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INTRODUCTION

The historical starting point in investigation into po-
larization phenomena in the interaction of fast particles
with nuclei was probably Schwinger’s paper(!? in 1946,
in which he proposed a method for polarizing fast neu-
trons by means of the spin-orbit interaction when these
particles are scattered on nuclei. In Ref. 2, he calcu-
lated the polarization of neutrons scattered on He re-
sulting from the interference of resonances split with
respect to the total angular momentum. Seagrave’s
phase-shift analysis'®! was confirmed by Levintov’s po-
larization experiments, ™*’ which removed the ambiguity
in the data of the analysis.

In 1952, the first measurements were made of polar-
ization in proton scattering on nuclei. These showed
that when protons are scattered elastically on 2C the
resulting polarization is appreciably greater than the
polarization in the case of nucleon—nucleon scattering.
This result at first occasioned surprise, since it was
assumed that the averaging over the spins of the nucle-
ons in the nuclei would significantly reduce the polariza-
tion. But in Ref. 5 the large polarizations were ex-
plained by the suppression in elastic scattering of spin
flip by the nucleon that scatters the proton in the nu-
cleus. This group of questions is discussed in detail in
Bethe’s review. % Polarization of protons in the reac-
tion ®H(d, p)°H was measured by Bishop™ in 1952. The
polarization was analyzed by a second scattering on
helium. In 1953, polarization of neutrons from the
reaction *H(d, n)’He was observed by analyzing them by
scattering on carbon.® These experiments were the
start of a complete new direction in nuclear physics—
the investigation of polarization phenomena. The infor-
mation obtained at that time in the polarization experi-
ments was analyzed in several reviews,

The main current directions in the experimental and
theoretical investigation of polarization effects are as
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follows. The interaction of polarized nucleons with po-
larized nucleons and few-nucleon systems is still being
studied in connection with testing of the field aspects of
theory and the fulfillment of P and T invariance. How-
ever, consideration of this subject would go beyond the
framework of the present review (see Ref. 10).

Calculations are made of the polarization in three-
nucleon systems with spin dependence of the two-parti-
cle amplitudes. Such calculations are now feasible, and
confrontation of them with experiment makes it possible
to estimate the applicability of the nucleon—nucleon am-
plitudes used, their off-shell behavior, and the role of
three-nucleon interactions. A system of equations of
Faddeev type has also been derived for four-nucleon
systems, but their solution is presently at the limit of
the computationally feasible.

In nuclear reactions at low excitation energies, for
which the concept of isolated or overlapping resonances
applies, measurement of the polarization greatly facili-
tates determination of the quantum numbers of com-
pound-nucleus levels. Frequently, such analysis is im-
possible without a measurement of the polarization. In-
formation on the polarization is very effective for iden-
tifying resonances of the type of intermediate structures,
in particular isobaric analog states. Frequently, the
mere measurement of the sign of the polarization makes
it possible to decide whether an observed resonance be-
longs to a particular isotopic multiplet.

At fairly high excitation energies, the optical model
formulated originally by Thomas, Porter, and Weisskopf
as a model of strong absorption is used to describe the
elastic channel. Although the optical model was devel-
oped quite a long time ago, investigations of elastic
scattering of nucleons on nuclei still continue. This is
to clarify the role of the spin-spin terms in the optical
potential, to exploit the optical model at small A, to in-
vestigate the role of nonlocality, etc.
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Polarization effects in the elastic scattering of deuter-
ons, *H, and 3He on nuclei are investigated to test the
applicability of the so-called folding model, in which,
for example, the deuteron—nucleus potential is repre-
sented as a sum of the nucleon-nuclear potentials aver-
aged over the deuteron ground state. This model, which
is completely satisfactory for describing cross sections,
predicts a spin—orbit interaction that is half the value
observed in polarization experiments. In addition, the
optical potential for deuterons must contain invariants
that are not present in the case of particles with spin
1/2.

Besides purely spectroscopic information, polariza-
tion effects in direct nuclear reactions enable one to in-
vestigate the limits of applicability of the distorted-wave
Born approximation, the parameters of the Migdal inter-
action'™? in the initial and final states, the importance
of the deuteron—-nucleus tensor interaction, and the rel-
ative importance of compound processes, especially in
the resonance region. It is particularly important to
take into account the contribution of square graphs, ™21
which were discussed for the first time in connection
with polarization phenomena in a series of papers
(Ref. 13).

In elastic scattering and reactions, considerable im-
portance frequently attaches to the coupling to other
open or closed channels and also the coupling to real or
virtual levels of the compound nucleus or the target nu-
cleus. In elastic scattering, the excitation of isobaric
analog states, whose presence is not taken into account
by the phenomenological optical potential, is important.
Such coupling to isobaric analogs was observed by Ro-
manovskii ef al. '™ at the Nuclear Physics Institute at
Moscow State University.

Finally, polarization effects are very effective when
one is studying the recently discovered new giant multi-
pole resonances in nuclei. Study of the radiative cap-
ture of polarized protons or of polarization effects in
inelastic scattering enables one to determine not only
the multipolarity of resonances but also to find the am-
plitudes of processes.

