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§ I. Introduction. . -

In 1935 Yukawa suggested a hypothesis according to which the nucléons interact by_ a
certain intermidiate meson field. The -particles of this field-mesons have the nASS u ‘
less than that of the nucleon // 111 approximately by an order. Under this hypothesls the
real "physical nucleon" consists of a "bare" point nucleon surrounded by a meson fileld
like a point electric charge i1s surrounded by an electric field. In-ferms of a corpuscular
theory 1t can be said thatv there 1s a cloud 8f virtual mesons around a nucleon as well as
there 15 a cloud of virtual photons and electron-positron pailrs around an electric charge.

The prpb.abili_ty of a virtual ‘meson production be'rérc;n'les appreciably less when 1its mo-
mentum becomes more than «¢C 1). Therefore, anambiguity 1n_ the meson cloud energy is about
4 B '_'V/'—’CZ whereas an ambigulty in the momentum - Ap~HE o It follows from here that
the lifetime of a virtual meson at~ 7V ¢ , the dimension of a meson field Ax—va c.

The di.scové;y of charged and neutral & -mesons (pions) with a mass "= Yo 3 M
confirmed the main postulate of Yukawa. As for the mathematical form’ulation of Yvukawa.'s
idea récqntly éuggested by Chew ‘and ‘Low for the nonrelativistic energies of particles
(E << Mc= 0,94 BeV) it ylelded, on the one hand, a satisfactory quantitative discription
of the vexpe‘r'irrr.lents on scattering and photoproduction of 7~ mesons and a correct order of
the magnitude of the proton and neutron magnetic moment.lzl

These results of the nonrelativistic theory allow to think that the virtual cloud of
a -mesons 1s a reality. However, the nucleon may dissoclate not only into a nucleon

and a pion, but also into a K-meson and a hyperon, into a pair nucleon-antinucleon etc:
V= N + T

’ @
/1/;_—’, Y-f-A/ . (2)
N= N+N+N . )

Sveculations for -process (1) ana_.logous to those given above lead to the conclusion
that besides a pion cloud with the characteristic dimension 7é//%C' ‘there must also exist’
a cloud of virtual K-mesons with a characteristic dimension F/’",(C (mlc is the mass of a
K-meson; /1, = "//2 2), and the cloud of virtual pairs (N;/\f/v ) with a characteristic dimen-
sion ﬁ/MC (M 4is tfe nucleon mass).

/ . - R ‘ 2
1) The operator of meson produotion is proportional to “‘mﬁ“’x-l/(#cy)";ycl) S -

is a meson wave vector.

2) 'The coupling between K-mesons and a "bare" nucleon 1s likely to be weaker than
that between a pion and a nucleon. Therefore, the K-meson oloud is less intensive than:
the pion one. .
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May be a ‘somewhat naive’ picture of the physical nucleon structure is given in Fig.l
as it follows from the concept about possible virtual processes inside a nucleon.

“This physical picture leads to the conception about the existence of two different
regions 4nside a nucleon—the outer pion cloud and the central part, “core“ where K-mesons,
-nucleon-antinucleon pairs and hyperons are essentially important A characteristic dimen~
sion of a "core" is ~ Mﬁ-—- 21 jO /c,,,that 1s some times less than the dimesions of a pion
cloua’), S ' ' ‘ ' ’

At present our knowledge of a nucleon "core"“is very poor. But we may hope_that wé
know much more of the nucleon pion cloud.

At any rate it 'is clear that if the contemporary theoretical concepts are able to des—
cribe even roughly the structure of such "elementariﬁyparticlesyas avnucleon, then charged
virtual% -mesons should be considered to distribute an electrical charge and‘currents in
the nucleon pion cloud. In’ particular, it 'is these currents which must be a cause of the
anomalous’ magnetic moment of’ the nucleons. e

Iater on we shall consider some experimental evidence in favour of the described pic-
ture of the nucleon structure. "_ B
a We shall see that a mosaic of physical ideas, experimental data and calculations 1s
far from being 2 harmonious and complete theory. However, one may console oneself that no

longer than ten years ago the very wordiﬁstructure"*of a nucleon would have seemed crimi-

nal to a majority of physicists.

§ 2. Methods ‘for Studying Particle Structire-

The best way for studying ‘the structure of an object is to see it. Since the dimen-
sions of microparticles are small 1t is-evident that’ this Possibility 1s excluded. However,
there remains something analogous - this is an elastic scattering by the particle under
. consideration of any’rays with ‘the wave length )~ ‘less than ‘the dimensions of the partic—
16 -a. . . e e , L T | .

‘When observing such a scattering in a“particle ensemble one obtains a mean optical

image of a particle from which under some conditions it 1is ‘possible to obtain a space-time

L 3 Jastrov was likely to.be first who'arrived at the conclusion that there exists a
core of ‘a nucleon~a Teglon of “great repulsive potential.|3| from the analysis of nucleon—
nucleon scattering . One. of the authors. l4l |5T came to the same conclusion starting from

quite other considerations.



picture of particle structure with respect to the chosen rayse. Experiments cn electron or
)~ —quanta scattering on nuclecns may serve as an example of such measurements.'

- The more detailed informaticn on particle structure we want to obtain the shorter
waves should be used. If we restrict ourselves to the wave langths }, s more than the .
‘”Compton wave length C of the lightest particles assoclated with a nucleon ¢ %  ~me-

\\
sons are such‘particles), then the structural nucleon effects will not be significant.

———

For example, the scattering of lightf‘?ifﬁ"thE‘wave—length\Nﬁj¥}> lL__ will yield the
information only about the magnitude of the total nucleon charge. At smaller values—-of-— _
X the scattering already depends upon an anomalous magnetic moment of a nucleon, andby
A<
rC

scattering cross section is essentially different from the scattering eross section on a

the detailed dynamic structure of a nucleon is important. In this case the

point particle. ; o o ]
It should be borne in mind that with the decrease of the wave length applied for stu-
dying the structure of ray particles there ocour inevitably new effects ccmplicating a
SimPle "vision" picture of this structure. .
This 1is, firstly, the recoil effect; secondly, inelastio processes. Let .us consider

them in succession. -

‘A._Recoll Effect
/VC y where M 1is the mass of the particle un~
der consideration, then in the interactionwith a ray particle, this particle changes es—

If the wave length of the rays A<

sentially its motion dueﬁto the momentum transferred to it. To get an idea about the im-
portance of such an:effect~to obtain a particle image let us suppose that the intrinsic
structure of a particle;may be described by a wave function?/, (4’, f), where K 1is the
vector of the energy-momentum of a particle- before its interaction with a ray,;are intrin-
sic cocrdinates of a particle. Let further 9)(( f) be the same function after the par -
ticle interaction with a ray K' is the vector of energy-mementum after the interaction).
The product 9’1(/{5) and%{éﬁ’f) incorporates into an experimentally determined quantity
(the form-factor of a;particle).‘Therefore, the optioallimage will be inevitably a cer-
—~tain interference of pictures of the initial and final states which differ by a direction
and magnitude of a Lorentz compression. '
' The Fourler component cf the form-faotor jZ' due to relstivistic considerations will
be the function . ‘

{A/ ,(/) -4/( a&%; /AA’ R-X; 45:6'-5),

where E is spatial and &€ 1s time-like parts of four—fermion vector© K/ l.e.,



_, 5
F = Frak* - aé ). i

In the centre of gravity systpm the energy transfer A¢=0, and the form-factor allows to

interpret the image as a certain spatial distribution

75

| P :fralYe " % (aF) )
However, this distribution will be a interference of two distributions "before the expe-
riment" and "after the experiment". If we agree to consider such a gcneralized distribu-
tion as an image of the particle structure'then.by a sufficiently great number of scatter-
ing acts ("rich statistics", as it is accepted) and at a sufficiently short wavelength A
it is possible to obtain whatever exact plcture of simiiar optical image of a particle,

B. Inelastic Processes

~With the decrease of the wave lengthAK i1.e, with the increase of the scattered par-
_ticles energy the inelastic processes become of greater importance. Their role is especial-
1y great in case of strong interactions. The available experimental data on pion-nucleon
and nucleon-nucleon interaction indicate that interaction cross sectlons rather remain con-
stant than decrease with the energy ir rease. It can be seen, e.g., from Table I, where
are given experihental values of the cross sections of inelastic proton and neutron inte-
ractions with ferrum nuclel at great energiesI56I together with the statistical errors of
measurements. The mean energy for each interval in Table 1 is calculated with account of
the proton energy spectrum in an atmosphere. The messurements made by Grigorov et al-l6l
and -Begzhanov. et al”l lead to analogous conclusions. Less‘clear are the tendencies in
case of electromagnetic interactions. At high energies, however, the electromagnetic inte-
raction may hardly be counsidered separately from other .ones; in particular, from the inte-
ractions producing a A -meson and neutrino. Theoretical estimates show that at very
tigh energies these processes become stroné in the sense that the cross sections become
more than Qﬁdzﬁis the photon waveiengthLBy.

It seems quite probable that at high energies the constancy of the inelastic pro-
cesses cross sections may be general. This circumstance is very likely to have a principle
significance for space-time description of the phenomena within a small range.

