectati:n value Pn_( r )

0 

acc~rding to CBM. and, 

. consequently, < r~ > in eq. (7) (see for, install.Ce (12]), provides an fne value in (8) 

that r~~incldes within the.accuracy of~ 'Io% ;ith-hoth experimental data ·and.the 

, result o!>tained according to aforecited ph;n<?Ille~olo"gical approach,.th~ quaiitity f,~eing 

.-·s......' 
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. 1 suggested to 1b!! equai to z~ro. Thus,' we c~n see that the very physical qulintity _:_ the 

:s~atte;ing l~ngth ~ is expie;sed a~~;rding to tw~ differeIJ.t approach~s through:d_iffer~~t 

,neu\ron characteristics/ through the mean square charge radius:i~ CBM ~dth~~ugh ·: 

_ Ith~ ~~rnalous:mag~etic moi:n~nt i~ the; phenome~ologib~l a~pr6ad~,' ~d yet the. va:lues 
I ·' • • / . I • i· i' ' \ l. : '•. ' '·. ' '· '\' _., - 'I 

; calculated' in both cases pradically coincide.: This has been emphasized as being very ' 
signitca~~- :_ • -·_ '· ! , ' : '' ' , • · · '. , -. · . ,- . , :; ; 

The iiucleon mean square charge radius can b~ a~quired without handling the bag-
I '" • , ,•' , ' . . . \ . , ' • ' , •" :· ', , ·: , ", ' , . . . , , 

nucleon in its rest system. The nucleon-electron scattering·amplitude is determined (9) 

th;ough the ,nl\cleon transitiJ~ 'c~~re~t JX,p,p,(x )b~twe~~ 
0

nucleo~ ~tat~s with moments 
, . , " • ·,·-.! .• . , ,:.I ._- ' .•• f • ,' ' .! .•.•.: , ,.. ; J ',, • l . • ·, ' ,•' . ,' • 

.' P,P.':.I11 the framew,ork of the CB,M approach, J': =< ~rP'IJnUIWNP > ,where War~ 

, t~e b~g-nu~l\!~n ~av~-functions ~d the quark and' rneson field~ dre ac~~u~t-ed fod12J. · 
. . ,' . J, } , ' • , .. , · .. , \ ,, . ,: , . ' ,,", ' < / >_ ,. - , .,i <· _· . _'; :- .,,_', / i, '. ·,, 

·The Fourier-transform 'J.~-p p,(x ), that is the zero-component of the transition' current 
• \.,: .I t · . ':'. - . ,'. ">. • ,, · '•1 , ·. I, \" ·; ·, <' ,: ' , , ·:'", 1 '. ',, · .• ,· -\:"·, 

in momentum representation; is presented. as follows: 
, • - • ~. f,, < ,' , ,' ,, ',• , .• ., ' • f.' I 

' ' ' 0 " ' 1 1· ': '4 ' ' iq; ' ,: : : -_, ,· 
:'/ . ' .:·.JJ:IP_P,(q) =\ .} xe .~pp,(x) ~--

", • .,,"' .· ., • , \ •. • . ' 1 • . . ,• ' ' • -

:= (2'.1-)4o(P'.:.. P', ~ q)(eN(P)eN(P')t1
'
2h~(P,-q)/2: 

;\,, ·:· ,:f,•· _,,',, ' . 
I 

The se~~nd ~ome~t ~f the \charg~ di~trihuticm (the nud~on mean s<iu~e ch~rge r~~. 
' ,_ ·.'' ·, " " ' ; ,i •. '" :- : : ' . ·: ..... ' ',' ' ' "' . ', '.. : , ' ' ' ,, " ,'' ' ' " \ 

diu,s), ,depending r_io,w on the nucle_o~. m~~entum P ,_ i~ related-to (9) via th~ well~know,n · 

. ;r ·, <{)2,! ii?''/ ;' /a:, 'i.'o' ''. 
' ,<: ~,N(,P) >.~-: (aq)2h,N(P,q)!~=O = -;~8lql2~N~r·q)lq~o,: 

i,hi~h ~~n be i:e~ritterlin the form' 

•. ;{,iiP}~~} ;,.,h~(;, r) ~ f ;, de<~;; p(P, r ). 
;".' ···1· - • "', { ,-· } ,'. ',,:.'·'. ': '' ': ·~, : ' -~ ' , ' '' '' , ''' -.i' ,_._.,_.' ._ ' . :, I I:, "· :,· . . ·,· ;' : 

Th'e quantity involv'ed here, , depending on momentum, sfrictly,'spetling, can not be' · 
:;_' · . _, '/, ., ,-', 1·.,·:·: , '.' , ·: .·, •',.,. ,: •'.' _·_·· : , \, . ,:. .. '.I , . .;( • ,_., :'. · 

. -treat'ecl as the nucleori'charge density, though the .charge conservation law for th~ p(P,r) 
11 , • '- ', ,,·,. ,.,,,,.,_." • :.,:·. _, • , , • • 1 _,. , .,:··:'•'.'_" • .·.-, /., , • ' •• '' , "·•, • • , 

is valid:in this treatment (12]. The' calculation (12). of, the quantities J 0 , p and, conse-: 
: , ,; • ;_,, .:, · . ,' t\ !"·• , ,'. ·:,•·· . u_ •• .' · ~ ._: · ,_. .. I· , .. :,, \. -. . , .. ,, , , .- _::1 

quently, of <rk(P}>; carri!;d out in the framework ofthe:CBM, provides a va:lue 

, _ ,w~icl1 a:lm~s{~~incide~ at P ;,;: o, with the < rk ?:, ~~lu~s ·~btaine4 in' the afm,e~ited 
approaches. / ' . " - . . ' ' . . . - . . 

··. The pr~vious consideration' makes us rea:liz~ that the magnitude of the ne-scatt~ririg' 
\\ ,,,'. ·:' ' ' . ' ,. / '' '·.. .t •: ·' i ' . I:,' ·, ,.. ,., . ; . ,. ,' ; ',';. T ~·. ' ' . ( 

amplitude; 'obtained from experimenta:l data, must he imniediately·compared with the'· 

··. o~e c~lculated acco~di~g tri the CBM appmach (11).:Iri\ th~ fr~ework ofth~ CBM, • 

the~~,i~j1othingpropo~tio~a:l ti,_thE:'µ d_i~E (lik~ (4)) ~~~tributiori to,the.ne-scat
0

tering: 



1 

' ' , r 
'/ 

I 

amplitude, By the wa'y, it might be instructive here to point out thanhe q~estio:n about 

the ;;Foldf t~~m" in th~ elect~~ri-nucleon interaction has n~~er aris~n, while the Lamb 

,, ,shift is investigated in either the ordinary ~r in the ;~sonic atoms (see, fcir example; 

i[13]). On the 9ther han\l; in tlie frame~~rk of th~ phenom~nologic~ Foldy~pproach [1], · 

the ~e-scatte~~ng a~~litude is expressed through the qu~ntityµ according to ~q: {4), yet , . 

