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E.xp•rimental datalll on elastio at1attering of 

sans ae protons with energy E • l,l BtY have beeu anal.fsedo It 

1a shOft that from the anal.)"s1• of their a.ngula.r· d1atribut1oa 

it is possible to determine the ~oot=sneaa=squa.t"e ra41t.111 ana to 

get the data about the diatribut1n of matt• i!ISid• tu n•leono 

Root-mean-square 11 pion rad1u.st' is found to be eqUAl to 

In conclusion a possible experirQental criterion of the Uiij= 

tence of elementary length 1s considereda 
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I9 IiTJlODUCTION 

Particle structu.:r:• 1s determined by studing the elastic 

scattering of some rays by this particle. When observing such 

scattering in ·particle ensemble we get the "mean optical imagt:• 

of particle from which one ma~ obtain the space-time picture of. 

the intrinsic structure of particle with respect to the sele~ted 

rayso We shunter waves, if we intend to obtain more di!.ltatled 1n= 

formation about particle structure. 

In§ 4 we shall d:tscuse the principle limits for the 

construction of such particle optical image and the limits. ·'Cf! 

the applicability of the space structure o-£ elementary pa.rticlel) 

E:xperiments on :elastic scattering of fast.electrons on a. nuc-
. .. 

lean carried out by Hofstadter's group which, allowed to dete1'-

mine the form-factors of the electric charge and nucleon ma.,~e­

tic momentl 211Jl till present are the only example of the struc­

ture measurement of elementary part1clesfi' However, the stud.J' of 

the elastic scattering of fast particles of other kinds a.lso gi• 

ves the possibilities for obtaining the informatiol'l a.bout the 

nucleon and nucleus structureo This information contributes to 

the da-ta obtained from the electron scattering experiments which, 

str~ctly speaking, in their turn give the information cnly about 

the distribution of the electric charges and cur:rent.tJ inside tho 

particles under investigation, ioe., about the 11 eleetr1ou particle 

structure. 

Further, a detailed analysis of 1,J BeV Jf~meson scatter-

ing on protons is givenl 1 1. This analysis, as it will be shown, 

\j 



makes it possible to get the information both about the "nµo;tearn 
structure of a nucleon and about its "nu.clear" or "pie•~" radiuso 

IIo PHASEbSHIFT ANALYSIS 

As is known, the differential cross-section of the elasti­

cally soattered particles may be presented in the form: 1l 

+2,ir 
Hare usual notations are used, ill particular; P. :::. e · . e 

·ie 
where ~e is the complex sc~ttered wave phase. 

On the basis of theoretio~l cons1derations1 41 and from the 

direct comparison of calculations with experimental data1~~~1 91 

followp that in the ~uffioiently high energy region E ): E*(E ;;.. 

n- =mesons and 5 Bev for nucleons, the real part 

o:f the pbast may· be put to be equal to zero with th@ sufficient.· · 

accurac;ro In this case the quantity ~e will be real 9 due to 
this fact the phase shift analys1e is considerably ataplifl@tl£;lo 

The values of·the function 

I ( e) = 2 I rn 10 = - fn ~e 
is given in Figo 1 in the ·form of a hystogrammo 

l/.EiO'tt simplicity we do not take into account spin d,,penden~ 
ce of the interaction and neglect the "charge-exeha:age11.proot.S&o 
( a ompa.re 1 !> l ) o , · ,. ·· · · · 
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To cal~ulate thes:s -11·ali:>e.i! t:,'iJt'l!t<&rll!!l tu ~xtrsm.~ experime.ntai· w&<:> 

lue~ cf the differential @ll'@s~ix:::t1~:: (J:f the dif:f':t>a.t:ti-e:£ Sl§•it;1:-

terin& d<s~ ( fJ) / d Q ~~int tlw!t t"'U'li'·GS with the lat:>~~st 

and the smallest curwat\fif~&?; w:£1~ :g,!c,t1~a., (C of o flgo -')o The 

elasti·:: s~atter.ir .. g cr0s,!!~e;;:i'&tc:i at z·tro angle in th:!~ ~a1';tl was 

