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Polarization effects in the interaction of hadrons are considered with simultaneous allowance for strong
and electromagnetic interactions. The topics included for discussion include polarization effects in the
scattering of pions, K mesons, and baryons by protons, in the scattering of neutral and charged baryons
by nuclei, and in the coherent production of resonances. It is shown that the study of polarization effects
due to the interference between the strong and electromagnetic interactions leads to a new experimental
possibility for investigating the spin dependence of the strong-interaction amplitudes.
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INTRODUCTION

A spin dependence is a characteristic feature of inter-
action of microscopic particles. The dependence of the
interaction on the spins leads to polarization phenome-
na. Through study of polarization effects, it was possi-
ble to establish directly the fundamental fact of violation
of P and C invariance in weak interactions. The reli-
able determination of the spins and parities of reso-
nances—which forms the basis of symmetry schemes—
is another example which must be mentioned. Here
there is still one important problem which is as yet un-
solved: the spin and parity of the £ hyperon have not
yet been directly determined. Finally, data on polari-
zation effects are decisive for the fate of many approx-
imate theoretical constructions in elementary-particle
physies and for the interaction of high energy particles
withnuclei. It has been pointed out more than once in
the literature that various models which give similar
results for the cross sections when averaged over the
particle spins differ drastically in their predictions for
polarization effects.

In order to make modern investigations, it is neces-
sary to create polarized beams of baryons, photons,
and leptons and use the technique of polarized targets.
The acceleration of polarized particles has a promising
future. Here, for strongly interacting particles there
are interesting possibilities in classical accelerators
as well, including storage rings. Completely new pos-
sibilities arise for the acceleration of polarized high
energy particles by the collective method of accelera-
tion.[!?

In a collision of particles with spins, for interactions
of arbitrary strength, there is an increase in the num-
ber of independent amplitudes that describe the scatter-
ing or inelastic processes in states with definite values
of the spins and their projections and, accordingly, of
the number of independent measurable quantities. Be-
sides the differential cross section for interaction of
unpolarized particles o,, one can measure the polariza-
tion P,, the polarization correlations, the quantities
that describe the change and transfer of the polarization
in collisions of polarized particles, and also the dif-
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ferential cross sections for the interaction of polarized
particles. Measurement of the total interaction cross
sections of a polarized beam of particles with a po-
larized target gives interesting information on the total
interaction cross sections in states with different ener-
gies and spin orientations of the particles. A detailed
description of the theory of polarization effects in
strong interactions can be found, for example, in the
reviews Refs. 2 and 3.

In different energy ranges of the particles, polariza-
tion experiments illuminate different problems:

At low energies we have the range of energies in
which it is sufficient (and does not cease to be suffi-
cient) to take into account the interaction of hadrons in
states with minimal values of the angular momenta.
Here, unambiguity and considerable precision in the
determination of the scattering lengths and effective in-
teraction ranges are important.

In the region of nucleon energies 100—-1000 MeV,
where the spin dependence of the interaction in nucle-
on—nucleon scattering is particularly complicated and
rich, a model-free and unambiguous analysis leading to
establishment of scattering or interaction amplitudes
is impossible without a study of polarization effects.
The program of a “complete experiment’'*! has here
been developed to its furthest extent.

In the energy range 1-10 GeV of the particles, the
main aim of the performed and planned polarization ex-
periments is, besides determining the spins and pari-
ties of resonances, to obtain information about the
scattering and interaction amplitudes free of model as-
sumptions. In the creation of polarized beams of bary-
ons and in measurements of their degree of polariza-
tion, interference effects at extremely small momen- .
tum transfers, which will be discussed below, can be
of assistance.

At the very highest energies achieved with powerful
accelerators in the new and little studied range of en-
ergies, investigations of polarization effects are the
most direct and shortest and, perhaps, the most eco-
nomic way to obtain new and unambiguous information
on the amplitudes for which theoretical models are de-
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veloped; they enable one to test the validity of the P and
T invariances.

The dispersion relations based on the principles of
causality and unitarity stimulate particular interest in
forward scattering amplitudes. It is in the determina-
tion of these amplitudes that interference between the
strong and electromagnetic interactions in polarization
effects introduces appreciable simplifications. Apart
from the region of especially small momentum trans-
fers, electromagnetic-hadronic interference is appre-
ciable near the minima of the differential cross sec-
tions, at which the hadronic amplitudes are strongly re-
duced. Electromagnetic effects must be taken into ac-
count at high energies when the polarization effects due
to strong interactions in elastic scattering are signifi-
cantly reduced.

The present review is devoted to a discussion of po-
larization effects that occur in the scattering and inter-
action of hadrons due to the interference between elec-
tromagnetic and strong interactions. The questions dis-
cussed here were raised initially in the investigations
of Schwinger,'5? Akhiezer and Pomeranchuk,'®? Prima-
koff,!"? Piccioni,’! Pomeranchuk and Shmushkevich,®
Garren,'*%? Breit,!'") Bethe,!'2? Solov’ev, ! Yennie and
West,!'*) and Locher.['®! The major part of the review
is based on investigations of Vanzha, Kopeliovich, Ta-
rasov, and the author.f16-22]

Note that the amplitude of electromagnetic interaction
of a neutral baryon with the Coulomb field can be rep-
resented in the form

Mom= 5 £ u.Z (on) (1)

where 0 is the cms scattering angle; p, is the magnetic
moment of the neutral baryon; M is its mass; Ze is the
charge of the partner; and n is the unit normal vector
to the scattering plane.

Equation (1) follows directly from a consideration of
the corresponding single-photon Feynman diagram if
we restrict ourselves to the terms that are the most
singular in the four-momentum transfer and ignore the
form factors of the particles. The photon propagator
gives a factor (-#)"!. The product of the vertices of the
nucleus and the neutral baryon are proportional to the
magnetic moment and the factor (-£)/2. For the scat-
tering of neutral baryons, the electromagnetic ampli-
tude (1) can be simply added to the hadronic amplitude
M", so that the total elastic scattering amplitude, in
which strong and magnetic interactions are taken into
account, is

M =4 B (om);
2

Vo= lin - = —2.94Z 10" cm ,

and the hadronic amplitude M" in the general case has a
complicated spin structure, whose investigation is the
aim of many experiments.

Equations (2) reveal qualitatively the effects of taking
into account not only the strong but also the electromag-
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netic interactions of the hadrons. Because of the sin-
gularity with respect to the momentum transfer, the
contribution M*™ is comparable with that of the ampli-
tude M" at small scattering angles 6,

Ba = va /] M), (3)

to which there corresponds the square of the momen-
tum transfer -f,. For -i,, ignoring the contributions
of the real parts of the hadronic amplitudes compared
with the imaginary parts, we can obtain the expression

—ta & (ZEI MY (hripenlOior), (4)

where 0, is the total cross section for the interaction
of the baryon with the particles of the target;

—1yr = 0.5-1075(GeV/c)*.

Even if the hadronic amplitude does not depend on the
spin—the simplest assumption made at high energies—
the dependence of M°™ on the spin in (1) leads to polar-
ization effects. As a result, there is a change in not
only the angular distributions for the scattering of un-
polarized particles through small angles but also polar-
ization effects (appreciable at small ¢) due to interfer-
ence between the amplitudes M*™ and M™,

For the scattering of charged particles, the existence
of the Coulomb (charge—charge) interaction that is sin-
gular with respect to the momentum transfer introduces
its own modifications. In the region —¢= ~f,, which is
appreciably less than —¢ = -{,, at which the contribu-
tions of the Coulomb and strong interactions to the
cross section are comparable:

—te = 8aZetay = 2.107 (GeV/e) , (5)

the Coulomb interaction predominates in the scattering
cross section of charged baryons; the polarization ef-
fects in this region are strongly reduced compared with
the scattering process in which one of the baryons is
neutral.

For the scattering of charged baryons on one another,
the question arises of the relative phase of the hadronic
and electromagnetic amplitudes. This has a particular-
ly significant effect in the interference of M°™ with the
real part of M".