, nothing, can b~ concluded iU:mediately about the hidden physical sense of the· q~aritity, · 

~: namely that this app(o~ch is only phenomenologic~i'. Foldy himself; sugg~sting eq\ , 

·~ ,
1(3) ~ being the plau~il:~le ~hysical r~pres~~tatib~ for th~ q~antity f, had,>a~ a ~att~r 
',' ' ''" ' ,,· ·,:' ,', ·1,, ' ' ' ' ', \ ,'' ' ', ' ,,, ,,: ', ', 
of fact, only designated such an interpretation, but never made any,coni:ise statements. 

Instead he;eferredto experiments to disentangle.the physical ~~anirig ofth~'qu~ntit; '· 

' f. 'For yea~s, in' succe~sive works, the quantity f has been assumed: to b~ ~xactly equal 

,, to th~val~e ~f the sec~nd mo~entu~ ~£,the nucleon ch~ie di~trib'~tio~ (3),' no ne~ or 
~ \ ' - • '· ' '.. ' -':' • ,- ,•.. ' : C' : • • ;' • ' • ' - - l ' ' ' ' 

additional·argument having beei?, managed at all.·., T ·~ , . , ·'. · . , , ,.·. 
, '· ;. • • - . , •. . .. , ' ·,' • ·.: :. :' •· • i . •• \ • l ' ,, 

Obtaini~g <r;,> yrith ~igh precision' experim:ent~ly;will prom~t~, in Ollf opinion/< 

the de~elopment and improve~ent of the va;ious models now, suggested for 'describing 

\he nucleon; ignoring £cir the mo~ent that the~e\:~;ro~clies a;~ apparently nqt yet id 
' .' 1,,•, ·. · • '/ '• , _: ,, .· •, , , ·: -· '. ),. -', 

position to provide· an accuracy better than ·,:.,,10%. Beyond questionJany theoretical,:' 
''• , ' , • , . , , ' , • - , • • ' • , \ ·• • I ', ,··,. •· •. ' ' 

approach must be able to succe~sfully describe not only cine ch~racteristic of the nucleon, ; 

bu~ ~he m'ljority of the follo~ing,' sim~itan~o~;ly: ~ r.2 > ' µ '~N ',9A; ~~dso ~n. \ 
\ '.: ,,. . ,\ ;, ';, ! , ', . I •.·, ,, - ··.-:_-, •,. ..;• '• ' ' 

, Therefore, it is desirable to obtain the values of all of these quantities from experimental • 
·, , , ' ,, , ' ' ' ,, r 

, ·• data withequ~l precision. Sp~cifically, the< r2,> val;e needs to be'known to the same·, 
' ,'' ' ' ' ! ' ' ', ' ', ,,, ' ' "'' \ 

,accuracy as the values ofµ, iYA ,and so forth. 
•. 1· ' . '_, , ', ' ·-' -_ ·, • · ·c ' •,·, · , 

' ', On th~ other hand, e~a9t det~r~inaji,on of the t: value,~ill e~ab}e us to judge t\ ~ha~ 

'degree the anomalous magnetic moment incorporates all the main features and peculiar: 

., ities of the neutrC>ri,structure while describing, acc~rding to aforecited ~henbmenologic.tl 
', - ' - ' -, .·•, ,: \ .. ' . '·' ;, -, '\, · . .' -:· ,, . " ' ,; 

approach, the behavior of a neutron in ,an external electromagnetic fieH If the €'value. 

pr()~es to be v;ry small, alino~tn~gligible,' an amazing aml intrig~i;g co~clusion \viH ·be '< 

,' inescap~ble: 7that the specta~ular pherio~enol~gi~alap~r~ach re~lly d~e~' ~xist in whi~h. 

\ 't~e anomal~us ~~gnetic 'moment thorough!;' teridei~· the itructure of tne neutrC>~ ~ it . , , , ' , . ··. .. , '· , . . . , , , , , .. .. , •.: . . ·! . . . " .· 
interacts with ari extt;rnal electromagnetic field. The goals of further experimental in~ 

' l . j', ' · r ., ·'" 

vestigatioris are to obtain the bne value with better ac~u·racy than before and that these 

measure~ents will not ;req~i;e significant corrections' iri th/proc~ssing th~i~ r~sults. 
. ' . - ':_ \ ' -.'. '• ... - ' . !- ' ; - ~-

,,a: La~hching hito the riew experi~ent 
\ .' .· . ·: ' \ .... ,, _\ -· ' '. ' ... ' ', . 

According, to generally. ac~ept~d · no~ions ~hen. d~sc~i~ing •. the ~eutro~ scatt~ri~~ 

,,/ 

' ; 

/ ., 

t 
·1\ 
'I' 
;,Ii 

" 

I 
- _!,, 

,'! -. 

. ', . , ' -· / ; ' , , . ·; ··:'' . ,. ., ,, . .· .,--' . ,' ! . 
length on· an atom, the neutron:· strong ,interaction with the.nucleus and the:electro-

' ~agneti~ int~raction with th~ irncle~s ~nd a~omic elect;on clo~d aretak~n i1~to accoun~ . . ' ' . . . ' ' ~ 

[10]. For iiuclei, with I :::: 0 and ~subtracting the Schwinge~ scattering co~t~ilmti6n, 
: . ·, -· . ' . '' ' •. . . . ' ~, ' . '. ' ' 

', neutron· scattering on atom is determined,by. the scattering length' 
,.' . ' . I. ' . • _; ~ '' • ' ', ' ~ '. : ,' ' : I • 

\ 
' ,, b-=bN+bn;,Zf(q), , (12) 

\ r 

whe~e bN is the nuclear scatteri~g,length/(inchiding the sriiall 'coritributionsfrom the 

neutron ele~tric p6lari~abilit/~nd the n~uti:on' int~raction ;ith eled~i~'chars'e 6£ ~~;de,' " 

. , us), b~. is the 'ne,:_scatt~ring l~ngth, the goal of our inve;tigation~, and J(q) i~. the, atomk 