normalized to the total OJJc'O~Sf.'Otion 0 1.: 6;:,r -tG"ir.:::33
1
2 t 3rr b 

..,,t.. • j 

ac cot-di_ng · to the optical •t;h@~,t5o l :o I 
In a~aordan;Je with s@ pl~tted ourv-es two hyst:.~gramms a:z.-2 

gi"f'@n in Figo lo Solid e~ve·s are drawn through th-a rectangu= 

lau oentrew of the h1stogramso• 

Thifi <e:ross=se0tian o:f the nondlffra:.c-;tion elasti~ soattsr= 

ing dcrnd/dr2=doet/dQ-dSd /dQ at. the· energy E • 1 1)':; B~V ::..:n 

( Jr- p. )-- collisions is only soo.e per o~n~ 0£ d•:fJj / dJ!,), ~ it-1 --~ 
angle region 8 !::: 40~ and wi,tb good S-':Jtn.;ra:ttY cr:.:e may as5~1rj,~ 

that the fun~-:ions I(@) !:n Figo l c-on:o,~rz:n on1y the p:ur:rel7 dif~ 

fraction S·tmtteri:r..go 

The errc:r might appear du.e to big angles reg:ioni. wh~.rij 

dund/dQ ))' dcrd / dQ, H~wever, the app:!'';)Xlmation d1sd (G)/dQ, 

~n: th"=' :r,i,g•.l\.~"i>' ,,,,f ""'an·~,:i1y -P'a,"'1l·hu fu'V'."''1,,~,r,17\ e::&:""ludes the :t~··'= - •.11../,1-..J '\Q:.•--~ .. ..,o,;£-. t'--:· ... _..:. .... _q:.,0 _,.,,..,,1'}..il,....,;,,11,· >&.· , ""'r..;......,:, 

""/ i,..,.,..,.,p«I"" ,,.~ .. ,.:i.,r.c,-a·•~"'~•r, i:ir,af'.,l.,.i;:,..,.. .. ..,.,(>'.:::. (•"';!'.:·,C,, .,.~,..,.,. §"') ••w •~ ~~~~~ ~~ ~~~~- ~~ Y~~•~-C Cw~ M~0W ~ D 

In acZ!,.::::dam:,s w 1th the ·ralues I(i) (sa,e Fig o l) tr.:.e r:-'.'l' ~Ii-= 

sections w-ere calculat~,d.& 
IQ 1:,'.l' 

~t ~ Gin + Gd i <\ n = e~o 61n_< e) , Gd :::: ~ o cr d ( e > (J) 

""~~ ;;:mt/1;:11--------------------=.a 
2/The ncndlffraction cxoss-section 6c, .! 

· G,n dus _to great angleso ~• 
is = 15% cf 



which are 1• good agree■eat With the expe:riaental waluctas:· 

r-::- (3 2 3 · 3 g·) P. ) r-:-tex_P_ = 33, 2. +_ 3 m P. Vt : . , - 6, mo v o 

The calculated values 
. . . ,, 

(hi--pj~ <cit1nt) 

are given in F1go 2o 

Iii is seen· from this f1gm-_e.· that w:1 th. Q, > 6=-1 pa.rti®.'.ll.: 

o:ross-seotions rapidly decrease with the increase_ of, e., 
The angular distribution of elastically scattered par~i_~- . 

· les reconstructed in consistence with (1) by the first.· t@n:va~ 
• • • -~ . , . ~-. as·; . • •. • ?. ' 

lu~s are in good agreement with the initial curveao An:il1$1gri1~ 
... ··.:·. ····-· ·,' ' . 

fioant contribution of terms with great values B 

nrot taken into account is· due to the fact that pion nuol-«Oll ii:t,::;.. _ 

teraction is a short-range oneo 

IIIo QUASI-CLASSICAL APPROXIMATION AND PROTON STRUC~W& 

At high energies o:f' the scattering pa:rticl~i wbAJm t&.e n= 

ve length } becomes considerably smaller in c_,..1/NA fltll 

th& dimensions of the scattering §ystem and the rtt1&1Ul.'f@ @ii~ 

of the absorption coefficient in the nuclear utt•~ i1l tb@ iw= 
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tenal A /J. k / K < <. 1 t~ ii,w.Mll-class1ca1 -ap,roX111at.1m ts ap-