1. SCATTERING AMPLITUDE AT SMALL MOMENTUM
TRANSFERS

Scattering of Mesons by Protons and of Baryons by
Nuclei. To describe the scattering of spinless mesons
(pions, K mesons) by nucleons, and also the scattering
of spin- baryons by spinless nuclei at arbitrary ener-
gies, it is convenient to go over from the ordinary in-
variant amplitudes A and B in the expression for the
transition matrix

B(p) Tu(p) = (#) [ A— 3 B0 Ju(p) ®)

to the amplitudes B and A’, where
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Al _( o ) A=A (7

M is the nucleon mass; @ =g +¢’; ¢ and g’ are the four-
momenta of the bosons and before and after the colli-
sion; p and p’ are the same for the nucleons; and s, 1,
and # are Mandelstam’s kinematic variables.

For the differential cross section for scattering of
unpolarized particles do,/dt and the polarization P, we
have the well known expressions

dog _ 1 ¢ a1 2 t | BI*(p} +ts/abr®)
¥ :u(q,‘:] [(i_MWHA P~ —ITW] (8)
and

do., Py= —sinf —=2 Lait A B (9)

16213
Here, ¢, is the modulus of the cms three-momentum; 8

is the cms scattering angle; sq2=M?2.

If we introduce electromagnetic form factors of the
spinless hadron F, and magnetic, Gy, and electric, Gg,
form factors of the baryon: G,=F +F,, Gz=F +t/
4M?F,, then the single-photon exchange diagram gives

Aem . dne? 4me? (l‘——u F( Gy —GE );

7 20 T—1/402

B = — B2 orey; (10)
rem __ 4aed (s—u

A" s 3 M )FGb

For meson-nucleus scattering (s —u)/4M =w, +¢/4M,
where w; is the total energy of the meson in the nucleon
rest frame before the collision.

For scattering of baryons by nuclei in the rest frame
of the nucleus before the collision (s —u)/4m =E, +t/4m
(m is the mass of the nucleus) and

rem SnZt- m
Arem— T (Ey+1/4m) FGg; } (11)

B — SnZezFGM/t.

When considering the effects that are singular with
respect to ¢, it is important to remember that G, (0)=p
(where p is the magnetic moment of the baryon), G (0)
=#1 for charged baryons, and G¢(0)=0 for neutral bar-
yons.

If we represent the cms scattering amplitude in the
form

T = My+ M, (om), (12)

then, going over to the scattering angles of the baryon,
for baryon- nucleus scattering we obtain

Mf,m— 'l/_ 2mEF (GE 4-”2 Gﬂl) (13)

where we have retained only the terms which are most
singular in ¢ and

Mf"‘——l(F'—'lI)smB F{('I, Ts4-M) Gy,
+ (Ep+tldm) G””ﬁf } - (14)
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here, E is the total cms energy of the baryon.

At low energies, when E; +¢/4m=M,Vs + M=m,

Miyp=—i(E—M)sin@ gf

S, (15)

For the scattering of charged baryons, Eq. (15) con-
tains the so-called Thomas half. At high energies, as
follows from (14), M55~ (u—-1).

Baryon-Bavryon Scaltering. The spin structure of the
elastic scattering amplitude of two spin-3 particles in
the center-of-mass system has, as is well known, the
form

T'=a+b(oyn) (0:n) + ¢ [(on) + (o,m)]
+a[(om) — (0)] + € (a,1) (0a]) +f (6,m) (0;m), (16)

where the unit vectors 1~k’ +12, m~k’ - E, and n=1Xm
are constructed by means of the unit vectors along the
directions of the momenta in the initial, k= p/|p% and
final, ik —p'/|p | states.

As a result of consideration of the single-photon ex-
change diagram, we can obtain the following expres-
sions for the contribution of the electromagnetic inter-
action to the amplitudes a,b,c,d,e,f:

@™ = ¢%G plop: (s—m} —m3) 't V's;

em = 0
b :

emygm_ Lo o o _s—mi—mi o
+ ] m¥ -.E.‘[ i 1L o Vrs {E1+m“ J (17)
. i =t el [G g s—mi—mj -
B mp L T VR Byt my)
e
e™ =0,

if we retain only the terms that are singular in{. Here,
Gg,,p and G,y ,, are the form factors of the fermions;
E, , are the total energy of each of them in the center-
of-mass system; @ is the cms scattering angle. The
symbol =0 means that b°™, /™, and ¢°™ vanish if allow-
ance is made for only the expressions which are sin-
gular in £.

Note that ¢®™+d°™ are proportmnal to (K, ,—3%) at
low energies [instead of p—3 in (15)] and to (1, ,-1) at
high energies.

The amplitudes in (17) are normalized in such a way
that for unpolarized particles

%EU":|“|2+|b|2+|°+‘I|2+|C~wd|z+]¢gi2+|ﬂz. (18)

The expression (17) is valid, for example, for scat-
tering of Z* hyperons on protons. It simplifies for the
scattering of neutral baryons on charged baryons. In
such a case,

™ —dtm s O

cem+dcm % es GhrGREN‘;':,__iP’i' (19)
where p, and m, are the magnetic moment and mass of
the neutral baryon.

Thus, for the scattering of neutrons and neutral hy-
perons of arbitrary energies (in the region of applica-
bility of the Born approximation) on particles and nu-
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clei of spin 3 the electromagnetic contribution to the
amplitude reduces to

Mi™ =5 CusGas o (010). (20)

This result is preserved for the scattering of neutral
baryons on nuclei of arbitrary spin since the interaction
of the magnetic moment of the neutral baryon with the
magnetic and higher moments of the charged particles
does not lead to a contribution to the scattering ampli-
tude which is singular in 7.

The total amplitude of np scattering with allowance
for electromagnetic effects reduces to the expression

M=M"+ M= M* iy, (o), (21)
where

'vnp=e’1.l,,lM= —2.94-10718 ¢cm,

By virtue of isotopic invariance d"=0 in (16) for np
scattering, as for the scattering of identical baryons.

With allowance for (21), we have in the spin struc-
ture of the total amplitude of #p scattering

e=c"4iy, p/20; d=iv, /26. (22)

The presence in (16) of the nonzero amplitude d leads
to singlet—triplet transitions and to a corresponding de-
viation for the np system from isotopic invariance,
and to a difference between the polarizations of scat-
tered neutrons and protons.

The hadronic part of the pp scattering amplitude can
be represented in the form (16) with d=0. The vanish-
ing of the amplitude d for the scattering of identical
particles in the case of parity conservation follows
from the Pauli principle and leads to econservation of
the total spin in the elastic scattering of identical bary-
ons.

It is easy to see that in the single-photon approxima-
tion

™= —2ak/|t|;
™= 0;

m io i

=T ver =W{E(H—1)fM+ 1$H

(23)
em =0,

a0,

Here, M is the mass and E is the energy of one proton
in the center-of-mass system.

Note that the expression (5) for ¢, is obtained if one
bears in mind that in the region of Coulomb interfer-
ence

|@*""| ~ Im a" = Eoyafdmn.

Cohevent Production of Resonances. The contribution
of single-photon exchange is of interest for not only
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elastic scattering but also a number of inelastic pro-
cesses. Below, we shall discuss the contribution of the
electromagnetic interaction to the processes of coher-
ent production of unstable particles on spinless nuclei.

In the study of the electromagnetic contribution to the
cross section of processes of the form

VHZ>1, P+ 72 2T (K5)+ Z>p= (K54 2; (24)
N+Z>N*+Z; Y+Z>Y*4Z }

one can obtain data on the widths of the decays
0, 0295 pE s mE gy KTE s K 4y } (25)
N*> N4y Y'Y 4y,

We represent the general scheme of the processes (25)
as

2—>1+7, (26)

and of the processes (24) as

14Z212. 27

The single-photon exchange contribution to the cross
section of the processes (24) averaged over the spins
can be expressed® in terms of the decay widths
T2-14+y)

dog™ _ 2sy--1 Z2a8al (2—+1-+y)

di' T sy -1 (m} — m¥)3

1£ | m3 (28)

W—tp)*

where ~i’ =~ (f ~1,) = (k sinb)?; —t, =[(mZ - m2/2k)]% Fk is
the momentum of the projectile; m, , are the masses
of particles 1 and 2 and s, , are their spins.