Indeed, with the energy increase the number of possible channels of inelastic . proces-
ses will increase. This means that the cross section of inelastic nondiffractional‘scatter-
ing with the energy increase will tend to zero. But it is this elastic scattering which is
a source of information about a space-time structure of particles. Meanwhile with the ener-

gY increase all the elastic scattering will gradually be’reduced to a diffractional one



which 1is eantirely due to i1nelastic processes.

These conslderations may be illustrated by the conclusions of the statistical theory
of multiple particle productlion. According to this theory forﬁ?lv collisions at 5 = 5 ReV
the cross section of elastic nondiffractional scattering 6;d=6jo-3627 (5;,-15 the cross
section of inelastlc processes), and‘at B = 7 BeV, €;1= 1,5.10'9 Q;; while the cross
section of diffractional scattering ¢ =0,3 q;lg] . Analogously, for (pp)-collisions

'5\,’,‘(:5./0_3,. /./0“5" 4,5./0"’ from 6. | at E;=5;78ew
while 64 =03 6, 4, 9].~ - ‘

The éonstancy of diffractiornal scattering is 1likely to indicate that a certain small
1nner.rég16n of a particle is able to scatter. like a “black sphere® of radius R. It is
clear that the maximum information obtailned from the scattering picture will be restricted
by the data about an outer dimension.of this "black sphere"._From this point of view the
magnitude R will be that scale of length which determines a real nonlocality (see Fig.2}.
This dimension is not any universal 1eﬁgth, but depends upon the kind of 1nteraction4).

At present we have not got,any experimental roof that there exists a "black" region
inside the nucleons. The analysis'of experimental data by ( Z , p) and (p,p)-scattering
points out, however, that there is actually a tendency fowards the appearance of "black-
ness" 1in the:central region of a nucleon while its ﬁeriphery reglons remain halftranspa-

rent("grey") I 10] |14l

. Scattering in these reglons 1s also purely diffractional, i.e: 6;1
= 0. It may be used, however, to obtuin the information about the distribution of % -me-
son and nucleon absorption inside a nucleon 1f these particles have a sufficiently small
wavevlength. Thus, the study of diffractional scattering of particles should be also con-
sidered as a means for investigating the nucleon structure. In this connection it must be
emphasized thdt further measurements of the interaction cross sect;ons.with different
nuclef: 4f ultra-high energy cosmic rays aré of principle importance. Making use of the
optical ‘medel ong may nbt¢in Prom these measurements the interaction cross sections of

elementary particles at ultra—hiph energieslﬂ’“"'l

4) Note that the dimension of a "black sphere" -R determining the scale of nonlocall-
ty may be introduced into the theory by the relat1vistica11y~invar1ant way ]10].



C.0ther lMethods for Studying Nucleon Structure
Besides scattering processes the study of bound states will yileld some data on nuc-—
leon structure: superfine stripping of hydrogen spégirum lines, a spectrum of//d -meson

atomsllE’l

o All these methods, however, give only ;ough mean characteristics of nucleon
structure which cannot be compared with the results q§ the scattering experiments of fast
particles (electfons, % -mesons, nucleons).

Therefore, in conclusion of this Section it would be appropriate to give those‘wave
lengths which are now available to the experimentalists and to show some bersﬁective pos-—

sibilities. These data are presented in Table 115).

§ 3.. Electromagnetic Structure of a Nucleon

A supposition that there exists a cloud of charged mesons in a nucleon makes the stu~
dy of quick electron scattering on nucleonss) extremely interesting.

Theoretically one may calculate the density of an electric charge V44 and the
17a

magnetic moment m(r) of a pion cloud in a nucleon making use of Chew—~Low theory.
According to this theory the nucleon is regarded as an extended source of a meson
field. At the same time it 1s considered infinitely heavy so fhat the rgcoil in virtual
processes 1s not taken into account.
The extension of alhucleon as a source of a meson field may be understood as a ;esuk

of the production of nucleon pairs, antinucleons and hyperons in the géntral region of &

nucleon. In the first nonvanishing approxiﬁation Salzman- has obtainedillsl
4e T [P v IRE) (R-R) |
S (- fzﬂ’é« QK)o W () +(KI] ¢ d (k') (6)
2ieTs [ £ 2 (k) V(K') (K 6) ,m x)z N

W (0=~ P AV w2(K) (¥ [l(l(/]fd (’(‘/)

5) For reference let us give an expressionkfor the wave length )- of the ray partio-

le in the center of mass system - —_—
=77 VT (T +2M)~ VT (T, +2)
whese V=

V (T, «2M) = v (Ty+M) T2 +T+M+1
T, - are kinetic energies of the ray particle and the particle which 1is considered
as a target in the lab.system respectively; M 1is the mass of a_ _ray particle. T,,T,» M are
expressed in the units of the mass of a target particle; /g _ﬁgE is the Compton

wave length of the target particle.
{171,

6) The problem related was first set in Saakjans dissertation
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where
0[/«/}=l/k’~‘:7'/u=n1 5, A is .

. a cut—off function describing the distribution of ¢ -meson field sources: :
S10= g fr(k)e ™ a% (®
A

m_rc
conclusions of the theory as the density of the sources described by it at 7 > ——

The form of the function S(r) for great values r (z.o ) weakly effect the

m_C
F
is noticeably less than their density in the central regions of a nucleon. With a suffi-

cient accuracy one may consider <Y(’Z) =~ Qat 2> (bauss theorem in electrodynamics).

g€
By 3 =i%ﬂ; > 1 the density of charge (6) independently of the choice of the form-

function V(k) may be rewritten as follows

J} (1= -1, e/uf rzr)%

F ;./a—r ag,/z;? }

Analogously by ?? > 1 the expression for the magnetic moment density (7) may be pre-

sented as

| .JL fa — .—n F—Zt} 2 / - .

— 7
/el .
These asymptotic expressions are essentially independent of the form of the meson

Here

field source (i.e. of the form of the function V(k)). However, as is seen from what will
be said (see Fig.6) only a small part of, the meson cloud (this is, so to say, the nucleon
- stratosphere) is concentrated in the region T > —i-. The expressionl | for v/g~/7}can
" Jﬁ‘ 2
be easily reduced to: :

()= ,(mg/ ( - (1)

where

V(K) t/«’?—ja)(/‘/}d.sl{

D (%) (12)

Jca= [

?-13 a new auxiliary variable.

Integra%ing in (12) over angles and denoting V(k) = Vv(w) we obtain:
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1(2) La;‘ V{‘%)Q[{, 7} + comp. oonj. A
. ' ‘ (13
'_/ . ) 2 }—/-e -
: =' aﬂ —3’4.) +l:?/(J -7 *
9(%.?) [ e dw -_
Supposing further VW =chit and introducing “/P=1/§2+2“ we obtain )
IR i, d . ;
I(9)=- 5 V~3g) elf ), (a5

where K () "is a well-known Bessel function. Let us choose a cut-off form-factor V(w)
as follows e

V(@)= e/ @ -1,
‘ Jﬁﬁ ’ ) (16)

Yy
-

where ﬁ is the cut-off parameter. In this case the-opei'a.tor_ Vg in (15) bvecomes .

simply a displacement operator ?—. ;4-/3 and the charge density (11') is written in
the form convenient ‘for numerical ce.lcule.tions: o ) )
s 2F 2p _dp :
Lep's 2 ot [T P e
Tl [ P/ % .[/)_—?— Qan
Similarly the expression for the magnetic moment density (7) may be' transformed‘
. £2 2
{? cT [ Z/// Ke ) —= '
24 .

Generally speaking, the densities \/?P (2} and }7-1¢ (?) essentially depend upon the
form of the form-faotor V(w), whereas by our choice of V(w)-upon the magnitude of the cut-
off pa.re.meterﬂ . In Fig. 3 and 4 are given the values of the electricai oharge e.nd
magnetic moment of the pion cloud depending on the magnitude of the parameter ?‘

and

= [ (2) d’x,
(20).

as well as the values of the corresponding r.m.s. radii

<Y a [P ()% 2
¢ ?-‘/J% (21)
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and

o =2 Lol
.< frn (z)z )

Here £ =1 is the proton charge;z:€L85 jé%é\ is an anomgloug magnetic moment.of a. proton.
The coefficient 0.6 is introduced so that the values. <?:;%F would brought in agreement
with formula (30). ' '

It is seen from these Figures that both the charge and magnetic moment are sensitive
to the cholce of A while the values of r.m.s. radii remain almost constant within the
wide limit of the chﬁnge of the parameter 4 .

\fe choose the value P .80 that the theoretical % -phase for ¢ -meson scatter-
. ing on ngcleons would be in best agreement with experiment in the low energy region. (As is
'knownbin the low energy region the 5D—phase is a determinant). The calculations have shown
that ._/6-{“_— "7’"
B In this case. (see Fig. 3 and 4)
Q@ = 0.76 (the proton charge is assumed to be a unit);

ek
. & = 12 (1n the ur;its 2HC h) 2MC,
<z, )r:: " (0.62.10"em ),
(D = (0.62,107 %om)?;

For the ahove-mentioned cholce of the form—factor and the cut-off parameter we calcu—
lated the density of an ‘electric charge confined in a spherical’ layer, g&r) 4% JgL/7)
for a wide interval of the values 7). The results of these calculations are given in
Table ITI. As 1t 1s seen from this Table the electric charge confined in the periphery re-
gion ? > 1s insignificant compared with the charge of the pion cloud in the central
regions of g nucleon. . ) : .