»11eable with good a.ectt.:rarqo I= iSiWI cs.ee \ • c »2S o 10•1>em 

and eome times less thu tbe _!ntn~leon d1a~eS.e1u.,. Using the Y&• 

lcea r(,.J according to th~ Nll=,town :,~1 lll and ass1.111-

tag that the nucleon ts ftWCJ.1' a'i:!iurb,... -· 1,;::. ~~~f, ~I).~ ~ e 

the cross-sect ton& <S"in =(2 5
1
S'±' l15)mb I Gd:(~'HO.,Urnf,we.re oa.J.oulateoco 

The an~ul.al- d1stribu.t1cn ~ elasticall,7 &eatt~ed p.a.'.rt;1tel@;"$ 

· is represented, in 'Figo J Q1'. the d,ottcdl lb(IJS calculateci L"l 

accordance withllll~ S~lid curves des~t~ the extr~m.s walue~ 

· of experimental angula:r dietrtl:at1m 1':'oml !I r.ritb-the largest 

· "and the smallest curratures 9 

Goid agreement ,ott thf! calculated magnitudes with the co,r­

responding ones calculated in the previous ~ection and with 

their experimental values may b'=3 considered as ·one of justifi­

cations of the further applioation of the quasi-classical ap­

proximationo Using this approximation from the integral equat.o 

1on determining the imaginary part of the phase 

~La-pi 
I 

I ( p) = lo K ( ~-f-'2. +-5-2 I) d $ ) . p == \J4'c e + 1 J.::: } e 
.(4) 

· (here L-::: (?; rr;?,~~ ) we can calculate the _Pion abs~rption coef­

ficient in nucleon as a function of the distance f:rom the nuc­

leon centre using the known values of l(6') .. For this purpo·se we 

rewrite equation (4)J.- in the formi . ,, 
L. .. ; ... 

I<p)= loK<'t)Q{'!,f)drz (5) 

· where 1. { 7./✓ 7. 2 :_ p?.. 
Q(7.)p)7 

for ,_l r f 
(6) 

,0 fa.r 7, f f 
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For the numerical solution (5) ts su1tabl~ to present in such 

a f'orm: in 

I· = t.. k· P· · j . . l Lj 
\,I j= 1 

where 

. 
the mean point of the J •interval. 

This linear equation system-has "triaagular .torm" ill viJ:'• 

tue of (6) and the solution may be- easily found b:, the suocee­

s1ve substitutionso The func:tion K(r) thus calculated is repre-­

stmted in Figure 4o This function determines the •pion struQtP 

re" of a proton averaged over the spaee interval D. 1:. - A 
For the root-mean-square II pion l"adi1.1S'' of a proton 

L l 
< '"l. 2 ):: J 7.

4
K ('t) dr-c/ ]

0 
'1.'" k ( "l) d--c 

0 

the following values were obtained 

~ < '1. 2 
) • -= ( O, 8 2 ± o, o 6) " 1 O -

13 cm . 

that coincides with the "electromagnetic radius" of a proton • 

obtained from Hofstadter•s group experimentsl 2 1,lJI .- As is. seen 

froTn Figo 4, the absorptfon ooef:fic1ent essentially increases 1tl 

-central region -of the protono: However, the values in this .region · 

are determined not.quite precisely, as they are depende:nt on the 

approximation of d6d (9)/ d Q 1n the large angle interval~, 

This inaccuracy' in the separation of the diffraction soat""". . 

tering decreases rapidly with the -energy increase, as the fraot- · 

ion of the nondiffraction 'elastic processes becomes negligible. _ 

So with E=5Bev 6.nd::0066' -with · , 1n1 

E -=- 7 Bev (5 nd =- o > o I I; (5, n . 



··-
(Caleulat1on according to the ~tatistical theo:,yl 17 l). 