The expression (28) attains a maximum at —£/=—¢,.
The value of do,/dt’ at the maximum is inversely pro-
portional to -£, and increases quadratically with in-
creasing energy. The total cross section of the Prima-
koff effect with the production of one resonance is pro-
portional to the logarithm of the energy. At the particle
energies attainable with modern accelerators, it is im-
portant to take into account the electromagnetic and nu-
clear (hadronic) parts of the amplitude.

The expression for the electromagnetic part of the
amplitude of the process (27) with the variation of the
baryon mass at low transfers reduces with good accu-
racy to a spin-dependent term of the form

ilo-(kXq))

> 8nZ%al (2—» 1L /2
Fem(g)= k(Aﬁ_:q:)[ nZ2al ( ) mi

(m3—m})3

Sem (9)- (29)

Here, —g®={; ~A%*=¢_; the electromagnetic “form fac-
tor” S,, (g) in the approximation in which absorption ef-
fects are approximated by an absolutely black nucleus
of radius R is determined by the expression

Sem (g)=-% (A%+ ) j bdbJ, (gb) Ky (Ab) exp [2iZaeInb/R].  (30)
R
In Eq. (30), £=0,%1 are the charges of particles 1 and 2
(in units of e); J,(x) and K, (x) are Bessel functions.
For a clearer understanding of the structure of the

expression (29), note that the vertex for the emission of
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a y with a baryon of mass m, and spin % and its transi-
tion into a baryon of spin 3 with mass m, #m,:

Ty=u2 [Fa¥o + FoOpugy+ Fogul 1

differs effectively from the expression for Ny, N—the
elastic vertex for emission of a ¥ without change in the
baryon mass.

The condition 8,J, =0 of gauge invariance has the
consequence that (m, —m )F, +q%F,=0. For the elastic
vertex, when m,=m,, F,(t) vanishes because of this
and at small momentum transfers the form factors
F,(t) and F,(t) are decisive. For the inelastic process,
F,(t) is proportional to g2, so that with allowance for
the terms singular in f we arrive at the expression (29).

2. RELATIVE PHASE OF THE HADRONIC AND
ELECTROMAGNETIC AMPLITUDES

When one considers the mutual influence of the strong
and electromagnetic interactions on the expression for
the transition amplitude, one is forced to consider the
relative phase of the nuclear (hadronic) and electro-
magnetic amplitudes since the strong interaction affects
the electromagnetic interaction. There is also the
electromagnetic influence on the hadronic amplitude,
which does not reduce to a relative phase. So faras I
know, a general solution for the problem of the mutual
influence of the strong and electromagnetic effects for
arbitrary energy and momentum transfer is not known.
For hadron-hadron interaction at low energies (in §
states) this problem was solved by Landau and Smoro-
dinskii "’ and Breit et al.t?!

In the region of high energies, this question was con-
sidered for the first time in 1945 by Akhiezer and Pom-
eranchuk’® for diffraction of spinless charged particles
on a black nucleus. The further investigationst2™15
showed that for the spinless amplitudes at high ener-
gies, when the / dependence of the hadronic amplitudes
can be represented in the form exp(A¢), the expression
for the relative phase coincides with the result obtained
by Akhiezer, Pomeranchuk, and Bethe.

Being interested in the interference of strong and
electromagnetic interactions in polarization phenomena,
we shall restrict ourselves in our study of the relative
phase in the presence of a spin dependence in M”* to high
energies and small momentum transfers, when the ¢
dependence of the amplitudes reduces to a dependence
on the square of the transverse momentum transfer ¢
We represent the total scattering amplitude in the lab-
oratory system in the form

F, (q)-—-——- { T'; (b) exp (iqb) @%b, (31)
and

T (b) =iz~ | iy () exp (—iab) iy, (31a)
It is generally true that

I'T{h}:l—expl——i g Ve(b, z) d':'J. (32)
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Since in our case the fotal interaction operator V, is
made up of the hadronic V, and electromagnetic V,,,:

Vo= Vit Voms . (33)
we have

' (b) = g (B) + T (b) — oo () T (). (34)
Because V,,, is real,

Tom (B) + Tém (b) = Topn (b) Tém (b). (35)

We represent the hadronic amplitude in the form

Fu(@)=0.f1 (@) + ilo"(q; X2} f (°), (36)

and

fr.2 (0%) = fu.2 (0) exp (—a1,09%2). 37

We introduce a finite photon mass vAZ and consider
the effects which are singular in A%, In the Born ap-
proximation, ignoring the form factors,

FE (0) = ——7 [g.2e + in@ (g, XQ))/2]1], (38)

where € =0, u=~1.79 for scattering on a neutron and ¢
=+1, p=2.79 for scattering on a proton. From (31) and
(38)

TE ()= -5:— 5 [se +u T(ﬁf;;_:—,l ] exp ( — zA% — b¥/4z) dz/z. (39)

It follows from (31), (36), and (37) that

o-(g; Xb)

iTh (b) = a7y (0) exp (—b¥/2a) + a5* —f—

f2 (0 exp (—Db¥2a,).  (40)

Using (39) and (40), we can represent the expression
for F(q) in the form

Fop(q) = — 5 S T2, (b) T (b) exp (iqh) d?b.

Bearing in mind that in the interference region a, ,q*
<« 1, we obtain
Fen (0) + Fp (0)
xqr [f].(U)-r 4;::; f,.({]):l Exp[—iuaeln(“"‘ +C)]

i(o+(q;Xq)
+T1f'

[f:(0) + iopfy (0)) exp { —iaee [In (@:A%2)+C+ 1)}, (41)

where C is Euler’s constant.

To determine the singular part of the phase of the
amplitude F,,, we use the representation (31) and the
unitarity condition (35):

Fom (@) — Fi (@) = 51‘3 (b) T2, (b) exp (iqh) d?b. (42)
Substituting (39) in (42) and ignoring the contribution

proportional to p?, we obtain after integration with re-
spect to b

FE?H (q)

4y a1 E
¢m([l) ! d.‘tdy W EL1) [E -+ lep Tha, ]

5 IY

><exp[—(.r+y)lz—lrm]. (43)
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Introducing new variables # and T in accordance with

2z=u(l+1);

PV 2dz dy = u du dr,

and taking into account (38), we obtain
Fem (q) “F:m (q)

- = 1 .
ag:ﬁ::q)} 5; du _51 dTexP[—ukzm uz- (1*—1’2)]

= ia’eq,, {e +ip

= 2ieaF2, (q) In q¥/A% (44)

Therefore,

Fom (@) = Firn (q) exp (ice In q2/23). (45)
Considering the region of small g? and taking into ac-
count (45), (41), (34), and (31), we finally obtain

Fa (@)= Fom+ Fut Fon = exp {iee In 0%/} { Fon (@) + [ .12 (0)

iopfy (0)

4M>=a,

exP[—im (ln .ﬂzﬂm_;_(;”

©-(q; Xq)

=g U= (0) + iaufy O exp[ —iea (In 2L+ 0+ 1) ]}, (46)

Thus, for the spinless amplitude we arrive at an ex-
pression for the relative phase that is equal to the one
obtained previously in the literature, the contribution
of the radii of the particles being added to a, when al-
lowance is made for the form factors. The expression
for the relative phase of the spin- orbit amplitude dif-
fers numerically (C is replaced by C +1 in addition to
the difference between a, and a,). Note that the relative
phase vanishes for scattering on a neutral baryon, at
least in the approximation we consider.

The vanishing of the relative phase for scattering on
a neutral baryon can be directly demonstrated by going
over to the unitarity condition for the § matrix in the
partial waves at low energies, when the strong interac-
tion is effective only in the S state. This follows from
the fact that the partial-wave expansion of the spin-or-
bit amplitude begins with the p wave.

As follows from (46), the electromagnetic effects do
not reduce to phase factors. Additional corrections of
order Za occur in the hadron amplitudes because of the
electromagnetic effects, and this leads to appreciable
differences in the case of scattering of charged baryons
by nuclei.

In order to obtain the necessary expressions for the
process of coherent production of resonances, let us
consider the expression (30) for S, (q). We consider
energies so high that AR « 1 and scattering angles so
small that g=A. Then the lower limit of the integral in
(30) can be replaced by zero. The resulting expression
is related to the hypergeometric function F(2 +iZas,
1+iZae,2, —-q?/A%). Using the symmetry properties
of the hypergeometric function and the well known in-
tegral representation for it, we can reduce (30) to an
expression which is convenient for analysis (n=Za):
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Sem (q) =exp { —ine lnw

+2ArgT(1+ ine)} (1 +ien) i [”_u(:iizu) ]md’“‘
3
+o (4, 2p),

(47

where y=q2/(q? + A?).