The starting up of the electron linear accelerator at Stanford made it possible to
check the conclusions of the theory when Hofstadter's group measured the electron scatter-
ing in hydfogen and deuterium at E =100-650 MeV. |

We shall not bt conoerned with the dotailed description of these experiments since it

is given inl2li=1231

and restrict ourselves to the most essential ltems necessary for fur-
ther analysis.

The main idea of the experiments was to establish the deviations from an electron

7) The calculated values of JQV.(7) are essentially different from the values given
in Zacgariasens paper |19|. However, sccording to |20| Zachariasens results are not -
correct.
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scattering with an energy E on a point micleon, with an anomalous magnectic moment X,

This acattering is descri‘bed by the Rozenbluth's i’ormula|241

F=1 (24)
here ‘
e ey
4 <q’ Z/El) fin -?—_
. (25)
is the Mott's formula for electron scattering on a point cha.rge.
' . 6?
q "E-E Fin —- j-r Q _ is & transferred momentum;

@ - 1s the angle of electron scatteringr in the lab.syotem.

v The account of the charge and momenta distribution inside a nucleon leads to the ap
pearance of the form-factor (fé(q) and ?;h (% ‘corresponding for the charge and magnetic

moment which are the functions of the transferred momentum {

d6 e XN 2 z,é 202 (0)
o " G| % () W[z[_zfq)@?fn/a)) ty~ g X Im ‘l]}, (26)

Under the restrictions which have been discussed above (see § 24)the form-factors
are the Fourier transforms of the spatial distributions of an electric charge/’('f} and
magnetic moment /771. (2. v

The analysis of Hofstadter's ;experiments is based upon Rozenbluth's formula |24].
This formula is only the first Bohr's approximation in the scattering problem (see Fig.
5a).The second approximation (see 5a) for a nucleon with a point magnetic moment, i.e. by
#m(q) = 1 1s divergent. The magnitudes of the form-factors %.(¢) and Fm(g) may be deter-
mined from an experiment by an approximate formula (26). A priori % (g) and % (@) can-
not be saild to differ noticeably from 1. Therefore, strictly speaking, to Justify the in-

terpretation of experimental results obtained by Hofstadter it 1s> necessary to show that
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the second Bohr approximation is much less than the first one for the values 9; andsg
obtained by (26). The calculations made recently by Drell'and FubiniIJGI have actually
shown that the contribution of the qeoond Bohr approximgtion to the scattering cross
section aoes not exceed 1% up to E éi ﬁev Thereby the application of Rozenbluth's for-
mula (24) to the analysis of Hofstadter's _experiments 1is quite Justified.

Consider now the main experimental results for a proton and neutron.

A. Proton

A detailed 1list of experimental results for angular distributions of elastically

scattered electrons is given 1n|21—24l. As for experimental curves of angular distribu-

tions they are drawn considerably lower than it is predicted by the formula for scatter-
‘ing on a point electrical end magnetic chargesl241

The experimental and theoretical curves may be compared if one assumes that there
occurs scattering on an extended electrical charge and a magnetic moment. The best agree-

ment with experiment may be obtained if one puts for a proton

9.(9) = %, (q)
‘ ; , @n
and the corresponding spatial distributionJDf?) /of (5)/ is chosen as follows:
. -t
’Z)’-' " a a=2 3. ~- 9
L . fma’ 4 ’ 120 e, (28)
CJ %
l.e, MC '
The agreement of this formula with theory will be considered below.
Forbsmall.values‘of qt the form-iactorS’msy be expanded ‘in series:
F(q) =1-L<2i> g%+
P - (29)
2 2
Flo)t-L <7 ‘

where
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2 7 2
=L d*«
<Y F [P (31)
is a root-mean-square "electric" proton radius; e = 1 1s a proton charge;

Cpedfemds oo

--a root— meane‘square~ﬁmagnefic" proton radius;
H = 1.85 .1is an anomalous magnetic~moment of a proton.
This definition(ze) and.(f > is-taken ‘for a neutron as well. (An anomalous magnetic .
moment for a neutron is az,-~ar ).

In accordance with (28)
2 : ) 3 43
l/<2e30 = (0,80 = 0,04) 10" cm L(33)

Approximately the same 1is the value of /< ZAlnjb
It should be noted that the equality of an electric and magnetic form-factnrs is estak
lished only with an accuracy of about. ZO%lzol’[251

Bs N e'u t ron

To investigate the electromagnetic structure of a neutron the-Hofstadter's group ocr;
fornmed some experiments on quick electron'scattering on deutexons.HThe:results obtained
from these experiments as well as from those on seattering of slowythermal neutrons on
atoms (see further)vﬁere found to be quite unexpected, evenvparedoxal. K

It followed from an experiment that the angular distribution of elastically scattered
electrons on a deuteron calculated theoretically may be best brought inpo an agreement with
an experiment if we essume'the spatiel distribution of_the proton and neﬁtron magnetic mo-

ments to coincide
Fmp Q) = Ty (Q)

(7,11 _<? > (34)

whereas an electric form-factor of a neutron does not differ from zero. The latter circum-
stance means that an electric radius of a neutron in contrast to thaf of a proton is very

small
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<z, =o0.
(35)
The evidence on the electric structure of a neutron may be also obtained from experi-
ments on inelastic eleqtron scattering on deuterons.
Since a deuteron is a veakly bound system then for great mohentum transfers a proton
and neutron may be considered independent with a great accuracy. In this case the diffe-
rential cross section of electron scattering on a deuteron /3?;) d is equal approxima-

tely to a sum of differential cross sections of electron scatterihg on a proton and neu-

tron. i
“et9) - b (55 ).~ (55),]
—f = (f+ A —_ + [==
d0 /d (1+4) {d-ﬂ-n de/p/,
(36)
‘where 4 is a correction of the order of some percents taking into account ‘the kine-

matic effects of nucleon motion in a deuteron, the nucleon interaction in the final state

oto. 123151261

das a6
Making use of the experimental values &Gi ~ and [ 47 b and "putting the mag-

. netic form-factors for a proton and neutron to be egual, Hofstadter obtained a godd agree—
ment of the cross section [}f%? ~ caloulated theoretically with an experiment, the
electric formfactor of a neutron 9;; (Q) is belng chosen equal to zero.

‘Thus, two independent experiments—elastic and inelastic (ed)—scattering lead to the
same conclusion about the distribution of charges and currents in a neutron.

The conclusion about the smallness of a neutron electric radius is also confirmed by
scattering experiments'of very slow "thermal" neutron on atoms 8/.

“ These experiments require a great accuracy since a slow neutron is scattered both on
a nucleus atom and on its electrons. The most accurate results in these experiments were
obtained by Havens, Rabi, Rainwater|27|;

The scattering amplitude in this oase may be written in the form Cl{=qn+2ae ,
where an is an amplitude of neutfon scattering on a nucleus, Qp is a scattering amp-
litude on an electron on Z, is a number of electrons in an atom. It was found out that a,
~'10~120m; a,~ 1.5.10—16cm. It is seen from these figures that the cross section on an

atom with great 2 1is different from that oh a nucleus only by some percent. At low ener-
gies the electron intergction with a neutron 1s‘expressed by the value for the effective

potential Vo which 1s connected with a scattering amplitude by the relation

) et s 33t '
Vo ( 727) = a, (37)

M

8/ The atoms of noble gases with. zero magnetiélmoﬁént of an electron shell
are used to eliminate the additional magnetic -interactionwlth & neutron.

1
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The calculatlon of Vo in the framework of the relativistilc theory|25| yields:
’ 2 5 2 %
~ MeC [
W =se( %) [<7e>~*2f169’"]'
) (38)

_ As 1is seen Z{‘ consists of two parts: the first 1s due to the distribution of an
‘electric charge in a neutron (the part is proportional to < Q?zv ), the second 1is deter-
minéd by the magnitudexdf an anomalous magnetic moment &, .

The exﬁerimental value Vo = — (3860 + 370)ev, whereas the contribution from a neu-
tron magnetic moment o, = —1;91 1s equal to -~ 4080 ev. Thus, (30 + 200) ev 1s fér an elec-
tric interaction. Thebcorresponding value for the "electric" radius of a neutron allowed

by an experimental error cannot exceed 10% of the "electric" radius of a proton

2 2

W S 010, O (9)

Thus, the analysis of experimental .data concern%pg.awgeutron seems not to agree with
a pion model acoording to which due tp_considérations of the charge 1ndppendenée of plon
interactionwith nucleons the charge of the pion cloud in a neutron must be equal and op-

-posite 1n sign to the charge of this cloud in a proton

Sre (%) =p (%) (40

and, therefore, the root-mean-square radiil of these distributions must be also equal.