. f6rm..:facidr. That is valid for dia~~gneti~ atoms ~here the ~lectr~~ ~hell spin is ~qu~\ 
' 1 . ' ,, ' ' ' . ' ,, •· - ' ., ' 

tozero. •', ,\·,", ,·,,'.',.',.,·,,<,'/,', ·:,',,,.' ,,,:,,:, ',,,:,, ',',:'' ,':,, 
·The most precise estimations of bne, hav.e been obtained frori the following experi-

, • ' ' '· ' • i ,'' · \ ,. ' ' · \ , I t', 

1
,ments: /:', .i.,·: , , .. · •.' ,.:·· , ,:: , )i,,•, ,',,, ,(,,: · 

. 1) the angle distribi:;tion of elasticall:/scattered rieutroris by riobie gases [4]; .·. , 

2) the. energy de;end~nce of the i~tal 'neut~on
1 

cross se~tion~f liquid' Bi, [2] ~nd Pb,,-
[6]; ' .• , ! ' '.·. : ' , ,' ' , •''. .. ' . ': '. '. ·, .• · > ,, ', ' ' ' .. 
.. 3) th~ intensities of the djffraction peaks for a sirigle ~86!-l' cryst~t[3]; '.,. .· , , \ 

\ i I • , C' J , '. .' ,' , ' ,' , /,• } > > ,• ,, (" , '•, , .,• ' , l I ,' ( ', • 

4) the. combination of. total.cross section and coherent amplitude data for Pb and Bi, 

l?l/[7]. ,,, . \ ',' . , ,' , , , , , · , ,· ,. , ·., ,' · I'', , ··, , 

Each of these, methods has its own drawbacks that can lead to systematic errors in : .. 
' ' ' ,: '': ' .., ' ' ' ' ,,, ·: \ ' ,', ' ,, ' ' ' ' ', ' ' ' ; ' 
thebneestimates. , <:• ·., ,, ', 'i , , , ,', , , , • , ,· 

" ''' ,, '. \•.' ·<_,,,,·;.. : ·, " ',.'. ,.,, _; <,· ' (,' ' , ' \: \· ... ',, ':,_ ,'] " ", .. •' , .. •:: ,\ .s:': 
, :Using the first method, the kinematic.nuclear asymmetry ~nd its deperiderice,on "• 

' '. :- ' ·,\I',' I I.,.;:.,, l ·; ' i, :, ; ~. > ', . ,1:' ,: ' '' ~ . , - 1 ,1 ' : ' _.:,, ': ' ' "«: - ' ,.,:_,, '.'; 

, the thermal motion of gas,' atoms have to beJaken into account: , The corrections for , 

' ~hi~ effect, eve~ for Xe and 'k r; appea~ io"be seve~al ti~es higher than: the e~pectecl ,, 
' \ ' . 1, ·, , .• , •' • ', I \ ·, , ", ' . ' • • -'. 1' • t 

'ne-interaction effect. . ' 

In the' second case, , the. corrections, fol; diffraction 'effects , ( ccillecti~e ~catte~ji1g, on 

neighbo~ing atom~) and for.the thermalmoti~ffof:;toms hav~ to het,~ke~ into acc~uht> 

The valu~ 'or the~e ~o~rections i~: cl~se t6 the:ne,scatt~ring ~ontribution. . , , : ',' . 
:, i ' '\,' ,' , '' t, '.' • ', '.• . '. : I , • ' , " , ' 't .. ,' ,, , ., ... ' 

In .the third method, .to describe the experimental values of b~~,. by the same :bn,, for, 
. ' ',, ,, ' ' ' ' ' ' ·\ ' . '' ' ' ': " ' 

- two single crystals which differ.in isotopi~,~o~position;,the authors,h~d to int;odtice 
'\.. ' ' :_. ,· ' : ' ' . ~ : '', • • ,_, '-, ' ~ •·, ; , • ', • ' . . : • ~ '' . ; , '• ' • / I 

;some scattering of a not quite proved nature tha,t conlribut~s to th~ Bragg peaks [3]. 

,In. t,Iie fourth ·~a,;,e, the ~esuit is determined by the v~lue of th~ coherent amplitud~ ;i' 
• . , , . ·. ,. ,'. . 1 ' , ' : ; ; . , • . . ', . • ~ • ' ,' '. '., . •., 1 \ ' : • ·, ! I,, ' , ' ' .: ' • • \ < > ) 

used in the bne analysis. Thus; the value of b;o,. is very critical, and is subject to "drift" , · 
'intime[14]., 'c , ,· , , ,,, , , •• • , ., ·,·, 

. ' 

/ 



',.,:. 
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The mentioneiambiguitie~ ab~ut theextracti6n ol bn~ from experi~entat'data co~: 

pel us to search for, n~~ Ille~hods for ~~tting up e~perime~tsand perfo;~ing analysis. 

In.the present work, the possibilities of exp~ri~ents'on neutron scattering by noble, 
~ . • . I ' ,:' I ' • .· "• '. • t' ; • . . ; . , . , • ' ' 

gases using neutron'sp'ectroinetry with modern pulsed sources are considered. We also 
' l , . ,· •. :: . , ' ., · .. '- ,-,, " __ ' . /-: , , - '. · :,• .. ', 

revise ,the' corrections for t~e, thermal motion of atom.s and fo,r collective scattering on 

. neighboring· atoms.. - ' 

First of all, ~e in;,e~tigatedthe p~s~ibility of obtaining bne through the energy depen

dence of the ratios of ;eut~on intensities from 'elastic neutron s~atte~ing by" ~oble gas~s. 

with 'the va:lue of th~ large and smaH~Iebiron ~uriibers, z. For example, the 4,r-:d~tect~rs , .. 
·1 ' ... ' ' ' ,, ' '. ' "... • ' ' . ' • ,' • 

.could lie used for Xe and Ne .. Nevertheless, itis necessary to take into account.the neu-

fr~n. detector efficien~y iriodifi~atio~ ,for ,Ne' and Xe' b~ca~se: of the differ~n~ neutron 

energy iosses in scatlering ~vents~' Estimations of the c~~;e~tions concerning 'this ~ff~ct 
. . .. -·; '_ ... -, l ' , ' , . ' ,. . ' ; I ' ~ " ', ' ,· • \ ' • : 

· give a value of (1 - 2)%, apparently compatible with.the effect expected due to ne-

sc.itte~ing.' In ;ddi~iori, the c;oss-section ,iin the, dom~in' ~f slow ~~utrons (En'< o.i~v) . 
. suffers a kiµematicin~~ease (by the facto;~ V.e1/Vo)·becauseofthe i11fluence ~£.the t'her~, .· 

~alm~ti~n of th~ ~as ato~s which, certa:inly, are differenT fo; 'Ne ~d •x'e; ~ss~ntially '.,,;·, 
dis~orting the ratio of the intensities: . ' ' . . . ... : .. , , , . . ; 

I ' ' • '<',' ' . ·• 

lx; ~Airb;_,1 -1- 81rbmZ1b~~fi(E) 
'/Ne - 41rb~12 + 8irbN2Z2bn~h(E) . · 

j "\, 
I 

,. ·\ 

\ . ' ,. , ' ' . ' ' . ,., '. ; : . . 