In the first approximation in Za at small transfers
the “form factor” S, (q) reduces to a phase factor:

Sem (9) = exp i (q, Zas) + O (Z%a¥/2, A*R¥4, q2RY4), (48)

where
9 (q, Zae) = Zae { — In (A2R2/4) + 2C -+ (A%/g2— 1) ln [(g® + A%)/A%]}.
(49)

The presence for charged baryons of the nonzero
phase ¢ in (48) and (49) has an appreciable effect on po-
larization phenomena.

3. OBSERVABLE QUANTITIES AT SMALL
MOMENTUM TRANSFERS

Scattering of Neutrons on Nuclei. We begin our dis-
cussion of the various manifestations of the interfer-
ence of strong and electromagnetic interaction in polar-
ization phenomena with the elastic scattering of neu-
trons on (spinless) nuclei. In this case,

M* = AP 4 c* (on), (50)
and the differential cross section for the scattering of
unpolarized neutrons without allowance for the electro-
magnetic interaction is
908 o =] APt | b | (51)

As we have discussed above, the total scattering am-
plitude can be represented in the form (2). Then for the
differential cross section o, the asymmetry in the cross
section 0, for scattering of polarized neutrons (de-
gree of polarization P,) by nuclei P, (the value of P, is
equal by virtue of P invariance to the polarization of the
baryons that arises after the scattering of the originally
unpolarized beam) and the polarization of the scattered
beam after the interaction of the originally polarized
beam we have

0o =08 + y4/6% + (2y,/8) Im c*; (52)
0oPy = 0yPyn = [oh Pk + (2¢,/0) Im A" n; (53)
0, =0, [1 + Py (Pon)]; (54)
0pP = afP" + [y3/6% + (27,/6) Iin ¢*] [2n (Pyn) — Py]

+ (27n/8) {Im A*n —Re A*[n X P, ]}. (55)

It follows from (53) and (55) that neutrons scattered
elastically through small angles are strongly polarized.
This can be used to create beams of high energy neu-
trons with a high degree of polarization if one is able to
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select elastically scattered neutrons. The admixture of
inelastically scattered neutrons may reduce the effec-
tive polarization of the scattered particles.

The expression for the polarization

P, — 8P4+ @ya/®) Im 4"
ol 1 y2 02 L (29,/6) Im ch

(56)

is frequently discussed in the case when P!=0 and ef=0.

This corresponds to the range of energies in which the
strong interaction is effective only in the s state, or,
under simplified assumptions, in the high-energy re-
gion. At the same time, (56) can be represented in the
form

pint_ _ Im4" 2y (57)

LAkt 4420

if we introduce y =8/6, (8, is introduced in (3)]. The
sign of the polarization P, at small angles, where
ImA"(#)>0, is determined by the sign of the magnetic
moment of the neutron. For neutral hyperons, this ob-
servation may be of interest in order to obtain more
accurate information about the magnetic moments.

The polarization P, attains a maximum (in absolute
magnitude) at y =1:

[P (03 g = —Im A" A" . (58)

The value of ImA"/|A"| is 0.7-0.8 at moderate neutron
energies'?! and may approach -1 at high energies,
where usually ReA" <«<ImA". The small value of ||
makes it significantly harder to perform experiments
in the region of momentum transfers, Pi*~1. But, as
can be seen from (53), (56), and (58), P, decreases
comparatively slowly [(~£)"*/?] from P§J** with increas-
ing ¢ in the region of small scattering angles. Thus, at
|t| =100]t,| the value of P, reaches 10%, which is still
appreciable. From an experimental determination of
P,(6,) one can find |ReA"|.

Electromagnetic effects lead to an interesting phen-
omenon in polarization rotation. As can be seen from
(55), the effect is sensitive to ReA”". If from a mea-
surement of o, and P, one can obtain data on the imag-
inary part of the scattering amplitude and on the modu-
lus of its real part, then results of measurement of the
polarization rotation provide one with the possibility of
determining the real part of the hadronic scattering
amplitude together with its sign.

As can be seen from (54), the significant values of P,
at small scattering angles makes it possible to measure
the degree of polarization of high energy neutrons, for
which it is hard to find other ways for analyzing polari-
zation of the beam.

Note also that (1)=(4) hold for scattering of neutrons
and neutral baryons by nuclei of arbitrary spin, since
the expression for M°™ reduces to (1) for scattering on
a nucleus of arbitrary spin if the contributions which
are singular in the momentum transfer are retained in
the expression for the amplitude.
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The interference of the electromagnetic and strong
interactions in the polarization phenomena lead to ap-
preciable effects not only in the region of small scatter-
ing angles but also near diffraction minima in the cross
section, where M" is strongly reduced in magnitude and
the interference becomes maximal.

Scatteving of Neutvons by Prolons. In this case, the
hadronic amplitude depends in a complicated manner on
the spins of both particles. The amplitude contains five
independent scalar amplitudes. However, by virtue of
isotopic invariance the spin operators of both particles
occur symmetrically in M®, in the same way as in col-
lisions of identical particles. The difference between
the electromagnetic properties of the proton and the
neutron break this symmetry because the interaction of
the magnetic moment of the neutron with the charge of
the proton has an influence in the approximation in
which allowance is made for only the terms in the am-
plitude M®™ that are singular in the momentum transfer.
The magnetic moment of the proton does not interact
with the neutron since the charge form factor of the
neutron is zero at small £. Thus, the electromagnetic
interaction introduces into the scattering amplitude only
a dependence on the neutron spin.

This leads directly to some interesting effects. Using
(21), we obtain the expressions

G =0t L (29, ,/0) Tm ¢ - v3,/08%
L] 0 (?p ) ‘VP ] (59)

U':)!giahli‘i’|bk|2+2ichzz+lehlz T_uh]z

for the differential cross section for scattering of un-
polarized particles, and

0Py, =l Pl (2y,,/0) Im a;
0oPyy = gl P 1 (29,,,/8) Tm b ] (60)
for the polarizations of the scattered neutron P, and the
recoil proton P,,. Since the amplitude ¢* is proportion-
al to the scattering angle at small angles, the second
term in (59) leads to a term which depends weakly on
the scattering angle. As follows from (60), as a result
of the presence of the single-triplet transitions the to-
tal spin is not conserved (d #0) in neutron-proton inter-
actions, and the neutron and proton polarizations are
different. By virtue of isotopic invariance,

Py = P, =Pp. (61)
Electromagnetic effects introduce deviations from (61)
that are appreciable at small scattering angles. As can
be seen from (60),

(0,Lyp — ot PY (0, P, — ot P2) = Im " Tm &".

The value of Ima” at small angles is determined by
the total cross section for the interaction of unpolarized
particles. The unitarity of the S matrix has the conse-
quence thatt?’

Im i (0) = (k/4n) (0f, —o%)/4, (62)

where ¢° is the total cross section in the singlet states;
c,‘” is the same for the initial triplet states with projec-
tions m =0, +1 of the spin of the system onto the direc-
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tion of the incident beam.

Thus, measurement of the difference between the
neutron and proton polarizations makes it possible to
determine directly

Im [a" (0) — b" (0)] = (k/4m) (0* + 0t)/2. (63)

This is of interest for the region of nucleon energies of
a few hundred MeV, in which the spin dependence of the
amplitude (16) is particularly complicated. Without al-
lowance for the interference between M?* and M°*™ exper-
iments with polarized beam and target are necessary
for this.

In the limiting case when M" does not depend on the
spin, it follows from (60) that the neutrons after np
scattering are strongly polarized in agreement with .
(57), while the protons remain unpolarized. From this
point of view, larger effects will be observed in the
scattering of polarized neutrons by unpolarized protons
than in the scattering of unpolarized neutrons by polar-
ized protons.