Just here one can see the paradoxicality of the experimental results on electron scat-

tering on neutrons.
As it 1s shown further thils paradoxicality proves to be a seeming one. It is based on
an unjustified application of the Ukawa fundamental theory to the central regions of a nuc=—

leon.

§ 4. Critical Remarks and Analysils of Hofstadter's

Experiments

A descrihanoy between the theory and experimental data on charge distribution in a

neutron makes us analyze all experimehtal conditions and theoretical investigations on

(S vennnennsil RitCrL
CACPHMX HCCAEROB:»+
FMENTMOTBHA
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“electron scattering on nucleons in more detail.

A. Limits of Applicability of Electrodynamics

The physicists at Stanford like to emplhasise that a theoretical analysis of electron
,scattering on nucleons is based upon. the asumption about the possibility of applying elec-
trodynanics_up to very small distances., tht if there 1s a "break-down“ of electrodynamics®

The research recently carried out by v. Panofsky and RichterI25l

as well as Drell's
{28] '

theoretical 1nvestigations are devoted to the study of this problem.

In case of elastic scattering of electrons on protons it may be supposed that all the
deviation from the point nucleon or 1ts considerable part are due not to the nucleon struc~
ture but to the Mbreak-down" of electrodynamics in the region of the scale /4d~.The only
conclusion which so far can be made from this supposition 1s as‘folloﬁs: 1f there takes
place such a "break-down" of electrodynamics® then /\f6'0.30.10—13cm

The study of‘pair photoproduction process 3"+;J—qD+538—may present in this respect
interacting possibilities. (see Fig. 5b and 5b'). ‘

In this case the deviations from the electron interaction with a photon are being stu-~
died. The corresponding experiments are in their initial stage.

The accuracy of the performed experiments up to now yields still higher limit for
possible deviations from the well-known laws of electrodynamics:

/«e £ 0.6.10"cn.

Theoretically one may expect the "break-down" of electrodynamics 1nvolv1ngz// -mesons
and/neutrinos(for instance, e + e——:/bsﬂ, T —mpsd*V')
in spatial regions A < lO ]61

The experimental 1nvest1gation of such small spatial regions is not possible yet.
(see Table II). )

Thus, no experimental data_are»available so far which would allow to think that de;

viations from the laws of quantum electrodynamios are .essential in the phenomena we are

-interested in.

" B. Role of Inelastic Processes

Besides the elastic scattering of electrons on nucleons on nucleons there take place
inelastic processes, e.g., for 2 proton the reactlons hold:
(41) e+p—e+p+ r (bremsstrahlung)  (41)
(42) , C+p— erpretie” (bremsstrahlung) (42)
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- . - .
e+P_. ern+tgd (meson production) (43)
+%° '

These inelastic processes could, in principle, have coéntributed to elastic scatter-
ing due to a possible appearance of diffractional scattering.

However, in all these processes the number of the 1nvolved phase—shifts 1s great,
whereas these phase-—.,hifts themselves are small, In simila.r cases. the inelastic one must
exceed many times the elastic one so that the diffractional scattering would be noticeatrle.

Indeed, the cross section for elastic scattering is egual (in usual notations).

Flal+1) 2ide] (44)
- o T (26¢1} P B
g [P [ g R )] i
The cross sections for inelastic processes 5
45)
6 = Sgr(2€+l) _ 22 (
“r %'—'—KI /fﬁt‘.
If the phase-shifts of inelastic processes are small, i.e.,
(46)
L B e b,
. o 2
then , 6, = _..,Z (20+1)2& +a(€ )
(47)

“12(2 (’+f){lf€ * }
In order the inelastic process to glive a noticeable contribution to the elastic scattering

1t is necessary that C‘ ~ é; "+ Therefore,

’y =23

)

l.e.

S 4 or 6in ¥ 6j¢
6ot ¢ '

(48>)

This is the condition we have looked for. )

The estimates made on the basis of this inequality have shown that diffractional scat-—
tering due to pion production (reaction (43)), is hot eSSentia.l. Apparently, this hoi-ds
for the processes (41) and (42), (bremsstrahlung is great mainly in the small anple region.
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It is difficult to expect that it will yield eséential diffractional effects at the scat-
tering angles »>30° when the Hofstadter's group made the measurements see (29)). The cross
section for pair productfon is approximately two orders (/~:e2/ % c) less than that for

bremstrahlung.

C. Analysis of Electron Gcattering on Protons and Neutrons

It '1s usually emphasized that the meson theory does not agree with an e:rcpevriment when
the distributlons of electric charge and magnetic moment are concerned. However, this as-
sertion is very.categorical. ‘

Indeed, distribﬁfiohg {(6) and (7) may be cpmpafed with an experiment. But these dist-

ributions are obtained for the meson field formed by an infinitely heavy nucleon. They are

4
mf [+

There are no grounds to hope that these distributions are correct over all the region

correct only in the periphery ( /} ) regions of a nucleon.

of the values r. On the contrary, considerable deviations from them ought to be expected

in the regions Z < i (i.e. by the momenta q >m __c), where besides the recoil the pro-
My c rar .

pertles of internal reglons of a nucleon must essentially display themselves..
It seems more consistent to write down the distribution of an electric charge of a

nucleon ﬂr {z) and the magnetic moment ,m” (r) as a sum

:ﬁv /Z}:Tjﬁ(l)yxﬂ(Z) (49)

i, (t)= T, ’"}’Z}“”;'mv (z)) : | (50)

where byfmv (z) and H?,(” (%) are denoted the densities of an electric charge and
magnetic moment concentrated in the central part of a nucleon and due to nucleon and anti-
nucleon pairs, strange particles as wellias to two-three and other higher pion states,

At present’we‘vknow very little aboﬁt these states and shall so far refer them to the
nucleon core. .

It is natural to expect that S, (2} and m,, (2) will decrease with the in-
crease of r more rapidly than P (7) and m (). |

Conslder the electric radius of a nucleon in more detail. According to the definitions
(31) and (49)

2 2
,( Ce >/v=<ze>m/ +T3<Z:>¢
)

«

(€25 I
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where (z;j%ﬂ 1s the r.m.s. radius of a nucleon core. Seé § 6 C on an isotopic sym-

metry of these expressions.
_Putting Pow fZ_}-':Q/\)Aj% (z) (52), where &,, 1s the total charge of a
core and denoting / o '
2 { 2 3
STy (t)d X
(53)

we may rewrite (51) as follows:

- o (54)

It 11 well-known experimentally that the electric radius of a neutron 1is very small.

<? e = 0 1t follows from here, that
0 N
( £>C Q‘(q < z'e %’I‘ ) :

22y = (2t
< zb (% )c (56)

Taking into account the numerical values of (23) we obtain that

e v . - 57
Bun =926 | (2005 (901070 )* 7

[

Thus, putting an electric radius of a neutron equal to zZero we obtain the value for an
electric radius of a proton very close to the experimental one (cf.(33)).

‘The form of the charge d;sﬁribution in a core remains still sufficiently arbitrary
(since only integral magnitudes are known). We choose fc(r) as follows

jJ (z)= £ 4 ' ' (58)

d???
In this case as it is easy to make sure

2 < ;
Coly = t2at g
e (59)
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Now, in order to obtain (%;)c . ,(0.7{10—130m)2 it 1s necessary to choose
4 A K _ "
Q‘?'Izc — MC 210 cm, (F0)

Thus, (58) may serve as an example of a core, which is characterized by Eﬂéll length
a .+ At the same time it has a great r.m.s. radius.

In Fig. 6a and 6b are plotted the curves for the charge density distribution 1ﬁ a

.proton and neutron and in their cores a;r:}:g;(z)—ka;P (%)
Ao (2)=-dp (D +dyp(2) and dip(2)= Qupde(?);  dyp(?)=Q 4, % (2),

The curve for a proton dp(r) coincides pfactically‘with fhat obtaingd after the treat-~
ment of the experimental data in Ilofstadter's papers'211-|23|' _

As for the charge density in a neutron it is seen that 1t oscillates near zero. This
accounts for a smal%/electric radius of a neutron. In Fig. 6a and 6b the reglon of the one-
pion "atmosphere" Bé a nuclecn 1s'separated by a vertical line from the region where the
core chafges are essentially mixed. As is seen 1n the one pion region r>-1.4~10—130m.

The region, where the asymptotic expansions (9); (10) involving one or two terms are
correct, contains an extremely small number.of mesons and may be referred, so to say, to
the nucleon "stratosphere". .

One may analogously consider the magnetic structure of nucleons. Choosing the distri-

bution of a magnetic in a nucleon core in the form of an exponent

2 (61)
c J;yra_!
e
and putting for @ the value (60) we obtain fromthe condition Kye - Ky = 1,85 o
(4
for the r.mes. magnetic radil of a prpton and neutron :
22>'<2z>_(2? -M)Z.

. <'Y"’='”'“~ 2010 e/, (62)

This is in good agreement with the éxperimental values obtained by Hofstadter's group.:

* *
*

Thus, assuming tnat there exists a core in the nucleon one may bring into agreement
all the experimental data about qulck electron scattering on protons and deuterons and
about slow neutron scattering on atoms with the main voncepts of the modern meson theory.