. Following [15], we r~call the or,igin of the mairi formula; taking into account the 

influe~ce of the motion of .;.tOIIlS in a single-at~rii gas on1the ~iffer~~tiai' and total n~utr~n 
,. - ' , , ' , '. 'f 

scattering cross-section. ' ' ' 

. ' ifhe ~cattering probability in the center of m'ass system is, ' 
' ' -

<<~ 
\. 

f · v,ao S(v' .:._ v~)dv' dO' 
.. 4,r. ' . (13) · 1 

' where v~ .,.:rel~ti~e ,velocity, v~ -;-initial velocity, v' -;-final' velocity, a0 ;-total scattering -
,. ,, .• ., -; ;. : ', '·. · .. ' '.' .; . ' . ' 

cross-se~tion! Then, th~ differential scattering cross-section .in .the laboratory sy~tem 
' ', ' ', . ' '. . ··, ,• ·-· , ' 

ha~.the forIIl . 

·.\ ' 

' ' . ·. , . O'o Vr · · , · 1 
.. a(vo-':-+ v,Oo-+ O)dvdO,:= -'-:"-C(v'-'v~)dv'dO . 
· , : · ' • · · . . · . · 4,r Vo , , , ·. . 

Putting to u~e th~ J~cobi~n, ; . ' . . 
. , ., . . , ·. ·I 

dildD.' , . v~ 
'i dvdD. = ·.v12 '' 

'we get, ~uggesting a0 to bejndependent of E, • , 

, . .. . . a0 v,v2
· ·', ·', 

a(vo 7' V, 0~-+ 0) = 411" ;-V,2 C(v - Vo)= 
. . ' . . . . o, ' , ''. 

~ 

/, 

10 

j 

. (14)'. 

':.·\:' 

',\ 

j 

// 

I 

. i\: 
. . d -
.· q 

\ 

-~ t-'. t' 

'i 

';; 

·1 .' 
, 

(· 
I;\·. 
' ,1 
i~c 
'. l ~ 

• ao·(A+.l) 2v2' (v2-'-vi, .. u
2 

) =- -- -c ---+--uw , 
4,c . A, v0 . •. . 2 . 2A ' / . ·' 

\' 

(15) 

where u = V ~ Vo, w is the velocity of the atom. Integrating over dw, the Z-axis havi~g . ~ . ~-· .-·. .,,.,...... ' ' . , - - . . . ,.--, .. 
.. b~en chosen along u/ we-;;_;rive at . , . . . . . ' -. . - ·. 

' . . ' .· . 

da(vo ~ v,Oo ~ 0) =< a(vo ~ v,Oo-:-+ 0 >w= . 

· d-o ·(A+l')2v'Av2 ··1 . · ·{ · A (v2-v5 · lv-~ol) 2
}. 

'':"· 4,r3/ 2 ~ VoVT Iv - vo(xp --,-4v} Iv - vol + .·. A .. - .: · I 
, ' . .,: .. '.'','-.' 

.. (16): 

'· Here VT };,·,J1ij,; 12r9'ff. ~/ f , and thereb;, w~ get the" iel~t!~n , 

: · . ;. -·.· . ·. : a (1 + 1)· 2 • • ,' • : . 

da(v~ ~ v,00 :+.0) =.4; ~- f.(vo,~.'.0,A), _\ 

I 

i, (17) ,, 
\ 

.where,.· 

·1 . '' ' ' . ' :1)2 / . ' . ' · .. ' . , .I. , . • ·.' ·, . ·· , · · · X\ 

F(vo,v,0,A) '."'· ..ft~o~o Jv2 +.115 __ 2v'~
0

cos0_ . 

, 2 ·,. 2 A-1 "-- 2vvncos0)~ :;"}. . . -(v .,--,vOA+t A+l . • . 

, exp{_4(:f➔:1fB5( v2+v5 . . ~vv& c,os 0). . . 

Here· B0 ,,=<'~;• 1:? ?bta}n•th~'r~tio of;the i~t~tisities;of the n~ut_n>ns sc~ttered.;,.t 

- ~ario'us.~gles, expres~ion'(17)!has-tobe integrated over; from·O to~ at .the gi~en 
' .. ,: . ' '•;, ·'' .. ,.,.· ·:' .', ''' . ,, ' .. -

'angles . . . 
! ' rtv'I ..--., "' 

'R~ Jo~Ytvo;v,111,A)dv :::-F.(vo',01,A) 
, .. · f0<? F(vo;v,02,A)dv .. F.(vo,02,A) 
\. •' .. . ' ' ' .. 

'The ne-intera~tion being taken into a~comlt•;. the interference te;~ ' 
• •• : • • J • • - - ' ' ' ' :, • '-.. : ,: -' : '• : .,~ 

\ ' " ' : ' ' ,•· 

da ~ [bt + 2bNZbnef(E,,0.;;,.)]F(vo,b,0;A); .. , . . . . (20F, 
\'' 

appea;s, ~here J(E~, 0cm) is theatomicforII1jactpr corresponding to the relative energy, 
" • •. ' ' ' '•,,' • • •. ' •., • . : ,_ •' i ' ' •• ' I ' • < ' • • : ~ 

,, (velocity),of the motion of the atom aI_ld the neutron ·E,, and t? the scattering angle. 
' I.,, ,, • I ,• ', r_',1' ;_ ~ • , -.',, '.,,'• ,"':' • 

0cm· in thecenter-of-mass system which leads to the scattering angle 0.in the laboratory 

'system. oi:ir ~alc~lations~dhe av~ra~~d form factors, using the Mont~:carl~-method 

'arid' co'nsid~ring. the thermal ~otion, ~how' that' the •. a~erage r;riri .factor value~. agree, ' 
' ~ ·,' ._ ' ', • I , •. ~ - , , . •• .~·· ' . - ' .- • ! . . 