We recall that Py, (P,,) determines the asymmetry in
the differential cross section for scattering of unpolar-
ized (respectively, polarized) neutrons on polarized
(unpolarized) protons. With allowance for interference
effects, we obtain the following expression for the dif-
ferential cross section for scattering of polarized neu-
trons (with polarization P,) by polarized protons (po-
larization P,):

Opipy=0pyp, + ({1 + (Pun) (Pn)) Im " + (Pyn) Im a*

+ (Pgn) Tm &* -+ (Pym) (Pyl) Re f* - (P,1) (Pom) Ree*] +-v3,/6%.  (64)

As follows from (64), if a transversely polarized neu-
tron beam is scattered by an unpolarized proton target,
one can determine Imc”+ (P n)Ima", and if unpolarized
neutrons are scattered on a polarized proton target
Imc" + (P,n)Imb". To determine Ree” and Ref", one
needs experiments with polarized beam and polarized
target in which both P, and P, are in the scattering
plane.

In Ref. 19, other polarization effects were consid-
ered: polarization rotation, polarization correlation,
etc. In Ref. 27, the electromagnetic effect was consid-
ered at energies of hundreds of MeV in the framework
of a numerical solution of the Schridinger equation.
The treatment in the Born approximation was confirmed
with good accuracy.

All that we have said above about the scattering of
neutrons by protons can be directly transferred to the
scattering of neutral hyperons by protons. Since the
hyperon-nucleon interaction has been little studied, the
interest in such investigation is considerable. The ex-
perimental difficulties here are great but a circum-
stance which does facilitate experiments is that the de-
cay of hyperons is a good natural analyzer of the polar-
ization.

Scatteving of Protons on Nuclei. For the amplitude of
elastic scattering of charged baryons by spinless nu-
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lei, (50) is replaced by

M= A" exp (i9,) + 2:/6* + [¢" exp (ipc) + i7,/0] (on) (65)

(if we ignore the corrections to A" and ¢” that do not re-
duce to phases). Here, ¢, and ¢, are the relative
phases determined in (46); a,/62 is the Coulomb ampli-
tude, and the factor

§—MH2—m? ] (66)

Ze®
= Mt 1 (E) Ml:‘ [l’- 2 ]/5 (E+D)

where E is the energy of one nucleon in the center-of-
mass system, reduces to

PR 25 (0 —1/2) = 35210 om,

at low energies and to

Vo 2o (p—1)=2.75Z-10"% em

at high energies; at the same time,

2 Ze?

Go= — gy = — ﬁ, 2 3.06-10 ¢

Using (65) and (46) and taking into account the small-
ness of the phases ¢, and ¢,, we obtain

dcro

o =00 & 0} + (a./6%? + (2a./0) (Re A" — p, Im A")

+ 15/6% + (29,/0) (Im C* 4 pc Rec™); (67)

0oPyp = ol Pl —2 (pc— @,) Im (AM*ch)
+2 [y, Im 4" + (2./8) Re ¢ |/6; (68)

af =| A"+

oh Ph =2 Re (4"*c"). (69)

The second term in (68) is small at small 6(c*() ~8),
and the interference effect in the polarization is propor-
tional to

2 lypIm Ak 4% Rec' (9)), (70)
and

Py 2 {G,,Pu +5 [\'ﬂ Im A"+ 2 Rec"J}

I h .
hoy (812, 28 (Bed'—q4Im A 1+
x {00 o (W) -+ 5

+-—%’-’-(Imc"+wcﬂec")}q_ (71)

Thus, for —¢=~-f, <« —t_because of the dominant con-
tribution of Coulomb scattering

Py (—tg —t)=

_...J‘__
w: {ae/09)

— R (e [1— 2 et |t (72)

2 Zet Pi, 8Imeh
[ Pop (=) | €| Pow (—tay) |-

However, in the region of —¢ values in which the con-
tribution of the Coulomb interaction can be ignored, the
values of P,, and P,, are comparable, differing in sign
from the signs of the magnetic moments of the neutron
and proton; the differences are determined by the val-
ues of the magnetic moments and the total interaction
cross sections. If we ignore the spin dependence of M*
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and the contribution of the real part of the spin ampli-
tude (assumptions from the region of very high ener-
gies), then

Pyp, 2 (2/6) y, Im A" (ol 4- a2/0%)-1 (73)

will have a maximum at —¢,= ~V3t_, where ~t, is given
in (5), and the proton polarization is

¥3 4" V=i, . ImA"
Py (1) = L= A i ()~ =005 S (74)

if we ignore the weak dependence of —¢/4 on Z and A of
the nucleus, which at high energies can be represented
in the form

ZoPh
|t1:.-1 l ~ gatol

75157

|t;1p§ = FEE

PA
tot

Altogether, because of the Coulomb interaction, the
100% interference effects that hold for neutrons disap-
pear for protons, but in the region - = -f, and some-
what higher, effects of order 5% remain. The main in-
terest in their experimental study is as before. The in-
vestigation of polarization effects at small scattering
angles due tohadron—-electromagnetic interference
makes it possible to determine the spin structure of the
hadronic amplitude by simpler experiments than when

the programs of a complete experiment are implement-
ed. '

Scatteving of Mesons on Protons. It is here appropri-
ate to mention one further manifestation of the electro-
magnetic contribution to the spin—orbit amplitude [M‘j"'
in (14), ¢*™ and d®™ in (22), and c®™ in (23)].

In the general case, when this amplitude contains both
hadronic, ¢*(¢), and electromagnetic, c®™(¢), contribu-
tions, the polarization P°(¢) has a specific dependence,
decreasing slowly to zero with decreasing t.

Since
d=V—tle®=V—te@O) p0)==0,
and

(L) = e (O) Y =t =V —1,

the decrease of ¢"(¢) at small —# can be compensated by
an increase in ¢®™(f). This is reflected in the fact that
the total polarization (71) in a certain region of small
~t=0.1 (GeV/c)? does not decrease at high energies
with decreasing —f. The value of Py(t) begins to de-
crease appreciably at - <-f;, values which are so
small that the decrease of c*() with decreasing ~¢ is not
compensated by the increase in ¢®*™(t). The contribu-
tions c"(t) and ¢®™() are comparable at

—ty =kl g (0). (75)

A model estimate!!™ for 7*p scattering leads to the
value ~177 = 0.01(GeV/c)?. A similar effect occurs also
in other elastic scattering processes involving hadrons.

If we ignore the existence of the spin dependence in
M" and the contribution ReA”, we obtain for Pi(¢#) in
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pion-proton scattering an expression that is equal to
(73) and (74) [and (82) below]. For the maximal value of
P,(t,) in the region of small #, we have

[P (t,)174% = £ 5 2% Tm A%/ | A",

where the signs + and - refer to 7*p and 7°p scattering,
respectively.

As can be seen from (74) and (5), P}* for Kp scatter-
ing is related to P for mp scattering by

Vol P3P () = V otk PE* (£5P).

Scattering of Protons on Profons. The electromag-
netic effects we have been considering are of interest
from various points of view in different energy ranges
of the particles. The appreciable increase in the ac-
curacy with which proton—proton scattering can.be
studied in the proton beams of meson factories makes
it possible to investigate the interference of strong and
electromagnetic interactions in order to obtain more
precise information about the structure of the hadronic
amplitude. As estimates based on the available phase-
shift analysis of the data on pp scattering show, the
electromagnetic contribution ¢®™(f) is comparable with
c™(t) at 500-600 MeV in the range of cms scattering an-
gles less than 5 or 6°.

If to estimate —#4” at 6 GeV/c we use the representa-
tion for c(t) in the form

¢ (t) = 2.3 —texp (6. 3t) (mb/GeV)'2,

obtained in Ref. 28, then — #**=0.01(GeV/c)%. In the re-
gion —f<-f,, we can expect a pronounced decrease in
the amount of polarization compared with the region
—t>—1,.