At this the distribution of a charge and magnetic moment of a core is determined by a

]
m.c -

3
small lengtha =&~ ——
-4 e «



§ 5. yome Effects or Nucleon Structure

llere we shall ve concerned with two more problems connected with the eloctromagnetic
structure of a nucleon. Thesc are, on the one hand, the effect of the meson cloud polari-

zabitlity 1in a nucleon and, on the other, the problem of electromagnetic mass of nucleon.

A. Blectrical Polarizability of a Meson Cloud:

in a Nucleon

To clear up the properties of an electromagnetic structure of é nucleon it 1s very im-
portant to consider besides quick electron scatterilng other effects in which the electro-
magnetic structure of a nucleon may display itself. One of such effects is the scattering
of slow nucleons in an inhomogeneous electric field which extends the cloud of different

charges in a nucleon and turns the nucleon into an electric dipole with an induced moment

P = E .+ The electrical polarizability of charges in:a nucleon may display itself in the

Compton—-effect 'and in the photoproduction of pions on nucleonsuOl

131-33}

y as well as in scatter-
ing of slow neutrons on nuclei )
In the first approximation of Chew theory (see Fig. 7.)
2
2 2 4 2 2 2
A L [ [M)[Z;/« 300 )] [LCD gt ) el
T Ve W(K) dar : (63)
s E=lh E2 mhe ! : ,
The energy 1s E=/2& [ . The coefficient /2 takes into account the energy losses for the
dipole extention. The same notations as in -formulae (6),(7) are used here.

It should be expected that in the calculation of the nucleon magnetic moments and the
interaction potential of a neutron with an electron the higher terms of the expansion'by
the coupling constant will not change the result essentially.

It follows from formula (63) that
- !
£=1.6 . 104 om, 1f 2 (K) = 2—wr
-42 +(zeF);
o( l.8 . 10 cm, if 1}—({()_1?1/0 {_ 1’(—1'-{-6: 6)2_ )
These values have been obtained for _fﬁ/tc = 0,08. The results of the calculations

are slightly sensitive to the choice of the form'l/(k)|34’351 within the wide limit.

The calculated value &« 15 close to that obtained by A.M. Baldin froﬁ the analysis of

the experiments on photoproductioneand Compton effect on a nucleon‘35l

4.1074%cn X < 1.4 . 107%%cn’.

llowever, it is considerably less than the value £=<8.10 *!cm” obtained by Yu.A. Aleksandrov -

32

from the experiments on slow neutron scattering on heavy nucleil « A more rigorous theo—
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retical analysis of “Yu.A. Aleksandrov's experiments 1s necessary. It is possible that the-~
re occur éffects of neutron interaction with an electron shell of heavy nucleig).
The experimental result which shows that the neutron polarizability d # O may be con-

sidered as a direct proof that there exist charged "c¢louds" 1n a neutron.

B, Electromagnetic Mass of Nucleons and Proton Stability
A small difference between proton and neutron masses ( A (Mcz) = 2.5 electron mas~
ses) as well as the charge independence of "nuclear interaction" of nucleons allow to sup-

pose that this difference 1is of a purely electromagnetic origin.

As a first approximation one may assume that the charge of a oore QkN and its mag-
netic moment jaM/ are concentrated in the nucleon centre.
Then the electromagnetic energy of a nucleon may be written as follows:
E”=6?A,,V‘,g, (o) ~€,, (o) (64)
where
d. 3 d3¢
= -, 2)=] —
. ,};,{2) /f;r(?)‘?’ Hﬁ_/)/ﬂ I (2) o)

the electrostatical potential and the magnetic field formed in the nucleon centre by a
cloud of charged pions, i}_ is an electric current of a meson field. .
x T
Since

Qun *+ Qup =€
(66)

and

AT A ek/2MC

(67)

9) One of the authors V.S. Barashenkov is grateful to Yu.A. Aleksandrov, A.N.Baldin,
I.P. Stakhanov and L.N. Usachev for useful discussions.



(Here the Dirac magnetic moment of a "bare" nucleon is invelved in a magnetic moment
of a core),

then

A(HeA)=E, 6,5, (0) - ¢4 (o).
v : (e8)

As 1s seen from this formula the stebllity of a proton is entirely due to the inte
raction energy of the magnetic moment' of a proton core and the currents of its. plon cloud.
The electrostatic energy of a proton is, on the contrary, greater than tﬁat of a neutroﬁ.
When substituting the numerical values for the parameters formula (68) gives the value for
the mass difference A (Mcz) which agrees with an experiment by the order of magnitude;
howéver, the sign A 6”37 is essentidlly dependent upon the fo;m of the cut-off form-
factor V(k). )

§ 6. Theoretical Attempts to Interpret the Electromagnetic Structure

of Nucleon Central Regions

The electromagnetic properties of the periphery regions in a nucleon and their theo-
retical interpretation were considered in detail in the previous Sections. Let us now be
concerned with the consideration of some theoretical attempts to interpret the properties

of the central regions of a nucleon.

A. The Influence of Strange Particles

Sandril”l and independently one of the authors noticed that the dissociation of a
nucleon into a hyperon‘and a K-meson leads to the production of positively charged K-teson

cloud both in case of a neutron and in case of a proton.

z
This effect must lead to the increase of < ze >”P . and to the decrease of
('2: )QR in accordance with the scheme of nucleon structure given in Fig.6,

Indeed, according to the laws of the conservation of strangeness and baryon number

the following processeslare possible:

—_— ° + N —
/D‘_,_/l .’.‘J ; —°+H°+K+; '—: +H++K+
° ° " *
and _'-.»A".,./JD; — +l{°+l[; — tH+H;

Z°+/(n , Z,‘_'_I('-'
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For an estimate of this effect we used the first approximation of the Chew theory and

obtained that the mean-root-square "electric" radius for a neutron is equal tolo)

2 e MCZ. fz. i 2
() =(t >n(:r+/() =27 ?}/7";)[5’9%{")0'09’ (69)

1l.e. 4 7 > O, if the coupling constant of K'-mesons with a nucleon is g/{'c ~ &
However, in this case it 1is difficult to explain the experimentu on scattering and photo-
production of K-mesons. For more probable values of 57/th the contribution of K-mesons
to <%z >n both in case of scalar and pseudoscalar variants of the theory does not ex-
ceed 10% by the order of a magnitude.

Thus, for present there are no grounds to think that strange particles are capable to

change the charge distribution essentially in the central reglons of a nucleon.

B. Contribution of Nucleon—-Antinucleon Pairs

I.E. Tamm suggested to explain zero electric radius for a neutron<f2:)k taking into
account the dissocilation of virtical 7~ -mesons into nucleon pairsDBl
» If a 9*.—meson dissociates into a pair a nucleon plus an antinucleon: F—=~ N + N then
the arising antinucleon may annihilate with the original "bare" nucleon which 1s in the

centre of a physical nucleon, whereas the remaining nucleon turns out'to be displaced 1f

compared with the former centre by the magnitude of the order o As a result the

3
Mg C

positive charge of a neutron core. will spread over the region of the radius n»;%}' Figu-

ratively speaking, the core and 95 -meson exchange‘their_places (see Fig.'B). The mean
density of an electric charge in a neutronvduring'its iﬁteraction with an electron and,
therefore, in this oase(Z >will be close to Zero. The spreading of a neutral proton core
over the region of the radius-;i§; cannot essentially change the value of ¢ 2 éa

This hypothesis, hnwever, was not confirmed by the calculations. The estimates show
_that the role of the pairs (NN) 1s not great. The change of (2 > which 1s due to‘these

pairs 1s negligibly small]4ol

10) Since at present .there are no experimental grounds for .introducing strong interac-
tion of plons and K-mesons|59] that would essentially increade spatial dimensions of the
K-meson source then the form—factor for the denslty of the K-meson sources in a nucleon
‘#as chosen as for 4/~ -mesons.
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There 1is one more objection against. Tamm's hypothesls it is difficult to be brought

1nt0‘agréement with the relation of uncertanties AP 4 x ~ h. Indeed, the ambiguity 1n

the coordinate of nucleon inertia centre will be of the ‘order (1t is Just such

m-cC
an ambiguity A X of the point in which the nucleon-antinucleon pair is produced), whereas
the ambiguity in the momentum A/)A«'Q?"F Me -, .a11 what as -been-sald aboye concerns hype—

fa'd
ron pairs (Y Y ) as well.
?

C. Application of Dispérsion Relations

A number of attempts have been recently made to calculate the distribﬁtion of the
charge and magnetic moment in a nucleon, as well as to take 1nto account the contribution

of central regions using not only Chew-Low method but also that of dispersion relationsl40_

43I. llere we restrict ourselves to the conslderation of: only some qualitative results. Let
us consider the isotopic structure of the form—factoﬁs.