If 111 the peripheral reg1~s of the proton 

a..Te Silll-3' present one 11~7 ass~ that 

Jr ..,;.mesons 

N • • 

K(7.)= k· fC7) (10) 

shel:'e X is the energy dependent coefficient ef the meson ab-

ecrption by the peripheral ":!.-.·- •ilUiQ'wJt fifJld, and p ( 'Z.) is 

tbe mean density of the IT -mee@a oloud near th~ point 7. o 

Wt.thin the accuracy of the experimental data the 8.1lal3'tic form 
.. 

ot p ('"t) may be approximate.I by different cur1'es of type des= 

cr1bed in1 2 I. : 

IJl the central regions of the nucleon K(r) is •err likely 

to be determined by the other kinds of the particles (m,u~leons 9 

h;rpe:rons, K-mesons) and the formula (9) 1s not appl1aa'bleo 

IV. A POSSIBLE EXPERIMENTAL CRITERION OF ELE.MEN~ARY 

LENGTH EXISTENCE 

During_the last years the idea that there may r~all,' exist 

the limit of the 'applicability -of the conventional space .... time·~, 

d1scription of the particle structure connected with the ex1Go 

tence of a certain ·"elementary·length" has been frequently ~ugc, 

ge~ted. This idea. was expressed in different .. versions of the 

theqry of "nonlocal field" or "nonlocal interaction", (see, e<tgo 1 

114 l)o Such 'theoretical schemes lead to the form-factors which 

wea~en -·the interaction for the short waves o In this way one might 

hope '.to-eliminate.the divergences from the modern quantum theor7 

arising just due to the ultrashort waveso 



It is possible, however, that this point is the weakest 

one in the "nonlocal" theor1es3/., G.,V~ Vataghin and E.,Fermi 

were the first to notice in their statistical theory of mul~ 

tiple production1 16 1 that at .high energies the interaction be­

come not weak, but, on the contrary,·a strong oneo The calculat­

ions show that the weak (iri the sense of the generally accept­

ed classification) interaction of Fermi type· ( \) 
1 

B, µ ) also 

beoomes s:rong at higp. energi~s (the cross section , ~ 2 )1 171~ 
Now we should like to put a question: under what condit­

ions :from the purely empirical standpoint would it be possible 

to speak about the nonlocality? Evidently, these conditions 

will occur when it would become impossible to use the elastic 

scattering of particles as a mesons of studying their structureo 

Thus, the matter depends upon the assymptotie beh4_viour of the 

cross-sections at high energieso 

If with ~ ->-- 0 all_the elastic 3eattering for a certain 

internal region R will tend to the diffraction :scattering on 

a "black sphere" of the radius R the el~stic scattering will 

give no information about the intrin.sie structure of this region 

any longer and the maximum information will be limited by the 

data about the outer dimensions of the "fphere"o 

The scattering cross-section which is due to the process 

in this region will be e1ual to JTR 2(>>JT) 2 ) and equals the 

correspo~ding inelastic scattering$ 

J/This circumstance was also noted bi MoAe Uark0Toll5 l 
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In this case inrs-t.ea4 ©f the d.1aci:ription ,of the 2$pa.ci""1,~ 

struoture the problem ab1~d pess1ble •~ d partiol@ tl'c'Wlt!= 

formation will beeorrue ill!r;i@ll"ta&'-1;;, 

The magnitude of R from thA.8 P©11L.Jt ©f v1~w 1$ th.ct ~ 

· length scale :which dete::-mines the real nonlocalit3 9 :L.~oe t~ ll=­

mit of the applicability of ·sp-a.t:~i~@ t!~s~ripti©~ ~f th@ ~1e= 

le · structure o 

It can be seer.. fx-om the &'1.alys:l@ rJf the pi·ni!li s::1at{~®'.1:'~ @lbl 

the proton that there is a te~i of th~ appeari~g of th~ ~bl~~k~ 

ness" in the cantial nucleon regiono 

From the p.oil'1.:t of vi~w f.1Vton he~@ fhe further st.ilA;f @: th@ 

energeti<j dependence of elast11
~ pi~ 8~atterirg ma:r ~.c~ ~f Wir!.= 

cipal impoitanceo · 

It can be said that the d:!mensi:e.n e::f. th! r.:.c:ml©ca11t;J' a 
must not be a universal length So it may d~:psnd up~~ thti ld.m-~ 

of the ir1teractiono The mini!IJUm a19a.le cof the spa.o,i-tim® d18~:ll'1pt= 

ion R determined by the di.m-eat11@ns o1t the 11 black spbr.fl:»tew ~ 'e~ 

introduced into the theory i:e:i a relativistic inwar:Ls.n-t V:FJ:J" h= 

de,eJill the· scr:iatter.ed wave phase rt q, is an irrrarianto We 1!1't.fl::d 

to consider it as a function of two invariantsi 19 &i 
. P· r.,. ...!::_, __ 

D = Pu.- p P-
, 

and F = p p fJ, ( Ph cp t"')i 
1"' .• + . ' . . 91 P- 9:,p. - (11) 