.with good predsion, with the form facto~_values taken directly for Eo (Vo) and 0 in the 

lab~ra.tory system. For this reason, the neutr~n intensity ratio with' ne:...scatteri~g arid ' 
' ! . ' \, . \ :"···.. ' . ' . ; '. '\,' : \ ',' . ' < • ' • • 

thermal motion contributions may:be written.as'. · -

iR~~ biF~(Vo, 01,A)+ 2bNbneZJ(Vo, 0~) 
. : '> b;,rF.(Vo, 02, A)+ 2bNbneZ J(Vo, 02) 

/ 

1(21) 
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·, 
. . ; - • \ • • ' •' J . ~- , . . . . - . . . ~ ,-' ' 

Integrating (17) over v and 0, we.obtain for the total cross section; without accounting' 
' ' ' • ," . .' • ' •. : ·, ' j. ,1,,,. . •, . . ' 

for ne-scattering: ' . . . . ' . . . 

. ' ' 1 > ,i· 1 1 . -._ ' . 1 ' ' ' . ; ' 
u, = uo-[(xo + -A )er f( v'Axo) + -· ,r:--.-e-A"'i] = uoF1(Vo', A) , i (22) 

xo 2 xo · . y7rA · · · · · 

. wh~re x0 _:!:: ~ a~d VT ;i, /if!. Includin~ the ne-scatte~ing, w,e get 
• ,'• • ,' ' < ·, " : • ' 

;,-=·:i;11"btF1(Vo, A)+ 87rbNtzft(E); 
, .· , ' \. , ,' ·1· \ .. l. , 

~here Ft is the integral of F. ~Ver 0. _ .. , -
,,,' . ' '. 1' .,· ., ' .. ' ,\_ ;,_'' ,,- ' • , 

In tal~ulations ofR and' u, we used the analytical expressions from [10): 
I ,- ! / . 

1 

• •', •:, ', < •: : '> • i~ ' ' ,, I ' :., ' , 

(23) 

'J(E;O) = -· Ii' -- , , · · J1+ vEsin2 0/21 

) { 

... ' · .. : . ·2 . ·-,/' . . •. ·c: I-

. ft~E) = V£(✓1 + v£ ':"'.1),, •:'' __ _ -1 __ (25) 
• ,· ' • • • . ' I ,.; • ': • ' '-, ' • • \.' ,,> • ,' \ .'. • ; ' .'. ·., 1_ ' ,, ' ,: 1_· l / 
. for the form factors, where-,; ~ 5797.4/q5 eV-::1 ,. and q0 is the parameter>fitted for -
·~ •. .'. ' /. :,, :· .. : ·. '; /·1,' ,',. ' ,' _.,., \ ', ',' ·. ,', • _',, -:_ \ 1·,,· •· ·, ! '·, 

·- each kind of gas (see [10)). A comparison·of the form~factors calculated according these' 
• I,' •• •:/ \· • '", :. • ' ' :, \ ', -·, i ' . j --~, ·_ • ' •• ·,•' _1 •.: ·, ,i:. - I 

· __ formulas wi,th _ the tabulated data from_ [16] _ shows a good 'agi~ement when using -the qo 
~alues for J(r (Jo; 6.60 and for x~ qo--= 6.80 as s~gg;sted in [10). I : • _._-_. _· l .\, _. , :; 

' ' 'J .--•~---;~ '• ,/ ' : ', \.•-. f ''.::. ' '/•' • ', •,\ '••• !,. ,, ', .. •.,,J '\,,':' '. I• : ', 

The feasible scheme.of the experimental set-up for the measurements is presented in . . . . . . . . .. ' . \ 

Fig.i. The sch~~e of the set-up for measu~ing Rf:E-)'. 
• . , • . ~ T .1 ' , ' • • . - , 

' ' ..• -- ' . ' ' ' ', . -- : ... '.' . . ·- . ., . . ·, ,:- , ~:; .. ' . > . . -. 
. Fig.2shows_ the energy dependence of the intensity_rafo of neutrons scattered by. 

_ · x'e at 45° -a~d 135°. '. Calc~lation~ 'were c~ried out using' (21); Th~ ste~p fall o(the R . 

'value in t_he r~giop h~l~w 5 meV is de~eimined .by th~ kinematitfaciors F.(Vo,0) for'. __ 

pm~ nucl~~r scatt~ri~g: Iii the -e~e~gy r~gion above 10 e v: , the Cl!rV~ R appr~aches .the - . . ,' , . ·, ''' . ' "·, '. ' . , 

· \~Jue !or -;catt_eringby a.toms 'at rest. ' 
·-. _, .• ·- . • 2 

( lcos0_+ J1 c- sin'e) 
, - - A - . . · A2 

W(0) = · 

_ .... 
'! 

-,; 
(26) - - - -:J1 _ sin2 8 

I , •· - - ~2. . . 

, Th~ position oft.ht: R(E) mini;um at i ~ '0.05 eV i~ deter~ined by thec~~tribution 
• l ; ; • , • I . \ ,· - J. ' : ' ,. •' ' < , - ' ~ 

· of ne_:scattering with a relative value of~, 5. 10-3
: , - - _ _ · _ _ _ · , _ . _ , . '.. 

... 

. / 

. If it i~ ~su~~a that R(,E) c~n be m~asured ;ith 'err~rs ~f 2.10-4 (in Fig~2, the rand~m. 
'. ·; / ,:, .. , '.,. i .·: ' . ! ' .•. r,,' 1 '':-, _,' ', • l !'. . , , \ . . , ;. . •· , :: _ .. 

points -:re within fauch· accuracy limits), the converse analys)s of pseudo-expedinental 
i·.·· , , .. • ,_· . : . '; ·. __ . . '• ' ·. , \"- 1'• ' . • 

dat~ using th~ FUMILI-code
1 
(the cur,ve in Fig.2) shows th":t bne ipay be· 

' -,.,. ' ,, ,''. \ ' • j ,·· t" . ' ; 

,_ 

" 
Fig.2.'lntensity rntioR(E) rdr angles ~f 45° .and 135° .as a.f~n~tion. 011 .·neui~on en-·' 

erg,0£. 'I'he circles are the p~eudo-expe~irri~ntalrestilts with err~rs of 0.0002; the c,;~ve 
' ' ,:,_ I - : • ' ' ' ; •. \ ,' ' •: ' "t - > ' • ' L 

showes the-fitted-result: bN = 5.85 ± 0.30/m and bne =: (-1.32 ± 0.06)10:-3 f11i; the 
: ' ' , - ,• . ' . - - . - ' - ', :· ·- . ' ' .. -- · .. : '. . 

squares:are:data points from Mo_nte Carlo calculations for the same bN and,b",'values. , 
' ' .. ~ -- . , "' -..; . : ', \· . . ::- , . ' . ~ . ·- . . . ' '• . . 