At high energies (even in experiments with colliding
beams) the investigation of the polarization P, at small
t gives interesting information on the hadronic ampli-
tude. With allowance for (23) and (46), the cross sec-
tion for scattering of unpolarized particles (in the ab-
sence of a spin dependence in M") is

0p =0} + 4aE2/12 — (4eE!| t|) T a® (8)
X {p cos g, + sin g, — 2 (p— 1)% ne/ M2%TF), (76)

where the last term takes into account the contribution
of the interaction with the magnetic moment, and
p=Rea®(t)/Ima*(f). The general expression for the po-
larization P,

0,Py=2Rec* (a - b) (77)
shows that a measurement of P, at small angles makes
it possible to determine the imaginary part of the am-
plitude a* +b". Indeed, ignoring the small Coulomb
phases, which are approximately equal to 3. 1073, we
obtain

0Py = OhPE 4 [ 29,5/ £ |1/2] Tm (a® + %) (78)

[, is given in (23)].
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From the generalized optical theorem

Im [a* (0) + " (0)] = =  (ah + ot) (79)

and, therefore, in pp scattering the electromagnetic
amplitude interferes with the amplitude that character-
izes the interactions in the triplet states. Ignoring the
contribution of 2y,,|#|~1/2 to (78), we obtain

PG (t) = 2ypp | £ [¥/2 Im a® [#2] 0" [2 4 4a2EP] . (80)

Thus, the polarization P, attains a maximum at -,
=-V3t,, and the value of the polarization at the maxi-
mum is

pint (#p)‘—-"“—f-%ﬁi(i‘—” ;_/g‘l ~ 4.5%. (81)

Deviation of the measured value of P, from that pre-
dicted in (81) would be a direct indication of a spin de-
pendence of the hadronic amplitude, since the contribu-
tion of the real part of the spinless amplitude at high
energies (where p =0.1) is small,

In experiments with a stationary target, one has the
problem of determining the polarization of the recoil
protons with a kinetic energy around

To=|t, |/2M = 1.5 MeV

or (which appears more attractive) of measuring the
symmetry in the cross section of scattering on a polar-
ized target at the same energies of the recoil protons.

Introducing z = |¢|/|t,|=T,/TS, we can rewrite (80) in
the form

Pt (1) = P (t,) 4z3/2/(1 + 322), (82)

from which it can be seen that the decrease of P(t) with
increasing z takes place comparatively slowly.

It is well known that the pp scattering matrix contains
at £=0 the three complex amplitudes a*(0), b*(0)=e*(0),
and f*(0):

M (0) = a (0) + b" (0) (6403) + [ (0) — b" (0)] (0,K) (0:E). (83)

It is well known'®? that the imaginary parts of the am-
plitudes 5"(0) and f*(0) - b*(0) are related to the total
cross sections of the pp interaction in pure spin states:

Tm [f* (0) =" (0)] = £ (ot —of). (84)

The investigation in the region of hadron—electromag-
netic interference of spin effects more complicated than
polarization makes it possible to obtain data on the
imaginary and real parts of the amplitude (83).

If polarized protons are accelerated in storage rings
or in experiments with polarized beams and target it is
possible to study the polarization correlations at small
angles. It is easy to see that

(0 =a"P+2[b* P+ | £ (85)

The hadronic contribution to the parameter C,, at £=0
is given by
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05 (0) Chn (0) = 2Re [8* (a" — /1)) (86)

If Reb"/Imb*<«< 1, then measurement of C} (0) makes
it possible todetermine Imf*(0). The value of Reb"/
Imb* can be found by measuring the contribution of the
interference to C,, since

4o B
T Red".

The value of C!* reaches a maximum at ~¢=-f,, and

(87)

GGy =04 (G Ol o Gy

Crin (£c)/Chin (0) =Re b"/Im ", (88)
Similarly,

o Clft = T':'—f: Re j* (89)
and

CiM ()/Ch (0) =Re f*/Im f*, : (90)

Since C%,(0)=0,

int _ 2y,
0,Cpn = —-I-;% Re (b" — f*)
and
clnt
———i:'t 9 —Re (3" — f"/Im (a* 4 B"). (91)
P

Cohevent Production of Resonances. To elucidate the
different features of polarization at small ¢, let us con-
sider in more detail the processes

N+ Z s N(1470) + 2: (92)

HT oy ’ (93)
We consider the spin-independent nuclear part of the
amplitude of the process (92). It can be expressed in

terms of the spin-independent part of the amplitude
f,,(q) of the process N 1+ N—N* N as follows:

M" (@)= 1 (0) Sx (0). (94)
The nuclear form factor S,(q) has the form

Sn(a) =4 | bdbJ, (ab) [exp (—o,T (b)/2)
—exp (—0.7 (b)/2)}/(0,—0,), (95)

where o, , are the total cross sections for interaction of
particles 1 and 2 with the nucleon; J,(x) is the Bessel
function;

+m
T (by = 5 p (b, z)dz (986)
for
[T =a. o7

We now consider the observable quantities. To cal-
culate the polarization P,, we shall assume that M" is
purely imaginary since the coherent production of res-
onances is a diffraction process. Then
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Piut [ d:" /

A1 [+ ] e, (98)
where do®™/dT is given in (28), ¢ in (49), and
do"/dt = | M" 2. (99)

As can be seen from (98) and (99), the interference of
the strong and electromagnetic interactions leads to an
appreciable asymmeftry in the differential cross section
of the process with a polarized beam. Even if the con-
tribution of the Primakoff effect to the interaction cross
section of unpolarized particles is a few percent, its
contribution to the polarization may be tens of percent.

The presence of a nonzero phase ¢ of the electromag-
netic amplitude reduces P,, and sometimes appreciably.
For example, in the process

N +Pb — N (1470) + 1’b, (100)
(R=6.7T F, Z=82) at E,, =40 GeV, A=1.5.10"2(GeV/c)?,
and ¢ = A the phase ¢(A=¢)=7/2, and P, vanishes. For
the same reaction on copper nuclei (R =4.5 F; Z =28)
@(g=A)=0.16 and

P2 [dae'"/ doh ]m-

o (101)
Thus, the maximal value of P, on all nuclei in pro-
cesses of the form (92) and

Y+Z—Y*+2 (102)
is attained in experiments with neutrons and neutral hy-
perons.

In other cases, the existence of an appreciable Cou-
lomb phase leads to significant polarization effects. To
see this, let us consider the expression for the polari-
zation of baryons in processes of the type (92) and (102)
with a polarized beam of incident baryons (degree of
polarization P,):

03P = [0Py + 2 (Pg-n) | E [ n+ Py [| M|
+i(Ffm"”l:a_

i l F:m ]21

Fem= [ [n X Pp). (103)

Here,

Op =0y (1 + PyPy). (104)
The value of 0, is given in (99), of P, in (98), and of
Fem in (29).

If the experiment is made with a longitudinally polar-
ized beam, i.e., if P,=P.K, then it follows from (103)
that

ﬂgP 2.3 Clgpgll i Puﬁo l I _”ﬂ [z_ | Fem ig] i | (Fpm_”h- A Femt_”h)[n X i] "

(105)

It can be seen from (105) that at small scattering an-
gles new information is associated with the occurrence
of a post-scattering transverse (in the scattering plane)
polarization component:

sin@ 2y--1
GoP=Py [nxk] 2 Ao [ S

Ziami 1t 2 2
P il !1 (lm M" sin ¢ —Re M" cos q).

(m§ — mi )3

(106)
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Investigation of diffraction processes of resonance
production at high energies is of interest from the point
of view of studying the structure of the vacuum singu-
larity in strong interactions. Ina theory with a Pomer-
anchuk trajectory, when the value of the pomeron tra-
jectory at =0 is a(0)=1, the total cross sections are
asymptotically constant and the cross sections of co-
herent resonance production decrease slowly, as (R?
+a’Ins/s,)!, with the energy.

In a theory based on exchange of Pomeranchuk tra- .
jectories with a(0)>1, when the total cross sections
asymptotically satisfy the Froissart bound, the cross
sections of coherent production of resonances increase
asymptotically with the energy in proportion to the log-
arithm of the energy.r**?

Study of the interference of the strong and electro-
magnetic contributions to the resonance-production
cross section when vacuum exchange is allowed in
strong interactions is necessary at various energies.
The investigation of the interference noted above be-
tween the strong and electromagnetic interactions in
polarization phenomena makes it possible to obtain da-
ta on the moduli and phasesof amplitudes due to vacuum
exchange.

In processes for which the hadronic amplitude is de-
termined by vector exchanges, the electromagnetic
contribution begins to predominate with increasing en-
ergy. It is of interest here to study the angular distri-
butions at small #*. In this region, and also near the
diffraction minima, the electromagnetic contribution
will be noticeable.