Here 
~ 
:J"'p- is the four-dimensional energy=m@mentum vectl\Jlr o:f all 

the system on the whole" wht,re;as Pp, is the same fc;: the relati= 

ve motion of the incident particle and the particle c'f th-~ stratte-

;;;;:. 

":"" 



rer, and finally' _ 
·;, ;..• .. 

(13) 

is t~e. f.ully ant:tsymm~t111al unit. tensor of,, th~ . 

forth ranlt, M~l3- . is ~he moment~ aatisymm~tr1c~l tenso.r". :Using 

there invariants the "black sphere• nay be determined as-follQws: 

_ 1e = o if D/F '7 R2 
and ie = + l. 00 

1 if D/Ft..R 2 (lJ) 

for where is a 

certain great momentum which points Ollt that the opacity ocourso 

The quantity· D/ F is the opeJ"ator, therefore, the ,!ine­

qualities (lJ) are determined for its eigenvalues. 
-- I Mc It can be easily--seen that in the c.m.s. (f->= 0 D F .= 15

02 
= 

_ tt~e(e+i> -,_ , where M is the three-dimensional angular momen-
p a --0 

tum; while P0 is the three-dimensional momentum of the rela-

tive motion. D/F · determines the collision parameter in a relati= 

vistio - invariant wayo 

Note in conclusion· that in the perturbation theory there are 

known "propagation functions" which lead to the divergences in 

the region.· of great frequencies. These functions are constructed 

with the help of the plane waves which were used as a zero appro­

ximation a 

Meanwhile at great f':jequenciea of the field in the presence 

of particles the plane wawe will be quite a bad approximation due 

to the diffraction scatteringc, Instead of the plane wave one ought 

to ta.lee the expansion in a aeries which takes into account t-he 
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the sharp change of the waYe :field at great relative momenta 

of the interacting particles. This g1Yes rise-to the relat1-

T1st1c invariant cut-off form-factorso Howel'er, these form ... fac­

tors are due not be the weak1n1ng of the interaction at great 

.frequenoie:s as ·1t is assumed in the conventional nonlooal theo-

, ries but, on the contrary, due to its strengthening. As_ a whole, 

phenomenologically, this factor takes into account the intensi-

ve inela·stic processes of any o:rigin which occur at high energieso 

• 
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F I G U R E S 

The histogram of the values of the function l(e)=2J°m1e 
calculated for the extreme experimental values 'of the 

differential diffrijction scatt~ring cross-sect1ono 

Solid curves are -drawn through -the oe~tre·s of the histo= 

gram rectangleso 

Fi,ie 2 o · Relative contributions of the. partial absorption 

cross-sections /). 1 n (f) =6,n (e )/at . -and of the partial dif'.""' 

fraction cross-sections {).d(e):(5d:(e)/()t (in per cent)o . 

The indices ti+ II and' - "distinguish respectively the 

curves drawn for the cases of the different1al diffract­

ion scattering croas-section with the largest ant the 

. •5mallest c1trvatures .. (See Fi.,g. J)" 

Figo .2.,e. Solid curTes shew the extreme experimental values of 

the diff:erential diffraction scattering cross-section 

(with the largest or th~ smallest ourvatures)o Dashed 

curves show the angular distribution of the diffraction· 

scattering which was calculated aeeording to·the optical 

model f'ormulae~llll Two curves 09rrespond to the two cur..;. 

ves for I(t) (see, Figo 1). 

·Figo 4o The absorption coefficient K • K (r) as the function 

"·--" - -----

of a distance from the nucleon cent••• Two curves cor­

respond. to the two extremQ experimental values of-the angu= 

lar distribution of the diffraction scattering (with the 

largest or the 'smallest curvatures). 
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