.. :.-,, : \: ' ) . ~~\', ,:• : ,,. 
1 ,>.-' • ,';,. •,• :· ' .. ·: , " .', :t \ 1._-

,' extracted only with the same accuracy as bN; .This is because of.the linear correlation 

·- bet~een bn• and b;_ that ap;;arsiri the .R(,E)analysis. For measure~ents; it i~ l;ett.e{ 
' .~- ' ' ' \ . . . ''. ~ . . . ' : : \ . ,-, :_ ~ ." :_ . . .._ /'. ' ' . "- . : ' 

to l).Se the heavy isotopes ofX_e because they do not have neutr~n resonances in the 
·- :. -,, 1· ' , - ' • . ' ~ • ,. . ' ' • . . , . '. '. • ,' • . . . . , . • . . -

eV region. 'Then,. for example, corisider11:tion of tl-ie -84 and 
' . ' I . • - : ' ' ' ' 

.\':•" 



) 

1. 

10%131 Xe-dopant, ret11;ins: the true: s~~pe of the R ~urve. The, nuc.lear scatt~ring length 

can be obtairied.frcim total cross sectio~· measurements higher' than 10 e V where the 

capi~re coriecti~ris '~~e sin~11: •Fo~ the e~i~ting be~ms at :the IBR:2 reactor and the; 

IBR-30 booster, .the bj,,,:esti~ates can beobtained with an acc~ra~y of better th~~ 2% i~ 
. ,'. ,:. ' 1·. . ·. ,. ' . . ' .,., .·'·. ' , ' . 

several days .. Then, frorri measurement of the angle anisotrophy for 45° and .135° in the 
'•• I < '' ,: c < • "• ·;: ; : •• • , \ < i , ' •:, J: .',' ' .. I .: • •• •, 

energy interval.from 0.002 to 1 eV; with an accuracy of 2.10-:-4 (which is quite possible' .. 
i , .• · . \ . : .'_ : . : ·· , . ·· ·. • ,, ·. ; : . I , ; , ' ; .. ::- .. , : : ' 

with the·IBR02 and IBR-30 beams using helium-3 counters at a'pressuie of IO atm), bn; 
: • . ' '. '. . . ,_t .;_. ''. . • :· . -~' , (' , • ' . ' - i . . : ,. /_' ·. J /; \ ' : • ' , ' 

, can be obtained at better than 2%.· In this case, the error of bne can be 'determined not 
' •' ' ' . . ., .. ' ' . . ' ' ~ . ' '. ' : . ' .. · ' . •.". . :' ' . \ . 

by the count statistic, but by the.uncertainty. D.bN. For R(E) analysis,;it is convenient . 
' , I , .. ' ' -: • . ., ' .. ' ,' , : · .. , .,·: ', • ·, .. ', _),.. . . , •'i • 

, to 'use. the region belo\V 0. fre V. because here there is no necessity to' inake corrections 
·t ,' '.·, '•.· 'I:. '•; . :- : .-, } ·,,' 1· ,'-' ', ' ,· \ 1 ' .' ,-' ;• 

, for changes in detec.tor efficiency for neutrons' scattered at 45° and ~35?. · To adjust 'the -,. 
,,'i ',,•>· ', '',·,.,' ,•• ,,.•, ' { ·, ')•··: . ,. " ,·, .. '._, . . ', _, ' ,,' ! ·:. ,·_, .. / ... ·, ·.' ,' 

c.orrections caused by the thermal motion of the gas at_oms, it would be desirable to 
, r. , , ·., • : ~ , : , , ',, , \ ' , . · , , ,, ' , , , • ,' ; • I , \ ,,_ , , , ·, , t •.. . . ,· .~ . 1- ·. ': ~ , r 

carry OU~ 'measur~ments for.noble 'gas~s;of various A; ,?'/similar to those performed by \ 

Kron.and Ringo [4). , . · · ,· 
, We obtained for Xe at E =' 0.05 ~\(that: 

R :::: '1.021 ·.with out c~nsidering. ne-scat teririg ancl ,thermal' m~tion; 

.\ 
'• _,. 

R·~ L020 ~onsidering the thermal moti~n, only,:~~d , ' . 

i;, LOl3 iri~luding bdth ~e-scattering a~d th~;~a~ motion: , . . , . . . . . 
. •· ', ·,••;' ' ', ',.; . \ I •, I , :, 1' ,'·,,·· , " ·!. ,,, .• ,, 

, So, at.the maximum of.the ne-scattering effect, the'anisotropy R __: 1 due to passing 
.:,. ,. ' ". \ .... , . ' ' ., '··' ,'' . ''" ';· . ,". . /. .. '' ' ' ' . . . '' '' . . . 

.. from1the center~of-mass system to the laboratory onejs equal to 0.021: The correction 

. for the th~rmal motio~ ~educ~s 'this value by 0.001 a~d the s~~rched ·f~r-effect' by 0.007 
,. ' ./ ·, ,' l, • - _.:_; ,:,/ ,:" / ·', \., :.1 .. ,._,. /'. i , ',,·· ... 1 •• ..,l,"' ··,t ,' r ·,.\ 

more.: :,' 1 , " 

M~asurement of th~ total c~os~ secti~ri i;; the neutr~n tra~s~ission for the 86.K r is~- ._·. 
.. \ • r · .· i .·. \ '.- ., , , t: • ··,. ·:,. ·•. . · ·' · . · ::, .,- 1 ' 1· . ,, ·1·. '".', · • . •· ,, ..: • .. ;. ·:: 
tope has' been more promisirig. This isotope has a sinallthermal capture cross section,. 

t ' •' • ' ' ' ii '' ' ' .' ' , \ \ • • \ ,, ~ ''. • • : ,, ' I ' ; ' ' . \' I ' : ' :• ·, , • , I t ' ' ' ' 

' 3 ± 2 mb [17], so the totalcross section is determined, m9stly, by s<:attering:,The energy . 

depe~cl'e~c~.of ~t c;lc~lated for'so~e hypoth~tical c~es ar~ shown' in Fig'.3 .. Poi~~-s s~ow 

. u;(E); cal~~l~t~d b~~q. :(2_3)for.thefi~ed p~rameiers bN '=.1.}3 Jrr{,u'Y,;, Y«~(eV)ni.b) : 
(to b~ inore by the fa~tor' of'4 than for 