4. INTERFERENCE OF THE STRONG AND
ELECTROMAGNETIC INTERACTIONS IN
THE POLARIZATION AT MOMENTUM
TRANSFERS THAT ARE NOT SMALL

Scattering of Baryons on Nuclei. The contribution of
the interference of the spin-dependent amplitude of the
magnetic interaction with the hadronic amplitude can be
manifested not only at small ¢ but also at larger mo-
mentum transfers near the positions of the diffraction
minima of the differential cross sections. At superhigh
energies, when pomeron exchange predominates, the
spin-dependent hadronic amplitude of baryon-nucleon
scattering appears to become small.t’ Therefore, the
possibility cannot be ruled out that polarization phe-
nomena in baryon—nucleus (B-A) scattering will be to
a large extent determined by the interference between
Me°™ and the spin-independent M*.

It is not entirely correct to treat the electromagnetic
effects for B—A scattering in the first order in Za. It
is also necessary to take into account the ¢ dependence
of the nuclear amplitudes.

We use the Glauber representation for the amplitude
of scattering of baryons by a spinless nucleus with

DAlthough data on the polarization right up to 100 GeV/e sug-
gest the existence of a spin dependence of M},.
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mass number A:

F(@)=% | dbexp(iab) {1—(1—5 T )"}
=%:- Sdb exp (igb) {1 —exp[ —T'(b)]} + O (47, (107)

where I'(b) is the two-dimensional Fourier transform
of the B—A scattering amplitude.

We represent the BN scattering amplitude in the lab-
oratory system averaged over the spin of one of the nu-
cleons in the form

f(@) =" (@) + ™ (q), (108)
where

@)= au+x(cq)v16,.(q), (109)

(@) =— om (@) (110)

¢=[6X k2ME; 0=0y0, [1—iRe f* (0)/Im * (0)]:
p=p—eE/E + M); V=c"/a";

E, k, and M are the energy, momentum and mass of

the baryon; €=0,+1 are its charge in fractions of e; p

is the baryon magnetic moment; G,,(q) is the product

of the baryon and nucleon form factors;

Gh(g) = {JUBN(Q)I'MB\(O) 1-'3' (111)

dt

If allowance is made for the spin-flip amplitudes of
BN scattering in the first approximation, then from
(107)~(110) we obtain for the total amplitude of B—A
scattering

=@ Gx" (@) S (a) + /™ (a) Gem (9) Sem (a), (112)
where .
Shi@)=—2n { 22, (ab) "“’” xp[—%.’l’—i—iex]; (113)
em(q)=—q55a‘blt(qb)ﬁexp[-—%T+iax]: (114)
T &) =5 | S (@) Gata) /o (a)) adg;
% (0)=2Za | 205D j, (@) qdg; (115)

S@={emewdamar, 50 =4

J,(x) is a Bessel function; p(») is the matter density in
the nucleus; R,  is the radius of the screening of the
Coulomb field of the nucleus by the atomic electrons.

For scattering on heavy nuclei, one can use the
black-sphere approximation, which is equivalent to the
following approximate relations:

esp[ —5T0] 00T
g ar
) d‘

exp[ _,i_,m)J ~8(b—T). (116)
Here R is the opacity radius of the nucleus, which dif-
fers from the radius R of the nuecleus by a quantity of

order I2/R?, where ! is the mean free path of a baryon
in the nucleus.
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In this approximation (z=Za)
iR T, (T (117)
ag

Si(g)= exp [ —2ine In R/R,,];

Sem (q) = Zq 5 dbJ  (qb) exp [ — 2ine In b/R.c].
"

(118)

For gR « 1, S, (¢q) is transformed into the usual Cou-
lomb phase factor multiplied by Z:

Zexp [2ine (!n"—“z"—fi+c)]+0(qﬁm). (119)
For gR>1
Sem (@) =2 { Jo (aR) + 22 T2 (g1) }
X exp [ — 2ine Inf/R,.|. (120)
For scattering of neutral baryons by nuclei,
Sem () =27, (aB0). (121)

Ignoring the spin dependence and the real part of the
amplitude in M*, we obtain for the total amplitude of
scattering of neutral baryons by nuclei

Froa _ kR [J' (gR)— I’;‘l‘, J,(qR) ( m:)]

(122)

where n is the normal to the reaction plane.

We have d=n[i/RM <« 1 and this quantity increases
monotonically with increasing A. Therefore, an appre-
ciable influence of the electromagnetic interaction in
B°-A scattering can be expected only in a small region
Ag =5/R near the zeros of the Bessel function J (y).

To estimate the expected experimental effect, it must
be borne in mind that in an experiment that does not
distinguish separately elastic and inelastic scattering
one measures, not P3!, A, R®! (common notation P in
this section), but

Posv = (Peigl 4 Pielo®) (ol 467, (123)

In quasielastic scattering at high energies and small
momentum transfers, P?'=A%'=0, R*' =1, The differ-
ential cross section of quasielastic scattering at g2

<«<H™', where H is the slope parameter of the B—A
scattering amplitude, is equal to

(124)

o = (A7) 1+ ) N, . 4),

where
f=Re fgy (0)/Im fzy (0);

Ny= S T (b) exp (—apy)T (b) d°b

is the effective number of the nucleons in the nucleus
participating in the quasielastic scattering.

Introducing
x=RMJ, (gB)/junt, (qR)] =T, (qR)/[8J, (q )] (125)
u=gqoM V' N, (1 + B3 /[annpd (gR)], (126)
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we find from (123) that

A=0;
Po=2z/(1 + 2* + u®); (127)
R=(1—2%+ u?)/(1+ 2%+ u?).
For gR «< 1,
i » 1‘{ N 71 . A%
z=qR/26; u . :M.E Vi, (1+B.
Introducing
g =2]8|(1+a)" /R a=u?2*=0N, (1 + B¥)/4nRS,
“we obtain
Py=—2(g'qy) (1 +a) " [1 + (g qu)?I ™ } 128
R={(q/qu)*—1] [(9/gu)*+ 117 ( )

For all nuclear targets, a<<1. Therefore, a beam of
neutral baryons scattered through an angle q,/% is al-
most completely polarized.

Let us consider the neighborhood in the region of
vanishing of J,(¢R), i.e., ¢=q,+4, g~q,=y,/R, where
Jy(y,)=0 and AR« 1. In this region,

Jolglt) = Jy (1:R); Jy(qR) = J, (yR) AR; ] (129)
z=ARINS[; u=ug=q, MoV N, (1 +p) 1474 (g )]

and P, vanishes at ¢ =¢,, changes sign above and below:

Py (g4 4) = — Py (1, —4), (130)
and |p,| attains a maximum if the contribution of the
real parts of the amplitude is ignored, equal to

| Po| = (4 +u)~!7, (131)

for

o, 4/0 boy/o
Ay =gl 1+ B (1

7 (132)

If purely elastic scattering is separated, thenu=0
and, ignoring the contribution of the real parts of the
amplitudes, |P,(q,+4,)| =1. Allowance for the contri-
bution of quasielastic scattering significantly changes
this value. Since N,~A2?/5 R~Al/3 the maximal polar-
ization is attained on heavy nuclei. For scattering of
neutrons on lead nuclei (A =208, #=0.6, N,(0 =40 mb)
=9, R=6.7 F) #,~3 (in the region of the first J, zero v,
=3.65) and |P3*"¢,+A,)| =0.3. Near the second zero,
¥,=T, u,="17.5, and [P3P%g,+4,)|=0.12.

For scattering of charged baryons by nuclei near the
diffraction minima of the cross section when the con-
tribution of quasielastic scattering is ignored, the max-
imal values of |P,| are attained for - =t A, {,
=(y,/R), At=4Za/R? J (v,)=0, y,#0 and are approx-
imately equal to

o WnlHCOSGemun) |,
\Pol 3T e o om0 (138)
4|~ Yo | 1LE SiD Qom (ya) | (134)

 TE2NTE (T = £ 5i0 Gem (Wn)

Since y,> 1, using (120) we can obtain
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Sem (yx) = ZJ 4 (yy) [1 — dien (ien—1)/y,],
whence approximately

Fem (y) = tan™" [4ne/(yy + 4n?)]. (135)

The signs % in (133) and (134) correspond to con-
structive and destructive interference of M" and M°™ at
the points —#=~f,+ Af. Therefore, the property (130)
for the scattering of charged baryons does not hold.
The difference between the values of P, at the points
—t, + At is maximal for scattering on heavy nuclei. For
scattering on lead,

0.07; . [0.03, —t= —t,+|At];
’P"':{o.ﬂ; |A|={o.os. S

The values of the polarization parameters decrease
by approximately 25% when allowance is made for
quasielastic scattering on heavy nuclei. For nuclei with
A <100, the contribution of quasielastic scattering ex-
ceeds the contribution of elastic scattering at the mini-
mum of the cross section, which strongly reduces the
polarization effects.