In view of charge symmetfy conslderations it.1s reasonably to suppose that the elec—-
tric ahd magnetic form—-factors of a nucleon may be presented as a combination of 1sotopic

vectors and scalars:

. .
e %p ()G (2)+G,(9); 2, %, () =Gor ()G, ()
e ‘Zn(q):c:(g)-ge"(g) X, Gunlg) =‘G,:(9) - G,: (q) (70)
Here GLV and Cbn are'the‘vector parts of the form-factors determining the

behaviour of the electric and magnetic density in the periphery reglons of a nucieon. In
these regions the conditionl,‘wl is fulfilled., -
Evidently,

v ‘—_e_' v _
GO O (=%, (71

Gg and G; are the scalar parts of the form-factors affecting the rroperties of the central

regions in a nucleon. These parts of the. form-factors satisfy the normalization conditions.
s v € s

G, (0)=G (0)=5; G (d)=0.

Taking into account that 3; 2~~-X, - from the experimental relation 5€§b5:2:a we ob-

tailn .
v Iy

Gm » G,
13
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i.e, the "magnetic form-factor" of a nucleon is, in general, a vector iﬁ the isotopic spa-
ce,

This fact lecads to an important'conclusiop that the maln part of the magnetic struc-
ture of ‘a nucleon 1is generaily determined by a virtual process in which two mesons of.char—
ges opposite in sign are involved (see Fig. 9a)11).

This can be understood if we take into account that a meson pair ( 67+¢?") forms a

vector in the isotopic space. Besides, the intermediate state in this case is a vector sta-

te, the lowest one by energy_Mo.n1

. The,next;intermidiate,vector state will be a state
involving four virtual mesons etc. It 13 possible to show that the meson energy in the
main process with two 1nterm1d1ate’mesons‘qr<'1 BeV -, '

As for the "electric form-factors" Ggp/ and ng s they are‘determined to a conside-
rable extent by a scalar form-factor (;; . The ‘process invdlving~three virtual mesons is
a determinant in this case. One of such virtual processes 1s plotted in Fig. 9b.

To evaluate the contribution of the process involving three mesons is extremely dif-
ficult. All the attempts to do it where so far unsuccessful.

Since, apparently, ('Z:>Pm-, £ar¢ 2:% and ¢ 2:'),(,,,,,,. {0,1 ¢ ?:' >P
then it ought bair to be exbeoted that

21 2
(2eBy L0325, (74)

All tyese results agree with the state above~considered picture of the nucleon structure
according to the statical theary.. ‘ ) .

It shouid be emphasized that the analysis of & -meson cloud of a nucleon and the cal-
culation of the form-factors ¢ and ¢’ are made by means of the so-called "trunocated"
dispersion relations which are not grounded now since the:cut—off of the used expansions

on this or that number of (¥ -mesons ocznnot be justified.

§ 7. Nuclear Structure of Nucleons

In the prececding Sections we have considered the problem of nucleon structure from

11) In tﬁe notations aocepted in the theory of dispersion relations the state invol-
ving a virtual & -meson interacting before its absorption (cf. Fig. 9a) is called two-
plon state. , C »
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the standpoinf of electromagnetic interactions.

However, interactions of nucleons between each‘bther, interactions with pions, K-me-
sons, antinucleons etc may yleld also the information on the nucleon structure. 50, some
years ago the anaiysis of the experiments dn’nucleon-nuéléon scéttering 15 the energy ran—
ge of some hundred MeV led to the conclusion that nucleon in these collis;ons may be con-
sidered as a "black sphere™ cf the radius A & 5.10_14cm. On the other hand, the meson field
in a nucleon is extended over a considerably greatvdisténCe. This circumstance has led one
of the authors to the 1idea of a nuclecn as conéiéting of a dense cofe - the region of éx—

. I
tremely strong nuclear interactions and a < -meson cloud!?!,

'A. Core of a Nucleon

At present our knowledge of a nﬁcleon core is very poor and reduces in general to the
following facts: .

1. In the g;beriments on 9 BeV nucleon interactioniwith photoemulsion nucleons per-
formed recently with the Joint Institute synchrophasotron two essentially different tybes
of collisions with great’of small multiplicity of secondary parficle production for one
act of nucleon-nucleon collision ars obserVedl44|. ‘ : ) ‘

In most of the collisions a great multiplicity of sécondary‘particles (n 2,3%4) is
observed. The énergy losses of a primary ndcleon in one act of a nucleon-nucleon collision
15 40% + 10% of .their initial energy. In the center of mass system the angular disttibﬁ—
tion of particles produced in these collisions by n »3 -4 turns out to be isotropic
(see Fig. 10). The collisions with small intensity of secondary'partiéies are observéd in a
considerably less number of events. The energy lo$§es in these cdiiisions are likely to be
smaller than in the collisions of the first type. Thé angular diStribufion of the prodﬁced
particles is essentiaily anisotropic (in the centre of mass s&stem) (see Fig. 10). '

The collisions of the first t&pe (with great multiplicity) may be considered as nucle-
on core collisions; but the greater parf of the collisions of the second type (with small
multiplicity) ~ as collisions of the core of one nucleon with the periphery cloud of ano-
ther nucleon.. k »

It should be emphasized, however;'that at present such a classification may be done
only with great accuracy since a part of the stars of the second type is 1iké1y to belalso
produced in the collisions of nucleon cores, but the number of the produced particles is
not great. At present it is not also clear what part of thé‘anguiar distributicon #nisotro—
py observed in the expefiment is due to the law of momentum conservation in the collision

of & oore with a core.
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The calculation of energy losses and angular asymmetry (c.m.s.) made under the assum-
ption that about 80% of all the collisions are at E=10 BeV those of the cores is in good
agreement with an experiment. 145l e . )

. In the laboratory system the particles produced as a result of periphery collisions
must ewerge at.small angles.yln Table IV are given the experimental and theoretical ratios
of particle number emitting at the angles 6‘51001471 It is seen from this Table that in
small angle reglion the contribution of particles produced due to the mechanism not descri-
bed by the statistical theorj of multiple production’is great. (The_distortions introdu-
ced by the momentum conservation law were not again taken into account).

2, The cross sections for stange particle production calculated‘by the statistical

theory of multiple production may be put into agreement with an experiment only assuming

that K-mesons are concentrated in the'regions of a nucleon «r;ﬁ a (h% is the mass of a
) .4

K—meson)|39I
3. The optical analysis of the elastic scattering of nucleons and pions on nucleons

at an energy E = l-lO BeV leads to the conclusion that the absorption coefficient in the

"
MmC . .
4. The comparison of numerous calculations with an experiment made in the framework

region~ essentially increases (see further)
of Chew-Low theory has shown that the agreement with an experiment may be obtained only if
we assume that the dimensions of the pion field source in a nucleon Q‘V;g% +  (From a
mathematical point of view the form-factor with the cut—off fregquency &~ ——)
corresponds to this fact) | ‘

5. The analysis of Hofstadter‘" experiments and (ne) interaction made above leads
to the conclusion about specific properties of the nucleon central region.

6. Various meson theoriles (see, e.g.l 2') 1ead to the qualitative conclusion that
there. ezists a core in a nucleon. |

- It is this poor evidence on a nucleon core which is available at present.

Be. Nucleon Optical Model .

The investigation of nucleon structure by means of nucleon, pion and,strange partic-
le scattering is quite different from that of photons and electrons due to a great magnitu-
de of interaction. .

The Bohr approximation in these cases 1s unapplicable altogether' but it is this ap—-
proximation only that makes. it possible by a simple Fourier transform to find energy in-
teraction operator,and structural form-factors by the scattered wave amplitude. In the

general case we are not aware of the ways<which would enable to solve the so-called "in-
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verse problem" -~ i.e. the problem of finding the particle interaction law by the scattered
wave phase shifts.
We cannot make use here of interesting and important investigations performed 1in this

149‘, Krein‘so‘ et a1‘51| as in the high energy

connection by I.I. Gelfandl48‘, Marchenko
region the notion of interaction potential becomes meaningless (see further).

However, the fact that the wave length at high energies of interacting particies be-
comes considerably less than the dimensions of nucleoné (see Table II) makes it possible

to think that the quasidlassical approximation 1s“appiicéb1e. In fhié case the motion of
. pafticles inside a‘nucleon may be considered as such takiﬁg'place along the trajectory
(along the ray) in a medium with the given refraction and absorptioncoefficients n=n(r)
~and k=k(r) respectively. '

if the variations of these magnitudes are small over the length of the particle wavel
then the nucleon hay be considered as an optica;ly 1nhomogeheous,medium with sufficiently
smooth variations of its optical constants and,it is possible to apply the laws of geomet-
rical optics to the particle scattering.:' _ ‘

The problem may be simplified in the‘respect that at high energies of pions and nuc—
leons the cross section for the diffractional scattering 6°d 1is much more than the cross
section for the nondiffractional scattéring 6;d so that the regl part of the elastic
scattering amplitude;

Re F(6) «Im F(6) (75)

This means that the nucleon refraction factor is purely imaginary and reduces to the ab—

' sorption coefficient. The phase-shifts of the scattered waves P become in this ocase also

purely imaginarylljl

e e . (76)
This enables to determine the amplitude of the scaftered_wave

. A 24 . | ‘. .
S ()= 55 Z (20-0)-€ “)p, (c0), )

(where € " 15 the scattering angle) directly through the cross section of elastic diffrac-

tional scattering
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£(4; o) /a’ﬁ;/[f(w

(78)
Expanding this expression by Legendre polynomialsg(Cos 8) it is possible to find the phase

L -dafi-t | mZ/do; (i P (cr6) 5n0d0) '(79)

As the caloulations have shown the conditions (75), (76) for plon-nucleon interactions

shifts Ze :

are fulfilled satisfactorily at the energies E > 1 Bey! 10-241, 1521.