1

theptir~ 86 Kr isotope); b;.. _;,, ~L32 mfm;and i~ ·· 

statisticaHy scatterea'~ith ail' error~d.5 mb.' The solid cu~·;e clispl~ys Ut(E) it b:.~ =;= (), c':. 
'; that is, th~ case'withodt'.rie..:.scattering. The dashed c~rve c~rresponds tou1(E) for the ' , 

' ' . :, •., •, 1"; '1 ; ' • '° '. ' ,' ',' :' ,,.. > • ~• ,/ ',' ' • .,. ' ' ... I ;, ·,' •> I '•f:.',i . I :• ' ·,, ' • ,: , 

. case.without the thermal motion of gas atoms (calculated by eq. (23) at T :...+ 0). One 
,. '.,;':; '.: . . ' :. ,, ' ,, . ' . . ,· . ·.: : \ ', . i . ' ' .. : ' ,·' .. 

can see that:in the 0 .. 1 eV region, the real contribution of ne-scattering is 35 'mb, of 

~hi,ch: i5 mb ire comperisated°fo~ by ~h~ thermal m~t1on·effect of th~'~torrui.: For tower 
'. I ' ' • - ~ ' l ·, ' ·. . ,\ "'' : . ... \ \ . ', : . ' . ' ' . ' '; ' ►• ,, : ' . •. I, ' ,· '. • i . ' -~ -~ _: ' • . . '~ ' 

'erie~gies; the c6ntribution·of ne.:..scattering increases, .but it is considerably overlapped 
j ' • ' •. ' ,; ·:): 1' \ ' •'. • •.. ' . '/ .. i' i' . -,, '\. - ,· ' ,11, 

I, 

. . . I - , i . . ' ' ' I 

··. by the thermal motion effect. So,' at E == 0.001 eV, Une ~ 55 mb, whereas the thermal - ' ·, - " . . ' . ... ,. ..·. ' ' " 

• 'motio~ contribution.is more than 100 mb;' In Fig.3, the squa~es show_ the:cMe 

-' ~7 '• i-. 
'~ 
:. ,Q 

'"a'1 o. :;3, 
'C) 

Q) 

fll 7. 

. ..___,< 

Kr-86 
\' 

. 0.1-', · · , 1 
. • ., • Energy(eV) ; .. 

- --, . . -~ , ~ . -

?' ;-

t"-\•, 

· ·· ',_ .· F1g;.3. Shap~ of the t~tahros~ sections i~ relation to a consideration of"thermal 

· moti;n arid ne-s~att~ring contributions .. The points, are p~eudo-e~perimen~al data at 
, T ~'293°]<. ~db;,.= -1,32io-3 fm; the curve c'a~responds to b~. = 0 a~d the sam~ T; . 
.. - .. ,- - , '' ,· .'. 

· the dashed line corresponds'to T =. 0° K anibn• = :_L32I0-3 fm;· squares are the same 
. yet ir = 184° k . . . . . . - . ' ·-

· corresp01~d~ng to a. gas temperature of 1841{ (provided that the gas is cooled 'by liq

-. uid' xenon).·. These cta.t'a. essentiaily r~lie;e the problem of esti~ating ihe. ne::.ariiplitudei 

In Fij(4, the a'.na!ysis of pse~d~experiin~ntal data using. the FUMILI-~~de (with 

standard errors:of 2.5'mb) is presented: ff d~ta; covered the region;of0.003 -10 eV 

or even 0.003 ::_•1 eV, bn• ~an 'be ohtained with an· accura~y ~f ~' 5%. I~ this case, 

thecaptu~~ c;oss sect16n· c~ be.extract~d with an'accuracy of 10%. If th~ data:bei;w 

o.o( ~v are ~bsdt, then, the errors, f~r b~. and. U-y incr~ase 'by ~ 2 times. In this case, 

'it is,de~irable to.know the valtie ~f u~from addition measuremynts of ud~ the ~eV 
regiori; whi~ ~an iinpr~ve the.ac~~rci~y of the,bne ~stima;tion. ·... , , .. 

• .~. (. ,c • - • ~ ~ • , ~ • ' \ • : • - -~ ·, • 

The Russian National Fundior Stable Isotopes h.as 10 g samples of 86 J{ r with 99.97% 
• > • . ••• C • .~ -_ - '• ' ' ',-. -

/', ~ ~,, 
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_ enrichment. A S ~ 1. 7 crn2 sample can be prepared and, its. transmission may be 

'T ~_0.74.· To attai~ a~ accuracy ofup to 2.5 mb for such T,the'statistic has to' be 

~ ~-108 p~poi~t. With the ~i~~or n~~tron guide tube ofthe:IBR-2 reactor in in

tervals of 3 .:_: 25 me V, such a statistic may be achie;ed in, 24: hours, iihd in 4 days _. 

·at the~IBi3o booster for a-flight :eath of 10m in-the region 6£0.005:.:...10 eV.· 
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Kr-86 
-

•· Fig;,L -Results- of the analysis of.the 86 i;.~total cross'_~ectio~: The\p<?ints ar~ p~euch 

_-' experimental c;oss s~ctions with erro;; of 2.5mb and er-y(i~V)=-2rnb. R~sults of fitting . -

=' i. = (.-:.us± 0.10)10-3/m, er-y(leV) =· 1.oj~ 0-?mb or bn• ~ (~L32 ± 0.02)10-3 fm 
-by fixed er~(l~V).~_2mb. _, , . - - - - . 

.:..,.• 
y_ 

The prnbleni of'correcting for the diffracti~n caused hi collective statteringof the 

-neutr~nwave by nearby ato~s was considerecfby Akhieser ~nd Pomeran;ch~k as far b~ck - ' 

~ 1949 [18]. -It ha~ b~e~ shown that diffra~tiori effects lead fo addition~} asymmetry in~ 
nelltro~ scatt~ring . ;_ , -- - - . - .- .- ' . - -, 

(27)' 
f(0) '=,sinT/ '_;_,COST/ 

- 1/3 , : rz2 .,1 

;he~~ 'I] ;, 8lR siri f ~d iis the ~a~ius of the ato~. Thi~- effe~t produces, tlie fofro~ing -
' ' : . ~ :. . ' ·. - . . . ,; .. "' . . \ , ~ -

,, 

· co~;ectioil in the total cros~ section -- ,,,-: _,· 

lier.;, 21rl/j.~1r(2R)3n·t, f(0) sin-0-d0, 

~h~re'n is the number of ~to~s in 1 cm3: -

(28) 