The polarization P, vanishes not only at the zeros of
the Bessel function J 1(qR) but also at the zeros of
J,(gR) if the approximation (122) is taken for the ampli-
tude. Here, (130) also holds for the scattering of neu-
tral baryons, and the value of |P,| attains a maximum

| Pol=(1+4v5"72, (136)
where
vo=g10 V' Ny (T+F5)/[4nRJ, (g, R)). (137)

Since the zeros of J(y) and J,(y) nowhere coincide,
in the approximation (122) the dependence P,(¢) will be
characterized by a deep minimum at —f=-£,, and then
by decreasing values of P,(¢) with the maxima (136) and
(131) near the zeros of J,(y) and J,(y), respectively.
Since the values of v and # increase with increasing ¢,
the values of P, at the minima and maxima decrease
with increasing scattering angle. The polarization
(Py);u¢ changes sign near each zero.

Scaltering of Mesons and Baryons by Nucleons. At
high energies, when the polarization is small, the in-
terference between M" and M°™" leads to appreciable ef-
fects in polarization in collisions of mesons and nucle-
ons also at appreciable momentum transfers.t??

If we ignore the relative phase of the hadronic and
electromagnetic amplitudes and the antisymmetriza-
tion of M®™, then in the one-photon approximation for pp
scattering

AV e [(u—=1)/2M | Fyp(t) Fap () Imah (1
(Po)Th = ltl"fdol;.rd: £ : (138)
where
Fyp (t) =[G () — 1G o (1)/4M2) (1 — 1/4302)1; (139)
Fop (1) = [Gar () =G ()] (n— 1)~ (1 — /4138, (140)

It can be seen from (138)-(140) that study of P, also
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outside the interference region enables one to deter-
mine Ima”(¢) as a function of £, together with its sign.
If we ignore the interference contribution of M" and
Me™ in the expression for do,/dt, then in the region lt|
>0.01 (GeV/c)? we obtain from (138) for the polarization
(P = 2VBE (u 1) Py ¢V TTF 09 dobdi. (141)
where p(t)=Rea"(t)/Ima™(t). From (141), using the ex-
perimental data on do,/dt, we find"**! that (P, =1% in
a wide range of 7 for 100-280 GeV.

The behavior of P,(f) near ~#,=1.5 (GeV/c)? requires
a separate commentary; here do,/dt has a minimum
and Ima®(¢) evidently vanishes. It follows from (138)
that near -2,

et (uw—1) FypFap 2
(Po(i))’i’z':’t=:t‘VTl:'luﬁ-_—‘ |rﬁ|p Tw? (142)
where
we= A" (1)) (t—1to)| R|; A’ (te)=7f[—1mﬂ" O], (143)
| B2+~ doy (to)/dt (144)

is the value of the cross section at the minimum.

If Ima”(t) decreases with increasing ¢ (first minimum
in the cross section), then A’ <0 and wZ 0 for |¢|= |¢,].
Then below -, for —t, = ~t,~|R|/|A’| the value of
(P,)3, attains a maximum, and above —Z, for —f,=~f,
+|R|/]A’| 2 minimum, and

P, (t — Ve r—1 —_,f-‘—r-.”'F—EL—
[Pttt =)
anml[,,vguu,)m]””

2 doy (1g);dt

~

(145)

For the asymmetry in pion or K-meson scattering in
a polarized proton target, we have, like (141),

+ Y 7 (u-—1A) F () Faptt)
(Po ()i = 1.”19 u (t) Foy

' 146)
[ el 4p* ()] n‘oufﬁlf].h': (

where F(t) is the form factor of the spinless meson and
the sign of the interference is different for scattering of
positively and negatively charged mesons on the pro-
tons. Here, it is also necessary to take into account the
change in the sign of Ima®(t) at the minima of the cross
sections,

For scattering of neutrons on nuclei in the same ap-
proximation at high energies

na _ 21/ W(ZeMunFa (1) Fon (8) Imeh (1) 147
(Po ())int 7 ]"-';?iqo,'d: s ( )
where F ,(f) is the form factor of the nucleus;
Fap (1) = [Gae (1) — G (Ol (1 —2/400%). (148)

For the asymmetry in the cross section for scatter-
ing of polarized neutrons by unpolarized protons, Eq.
(138) is replaced by

21/ 7t (e2/M) pp FipFanlmah (1)
Py (INE = R ipf2n
(Py ())int Tt [VZ dogrd ‘

(149)
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For the asymmetry in the cross section for scatter-
ing of unpolarized neutrons on a polarized-proton target
we have

2V 7 (e2/M)(j—1) Fyn Fyplmah (1)
| ¢ | 4day/dt ’

(150)

(Po (t))ine =
Thus,

By Y/ (PaYine =1ty —1) FuuFaptink'sy Fan (151)
so that |P4|<«|P3| for small #, as we have noted above.
With increasing #, as follows from (150), the difference
in the polarization of the neutrons and protons persists
but becomes less.

4. CONCLUSIONS

We have seen that the study of the electromagnetic—
hadronic interference in polarization phenomena is a
rich source of information otherwise very hard to ob-
tain about the structure and properties of amplitudes
determined by the strong interactions. As in its other
manifestations, the electromagnetic field is here an ef-
fective “test body” by means of which the unknown
strong interaction can be probed.

Appreciable deviations from the conclusions obtained
for various processes about the interference polariza-
tion in future experiments will make it possible to ob-
tain information about the spin dependence of the strong
interactions, while agreement between the measured
quantities and the predicted values will indicate that M"
has no s$pin dependence at high energies.

With increasing accuracy of the investigation of po-
larization phenomena with baryons whose energy lies in
the range from a few hundred MeV to 1 GeV, where the
spin structure of M* is particularly rich, and at high
energies, where the total polarization effects are small,
it is necessary to take into account the electromagnetic
effects in addition to the spin-independent Coulomb in-
teraction.

In conclusion, let us mention some of the new possi-
bilities opened up by electromagnetic—hadronic inter-
ference in polarization:

a) the possibility arises of obtaining polarized beams
of baryons and measuring the polarization of beams of
high energy baryons;

b) the study of the polarization rotation of neutrons
makes it possible to determine Rea"(f) together with its
sign in the region of small scattering angles;

c) study of the asymmetry in the cross section of NN
scattering with a polarized beam (by a polarized target)
and an unpolarized target (with an unpolarized beam)
and other spin effects at small f makes it possible to
determine the total cross section of NN interaction in
spin states;

d) a prediction of an isospin-invariance-breaking
difference between the polarizations of scattered neu-
trons and protons in np scattering, the magnitude of the
breaking being determined by the ratio Imb"/Ima"
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e) the presence of interference between M*™ and M"
can in the general case significantly alter the angular
dependence of P (t) = P!+ Pi* in the region -#<0.1
(Gev/e)?

f) because of the Coulomb (charge—charge) interac-
tion, Pi*t in 7%, K*p, pp,Pp,pA elastic collisions is
smaller than the polarization of neutrons. Study of Pi™
near —f,=-V3t,, where a maximum equal to about 4.5~
5% is expected, makes it possible to investigate the
spin dependence of M" at small #;

g) apart from the region of small £, interference be-
tween M* and M®™ is also important in the polarization
parameters near the zeros of the Bessel functions
Jo(gR) and J,(gR) for baryon—nucleus scattering. The
value of P{** vanishes at the zeros of the Bessel func-
tions and attains a minimum and a maximum near the
Zeros;

h) study of P}** at high energies, where P, is small,
makes it possible to determine a*(t) in a wide range of
t

i) investigation of P, in coherent production of baryon
resonances makes it possible to determine more accu-
rately and more reliably the contribution of the Prima-
koff effect and to deduce the associated information on
resonances.
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