'In the quasi-classical approtiﬁation the phase-shift .?e y corresponding to the pa-
rameter of the collisionf) ];/e(e +£) ~,2e 1s entirely determined by pion absorption
on the way inside a nuclecn (see Fig, 11). Therefore, if we denote by k(r) the pion absorp-
tioh coe:ficicnt at the distance of r =vp+5 from the nucleon centre then it 1s possible

to write

7, <7(p)=2i mma;

(80)

oy

o dt _
?@)-2:4’/((?) /—__-_.'::/';' | e

If one knows ?(f) from the experiment it is possible to determine (by numerical}method)
k(r) for each value of the parameter of collision. Practically it turned out that for an
energy of some BeV it is sufficient to know 6-7 phase~shifts ( € = 0,1,2,400).

Thus calculated pion absorption coefficient for plon energy E = 1.3 BeV and I = 5 BeV
is given in Fig. 12 (see (10) and (11)). As 1s seen there 1s a tendency for the appearance
of "blackness" near the centre of a nucleon. According to these data the r.m.s. "pion" ra-

dius of a nucleon is found to be
2 13 2
(& D =(082-10"cm)
(82)

that is in agreement with the value for the "electromagnetic!" radius of a proton (33)

"It should be emphasized, however, that it is seen from the obtained data that in the



central regions or a nucleon the conditions of the applicability of an optical model ére
fulfilled badly. _

At great values for 7[2;;%# ) the accuracy of the experimentgl data leads, as ls seen
from the curves of Fig. 12, to a great spread of possible values k(r).

Thus, the most reliable are the values in the intermidiate interval of the distances

Z . ,

For nucleon—nucleon’collisions the conditions (44), (4%) become applicable at cdnsi—
derably greater energles than for ( 7 N) - collisions. This is seen from Table V, where
are given the values for the coefficient ratios n(r) and k(r) for the energies E = 1-+10BeV
calculated by the experimental data., The conditions (44), (45) are fulfilled with suffici-
ent accuracy only at the energies E = 5BeV. In the papers by Huang-Niang-Ning and one of.‘

113,14] a way for calculating the absorption coefficient k(r) and refraction

the authors
coefficient n (r) through the relative coefficients K = K(r)/K*(r) and n=n(r)k*(r) where
the function X*(r) is determined by the known experimental data at E > 5 BeV. Thg calcula~-
tions”in this case aré also)considerably'simplified.

‘As the calculations have shown (see|12’14|) the spatial behaviour of k(z) and n(r)
for nucleon-nucleon .collisions is analogous to that given in Fig. 12 for pion-nucleon infe-
raction. The r.m.s. radius (rz) coincides with (82). » ‘

The knowledge of the pilon absorption coefficient in the nucleon cloud and its pion

composition makes it possible to determine in principle the cross ssction for pion interac-

tion 67 « Let us consider the related problems.
‘WWT

C. Pion-Pion Interaction

Pions may be considered.as particles consisting of virtual nucleon-antinucleon pairs
(seelsJ‘). The detailed bibliography is also given there),
The "structure" of & pion may be expressed by the formulas:
_ -4 P
W:P;{,’ 0?:,‘5.,1,- F %2 Z-(Pn-fpﬁ)

(83)
1541

a hypothetical pion
’ o 4 [T
@y -2 (pn-per)

(83D

. w v -
Here p,n are a proton and a neutron, whereas P and n -are an antiproton and anti-.

neutron.
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This conception of a pilon as a complex particle enables to consider the dimention of
the pilon d as a distance between the particles and antiparticles into which a pion vir-
tually dissociates. Due to strong intergction of nucleons it ought to be considered that

the cross section for pion—-pion interaction will be

'3 .
. - (84)

-+
On the other hand, the distance @ may be estimated from the mass difference % —and
F° -mesons which is 9 electron masses and is a. difference of electromagnetic energies of

the charged‘and neutral plons. This difference is equal to:

fd_—f& & ‘ _ (85)

Here the first term is an electrostatical energy; the second term is a magnetic energy.
the numbers 06/4 are of the order of a unit; m 1s the total magnetic mement of a nuc-
leon (1 m 1= 2 ). Assuming A E=9 m, 02 one may find by the order of thé magnitude
and 5.10527cm2.,The pion absorption coefficient in a nuc}eon x(r) may be'approximately

written as follows

’(ﬂ)‘: S (1),

(86)
where . n (r) is the pion density in a nuclecon "atmosphere"”.In %he region of the one~plon
state

n(y) =L //) 7
where (2 s (e)=p, (2) 1s taken from Table III

as well as from (58). (The factor 3/2 also takes into account the presence of neutral me-
sons). '

The curve k(r) calculated by formula (86) for 5.10727 cm2 is plotted in Fig. 12. As is
seen from this Figure the agreement is only rough.

ﬁowever, one could hardly expect a better agreement since in the region r = 0.2+ 1
the composition of the pion atmosphere is not reduced to the one—pion state whereas the
exact composition.jk (r) is not known.

. In.the region r = 1 the values for k(r) obtained by the optical model are very doub-

tful.

Therefore, to determine pion~pion interaction more accurate measurements of the dif-
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fractional pion scattering on nucleons in the small angle region seem to be very impor-

tant and promisinglj).

§ 8. Theory of Nucleon Optical Model

The optical theory of particle scattering én a nucleon considered above is simple
and visual. At the same time it 4is rather naive. .

At any réte the nucleon model as a refraé%ing and absorbing medium must be theore-
tically and experimentally grounded.

Two problems must be conéidered in this connection:

1) What are the conditions for the optical model of a nucleon to be correct?

2) 1f thé optical.model is correct what aré the conditions for the formula (8l) be
applicable for the calculation of the phase shift ﬂe ?

Let us consider these problems.

A. Equation for Pion Scattering on a Nucleon

At present we have no genéral theory of ﬂ; -meson and nucleon intefaction; Therefo~
re, there is no well-grounded theoretical base to analyze the importance of any approxi-
mate methods, in particular, the nucleon optical model. Nevertheless, rather general con-
clusions concerning the conditions of the applicability of the optical model or, in other
words, of the complei interactibn potential are possible. Therefore, let us write down
the Schrbdinger equation for the pion and nucleon system iﬁ the momentum space as 2 chain

of relativistically invariant equationsl55l.
(En)p =st'U“’ P (88)

where 9% 5‘56 {7215;;; L. éi/ is the wave function describing the real
and virtual state of particles in pioﬂ interaction with a nucleon; ;S are thg momenta of
particles; E 1is the total energy of the system, Ho is the Hamiltonian of the noninterac—- -
ting particles, “Qg
lation) of particles in the transition S — S*'.

is the interaction operator, describing the producfion (or annihi-

13) One may arrive at important conclusions about (#% ) interaction by studying an-
gular distributions of particles produced in (7 N)-interactions. In particular, the de-
viation from the isotropy (in the c.m.s.) for the stars with a small multiplicity of the
produced particles is an indication to (#% ) ~ interaction.

‘
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Vihen consldering the optical model of all the functions Sﬁs we are interested only
in the function gé. =.§l}['(;' /D) which describes the elastic scattering of a pion with

the moment ¥, = k on a nucleon with the momentum I—C?‘ZE D

To distingulish this component ¢2_=$V we rewrite the equation system (88) as follows:

(E-H)¥= 2. W, Sﬁs'f

§'¢2

. ‘ 89
(E"/ﬂ)¢_r’"‘e,z#-&ws's”¢r” W _ 9

or, dividing the second equation into (E —/, ), with the help of the "elementary scatter—
ing matrix" ¢ , equal to .

267 (E-H)W, (50

(see, in more detaill55l) we may rewrite the equations (58) in the operator form

(£-H)p=w¢
¢f=?¢’+(¢

(91)

.

From here one may obtain the equation for the function ‘/) by integrating -

(£ -H,)w =W£W+ (wz”gb)ﬁﬂ

oo (92)

If we assﬁme that
a) all the divergent terms from this equation are exéluded.

b) the residual term by N — o is tending to zero (cf.|57l), then this egquation

may be written as follows:
| ( F-F(% p)}q) @, p)/%p")- /w/n?,ﬁ/f,'ﬁ') Y(Rp)dxp),

»

(92)

where the operator



.
Y =w-—

-t
(93)

For the real processes E = ”o the matrix ¢ will also contribute to the imaginary
part of the operator in view of the function being imaginary; thus, the operator G 1is
complex and this complexity 1s due to the feal, inelastic bprocesses.