·,:-

Our estim~tions show that for a gas iample with a pressure of 1 atm and 0.5 atm, and 

'at R = 1'.4:10-:-8 cm, the r'ela_tive corrections !:la./er. for the total s'<;_attering c;osscsection 
' •. . ' . . ,- • ' . . '.. -..,. - , ! . . ·' . I 

res~lt in-the values displayed in tlie following table:. · ,, 
-./ 

Energy eV \P=l atm P=0.5 atm 

0:001 - ,1.10-3 . 6.10-4 

,0.005 2.10-4 - 1.10'.,.4 

0.01. 1.io-4 .5.10-s 
'> ·\ 

0.1 -1.10-s '5.10::-6 r 

·-
.-Thus, these corrections for. the·~nergy above 1 meV prov'e to be,~ ·1 · mb, \vhich 

do~s ~ot exc~ea=tti~ statisticafe~r~/ 'Theirjnflit~nce ~an he verified by carrying out ' .. - --. . _-. . . . . \ . - ' . 
_ measurements with vario'us mixtures of. the sample.. - '-. 

-' The . r~search· describ~d ·in· this -public~tion, ~as made_ p(?ssible in•. part ·by· Grant 
,·· . .. --- • . \. < I. ·. ,' .\ ,·, . . . .~· . . ',. __ , .,, . . • .. . • .,- •, 

RFSOOO from-the International Science Foundation and- by Grant 94-02-03118-a RF-·· ·. . : , ·~ ~ ' - - . ,. - - . . ~ . ,: : 

fl . 

\, ' . ··, . -, . ' 

-··_ :-References ·: .... 

"\ :· 

· [l]. Foldy L., Phys.Rev: 87, 688 (1952); Pl1ys.Rev, 87'; 693 (1952); Rev.Mo'd.P.hys. 30, 
·• •. : • • , - • ' • • '~ • ~ 

-471 {1958) 

[2] Melkonian E., Rustad B:M:;·Havens W.W., Phys'.Rev. 114, 1571 (1959) 
' . '~.' . - ' . ,. ' '-· ._' . . ' -

/· . '· . - . - . . - . -. 

[3] MexandrovYu.A:, Mil;c!,iekhinaT. A., Sedlakova L'. N., Fykin L. _N., Yadernaya: 

Fisika, 20~ 1190 '(1974); Sov.' J. N~cl. Ph;;_ 60, 623 (!975) . - -- '-. . 
.. . . ' ' _,.,. ✓ 

I • 

(4] Krohn V.E., Ringo'G:R.; Phys.Rev. os; 1305 (1973) 
,,. . ' -. . ·- . (. '', • : . _1·' · ... ' • 

,. 
(5] Koester L., Waschkowski W., Kluver A.', Physica, 137B~ 282 (1986) ... · ·,• . .,, 

,-(6] Kopecky s:, Riehs P.;H.irvey.J.,_HillN., Phys.Rev.Lett. 74, 242~
0

(1995), .: 
l : : , - .•, - ... :: ,_ . .' ·, _,;.-- - ,_. , ,, 

_.,,-._ 



. [7].Koester L., WaschkowskiW., Mit;yna L.V.1 Samo;vat G.S:; Prokofjevs P,-, Tam-
bergs J., Ph;s.R~v.:._C51, 3363 (i995L . . • . · .. , · 

.- ~ _<.::. ' ' 

[8] De Benedetti S.; "~foclear Int~rections;,, John Wiley & Sons, New York, 1968;' 

F;auenfelder u .·, 'Henlef E..; "Subatomic Phy~ics";' Ch.VI, PrenticecHall; Inc.; New 
Jersey, 1974; ·... . .. ' . ·. . . . .. ' . " - • ' - ' 

Alexandrov_ Yu: A., "Funda~ent~l Properties 'of the 

M~scow, 1982; Clarendo~ Pr~ss, Oxford;'i992; . 
• ' -- - ...l - , 

--~-:-:.-~--:._ 

" Gurevich 1.L,Tarasov LN., ''t'{eutron Phy;ics"; Nauka, Mosc;;w,· 1965; 

-Alexarid;o~ Yu:A.: Neutro~ N~~s, 5, iss. i, 2((1.994), 5; iss.4: 17 (1994);. 

. _ _!3yme J., Neutron News, 5; iss. 4, 1f(1994) 

· [9]. A~hi~s~r- i\.L, 'Be~~stezky_V .B., ;;Quantum, Electrodynamics'!,· ;,·Nauka"/ M'osc~w·, 

1969 .. · ' 

Bere~tezky v. B., Lifshiz E:· M:, Pitaevsky L: P.; "Relativistic Quantum Theory''., 
"Na.'u~\ M.o~C?W, 1968.. • , , .. . .. . .· .. 

. [10]:Se~s y.;~_Phys.Reports·, 141, 2s1' (1986) 
-... 

r -~1 

[Pl Thomas A. w.,A_dv. Nud. Phys: 13,1(1984) 

[12]. Bunatia~ G:G:,Sov'. J: Nu~!. P~ys., 46, 188'(1987); .48, 820 (1988);~;1,'637 ,(1990)( 
· N~cl./Ph~s.~ A509,.736, (1990) ' · ·· . ' · ·. · ·, ··. 

-[13] Barie E:, Phy;. Rev. Lett.\47,.568 (1981) 
- . - ~- - - . - ' . - ' -- . ~ '. - , 

[i4]' Nikol~nko V.G., Pop'ov A.B., Proceedi~gs of 8th: Int. Symposium 

· ' Gamma-ray Sp~ctro&copy, Fribo~rg, Sepn993, p.813 ·. . 
,_ - ,, . ". . . - ' . -- . - -

. [15] Turchin V. F., "Slow Neutro!ls", Gosatomisdat, Moscow, 1963 

. _ [16] International T~bles, fo~ X-ray ~rystallography,·v:tn, The Kynoch·Press, 1974 
, ',_ ·,_ - ·-:. ' , ~ . " ,_ . . . , __ , : .. ;. ,. .. ~_. ', -

[17] Mughabgha1{S:F.,'Dev~de.enaII1 M.;H.olden N.E.;'Ne~ti:on Cross Secti~n; v.1, part 
A, Academic Press, i981 . . ' . ·. . ~ . . ' . . ' 

'[lS]AkhieserA:L,:Pomerarichtikl:J., Zh.ETF, 19,i58(1949)' ' 
'. ,. -·-- .- > ~ ,. . - . ·- , w 

R~ceived b; Publishing Department 
on March 5; 1996. . 
t 

18 