Let us pass now to the coordinate system where K + P = 0. Then Eq.(92) may

be written as follows

[ E-E,(9)-E, m}] vig)-J62/e)elg)clPg. (94)

or in the coordinate representation

/E-Wx) —H#(x)) )= [7(2) ()L
' v (95)

Here }%(x) and H(x) are the Hamiltonians of the free motion of a pion and a nucleon.,
As it can be seen the interaction in which we take an 1nterqst is, generally speaking, de-
termined by the nonlocal operator ¢~(,i%) ‘ « However, if the initial equation system
(51) is local, the nonlocality in (95) is only a result of the writing down in the coordi-
nate representation of the fact that the interaction is dependent upon the velocities:

[F(#) 9@V E, 79 @), ()

where V 1s a complex interaction operator dependent upon the velocities of partdcles:

a { — . 4
Vi & vt)=2 Wf%f/i,'f)[("")a?;m]"d“*'ig —I%TVM (IE)a??(xﬂ

or

V(GE; v)=Zwrl, (L) Vo (o7

B. Conditions for the Existence of Complex

Potential

It can be seen that there exists no complex potential which could be interpreted as an
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optical refraction and absorption factor of the pion waves inside a nucleon since we ob-
tain a nonlocal operator instead of a potential. '
However, in case of the applicabllity of geometry gptics
' &y '
@Per) =¢) (1) € . 9%
) o and fas
ax '

In this case the operator V(x,E,<7a) is reduced to the complex potential

Vi, E; % _" ’V/A’, ﬁ’), : (99)

dependent upon a particle momentum. In other words, the conditians for the geometric opties
being applicable colncide with'the’coﬁdition when the nonlocal qperator F or V may be
replaced for complex potential (99).

In those regions of a nucleon where the absorption becomes so strong that the amplitu-
de of the pion wave changes noticeably over the wavelénsth A more general relations
should be used for the calculation of the phase f} « Let us remind also that the applica-

bility of the optical model is improved when passing to smaller wave lengths.

§ 9, Conclusion

‘Phe study of the structure of elementary particles and of nucleons seems to be at a
very .early stage of its development., A great progress was made in the investigation of the
electromagnetic structure of a proton and a neutron. The -obtained data on the charge and ¢
magnetic moment distribution in nucleons are fitted with the main theoretical concepts of
the pilon theory. However, the electromagnetic properties of the nucleon central regions
still remain very obscufe.

The study of nucleon structure by means of nuclear interactions 1s in embryo.

The simplest approach to the meson structure of a nuoleeon 1is the analysis of pion scatk
tering on the basls of-the nucleon optical model. In its present form this model has a phy-
sical meaning for sufficiently energetic pions (nucleons) and not for too

deep layers of nucleon structure.




“Energy interval Mean energy Tulnere)  Omlpefe
(Bev) R (Bev) . /xl ‘cn:l{ /Xlo“ Omg/
28-58 37 ' 0,60 +0,04 0,59+ 0,05
58-121 77 0,62+ 0,05 0,81+.0,08
121 - 387 178 . 0,87+0,13 0,79+0,25
28 - 387 50 o -~ 0,61+ 0,03 - 0,61+0,04

T.able ir

Wavelengths of Varions Rays

RS S S R R RPN SR S S R E RS T R N S R R S S R S S S S S S T S R e S S N T S S E S S S SRS SRS SR ESE ARSI RE RSN ER

Source of ’ : Nature of . " Wavelengths of a nucleon and
scattered particle (ray)gijm.s.)

rays ' rays in the units f-= 10 cm.

6 BeV Berkeley protons (6.15 BeV) ' ‘ 0.12

Bevatron ~ plons (5 BeV) 0.13

Joint Institute protons (10 BeV) . . 0.09

Synchrophasotron pions (8 BeV) ' 0.10

50 BeV Synchropha- protons (50 BeV) 0.04

sotron _ pions (50 BeV) 0.04

Stanford electron ]

linear accelerator » .. electrons(1BeV) 4 0.35

10 BeV Proton Beams v ‘protons + protons T 0.0i8

(perspective) (10 BeV)

10 BeV proton and

electron beams (perspective) proton+electrons (10 BeV) 0.019

200 MeV electron beams electrons+electrons ' 0.4

(perspective) (500 MeV)

P RS E RIS S S R N N S TR I R S S S S S S R S S R R S S S S S T S R N S S N R S S S R S S S S S SN S E RS S S ES S SRS
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Table

111

Distribution of an Electric Charge of a Pion Cloud in a Nucleon

h\'ﬁC)

0,075

JJ,- (%) fymxc !/e

0,05 0,0875 0,1 0,125
- di (v) f‘/n#c-% 0 0,17 0,58 0,88 1,18 1,64
- ,w;C‘7 0,15 0,2 0,3 0,4 0,5 0,8
NED | | ,
d_(z) %ﬁc'I/e 1,95 2,05 1,46 0,9 0,55 0,35
] : _ Rh
( ‘MC‘) 1,0 1,5 2,0
"z'\ ‘b\' 3 2 ?
0,146 0,082 0,0145
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Table IV

Angular Distribution of Rays in |NN|-collisions /lab.system/

A n g 1l e . The‘number of particles (experimental)
interval : L _ /Calculated/

0 - 3 - . " ‘ 2’2

0 - 5 1|9

o-10 _ 1,4

Table V
Ratio of Refraction and Absorpticn Optical Coefficients‘

for (p-p) - Collisions

E Bosr 1,5 2,24 2,75 4,40 8,15 9,0

T .
”'(%{z) 1,2 1,2 0,85 | 0,51 = 0,1 0,05
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005 0f 5 ¥} "A

Fig.3. Dashed line shows a dependence of an electric charge of a nucleon pion
c¢loud 04,- upon a magnitude of the cut-off parameterja « Solid line indica-
tes the same  for the electric radius “:’.— . '

%
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i

I —

Fig.4. . Dashed line shows the dependence of the magnetic moment of a pion o6loud
I7 upon the magnitude of the cut-off parameter g . S0lid line shows the

same for the magnetic radius< z,, I
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Feynmann diagram for electron scattering |al, |a'| and for the production
of electron-positron pairs | & |, | & '| on a nusleon. A solid double line
indicates a proton, a solid single line - an electron or a positron, the wave
line a & -meson, the dashed line a f - quantum, the shaded regions show-a
Torm«fattor. ‘ ST :
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Fig.6. & Electromagnetio struoture of a nuoleon; Q is the structure of a proton,

is the struoture of a neutron. The so0lid ourve indicates the distribution
of an electrio oharge in a proton and neutron; the dashed line ~ the correspon-
e ding distributions .of an eleotrisc oharge in the cores of a proton and a neutrom
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’

Fig.7. Feynmann dia

gram for an electric polarization of a meson cloud in a nucleor
The so0lild curve is a nucleon, the wave-like = a pilon, the dashed line- 7=
quantum. : . ‘ ’

N o4
ar 7
N T

] !
initial !
state '.” #-'IT
[
final 3
state '-'“ ¢~

il ci

Fig.8. Graphic plcture of Tamm hypothesis,
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Fig. 9. a is the Feynmann diagram for the vector part of the electromagnetic
form~factor of a nucleon

1s one of the Feynmann diagrams for the scalar part of this
form-factor. The solid line clows a nucleon, the wave~like - a plon, the
dashed line - ¥~ - quantum.
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Histopgrams of the distribution
in proton-proton and proton-nentron
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of a number of charged particles produced
collikions at 9BeV. The values of the par—

ticle emission angle are put along the absicca axis in the G.m.s. 144].
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Fig.ll. The range of a pion inside a nucleons, is a collision parameter; r ‘is
the distance to the centre of a nucleon. The mesons are absaorbed along the
length ab = 25. The transparency is P (p) ne "27 (P Aipl=t,

The diffraction due to this limited transparency of a nucleon is
same as the diffraction from the hole in the screen with the trans

D(p)=v-e 22GY '

exactly the
parency
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The coefficient of pion absorption in a nucleon K-k(#) as a funotion of
the .distance r from the nucleon centre. The values in the units 10-13om, the
values k(r)- in the units 10+13cm. Solid curves show the values k(r) construc-
ted by the extreme experimental values -for ‘E =" 13B. The dashed line shows
the mean values k() for E.= 5 BeV. The point-dash line indicates the -depen-

for the density p(z)

denmce o NLT) = gpgp (!) "constructed with aocount of ‘the theoretical values
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Note Added in Proof

1. The estimate of CE;_ in Seo. 7 B is a lower limit of the possible values
of kq;yv , when the nucleon and antinucleon into which a pion dissociated is considered
4 B

to be point ("bare") particles. If we take into account their effective dimensions then the

effective dimension of a pion and the 61058 gection 63%? y corespondingly, may increa-

se some times. The‘chrvekuhﬁdiﬂﬁimay be brought into agreement with the curve #7ﬁﬁ) ,
obtained from the optical analysis. '

, 2. As recent experiments of E. Tzyganov with the Joint Institute synchrophasotron have
shown (in print) the angular distributions of the eléastic (p-p)- scattering as a smgll
angles) 9'</C7° in cem.s. cannot be accounted for in the framework of a purely absorbing
nucleon ("black" or "grey"). It is possible that even at high energies in the small angle
region: © <70° the potential soattering still plays a noticeable role, i.e.,

464(8) , g
dQ :