1. GENERAL RELATIONS AND DEFINITIONS

The density matrix of an ensemble of polarized par-
ticles is parametrized by means of an expansion with
respect to a complete set of mutually orthogonal matri-
ces with real matrix elements 12%, =V 2j+1 (=¥ (jmj
—m'lkg). Then the expansion coefficients —the statisti-
cal tensors (spin tensors) ty,—transform on the transi-
tion from the coordinate system K in which the density
matrix is determined to some new system K’ in accor-
dance with an irreducible representation of the rotation
group:

tug (K) = 2] Dig (K — K') tagr (K'). (1)

rg

The explicit form of the transformation matrices D%, is
given, for example, in Ref. 15. In applications, it is
sometimes convenient to expand the density matrix with
respect to a different complete set &,, where the index
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v denotes 0, %, ¥, 2, XX, XV, ..., XXX, xxV, xx2, etc.
For example, for spin-; particles,

Fo=1; Po=0. Fy=0, P, =0.. (2)

For spin-1 particles, it is usual to take the set &, as
follows:

To=1; Pa=8, (e=2, ¥, 2); } (3)
Fap= 3858 (=P); Pon=38a8u—2.

This set is overdetermined, since J,&% 4, =0.

The coefficients of the expansion of the density ma-
trix with respect to &, are denoted by p,. The laws of
transformation of the p, are less convenient than those
for t,,. However, the Madison Convention (Ref. 16, p.
xxv) puts the Cartesian notation on an equal footing with
the spherical notation.

In the reaction 1+2~ 3+4, the density matrix of the
initial state p; is transformed to the density matrix p,
of the final state by means of the scattering matrix Sas
follows:

pr=(8p:8*) (Tr 8p, 84, (4)

where the denominator (9, ) =Tr8p;S* is the differen-
tial cross section of the process and ensures that the
density matrix pis normalized to unity. The density
matrix of the initial state is the direct product of the
density matrices of the ensembles of particles 1 and 2:

1 2
[ =Jl\:f tront’ ’MlJ}‘Jl trom U7, (5)
1My

This is because the conditions of the experiment enable
one to prepare the states of particles 1 and 2 indepen-
dently. With regard to the density matrix of the final
state, it can be expanded with respect to the direct prod-
uct of matrices 773377 #4 with certain coefficients
tia"a-’&h’ where t,”am describes the polarization of
particles 3 when the polarization of particles 4 is not
measured, and fys 4, describes the reverse situation.
Using the orthogonality of the sets 79, we can readily
obtain expressions for ¢, ,, and o (Ref. 17):

troparear® = (25 1)1 (21 + 1) )
J1M1JaMa

TETF ) :
% (.-’ILMEM:,M., d

7, 7,00 (6)
o= (2is+1)" @ +1)" WE :J,M,tJ,MZA( Ty );
1 2

MydaM MM 500
iy 7, J“) — Tr ST/ MigTeMa§+ pIsMagTady
M MMM, = FRF T ¥ :

byt aoms

The quantity o gives the cross section of the process
for polarized particles 1 and 2, and the quantities pro-
portional to

Jy Jy 00
A
M, M, 00/,

are called the analyzing powers for J;#0 or J,# 0 and
are simply the cross section o, for unpolarized incident
particles 1 and target nuclei 2 for J; =J,=0:
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27 1) 1(2j,+1) 14 (DOOO
Op=( Ji+ ) {fﬂ‘l‘ ) 0000/ (7)
The polarization of the emitted particles 4 is ex-
pressed in terms of
000 J,
A -
000 M,
000 J,
trane= @+ @144 (g0 ), (®)

and the cross section of the process for polarized inci-
dent particles 1 is

J4000
— (2} 1703 -1\ A (9)
o= (2/s+ 1) (2 4+1) J%.f rond ( M,ooo)'
The polarization transfer, i.e., the polarization of the
emitted particles when the incident particles are polar-
ized, is expressed in terms of

(J1 00 J.)

A 2

M, 00 M,

We have also assumed that all the spin tensors and the
scattering matrix are referred to one single coordinate
system, which determines the quantization axis. Then

the transition to the helicity representationt!® is
achieved by a rotation of the system given by Eq. (1).

The expression for A after the matrix § has been ex-
panded with respect to the multipoles is rather compli-
cated and in the general theory in the channel-spin rep-
resentation has the formt!®

(J, 7. J3J4) »

MM =F E (— )THTetdad-Tat Mot My
1M oM 5l i

aibiaifiisIls

X (I e R T 38 ST T Jage

ok s il Tujzs jajes
X Iy ol 3 saataatag J o, I3/ as

J1 a8 jajes'
{sa,s’}{uzs'.f} a‘.,r'g} hhﬂz}
Nadt [1Ta {E*aai‘ {asl’bl

7 baa
x{ “’3"4}{ o "} (M T2y | 0y — ) (Js Mo M | 25— )

agl'by) L asboby
% (@y@ya5 — 05| by — Bs) (1020 b,0) (T01°0 | b,0) (8,36:1
=837 Bz 8. — 80 25) Tugpy (biks, buky). (10)

Here, §=V2j+1; s and § are the channel spins of the
ingoing and outgoing channels; [ and 7 are the corre-
sponding orbital angular momenta; J are the total angu-
lar momenta. The generalized spherical functions are
defined as follows:

Iy Uity L) = 3 (Ll | ) Vigmg (k1) Yigms Op). (11
m]mz

This expression can be transformed into a working for-
mula only in the region of low energies, where the
transmissions restrict the orbital angular momenta that
participate in the reaction, or in the region of isolated
resonances, in which only a restricted number of angu-
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lar momenta with a Breit-Wigner dispersion law of the
interfering elements of the reaction matrix are impor-
tant. To calculate polarization effects, it is necessary
to make certain model assumptions about the elements
of the reaction matrix. The quantity

Jdy Jp J3 Jy
A .
My My Mg M,
was calculated for direct deuteron stripping and pickup
nuclear reactions in the DWBA and for two-nucleon
stripping in Ref. 20. Interference of the direct and the
compound processes and interference between a reso-

nance and Coulomb stripping were considered in Refs.
21 and 22. The quantity

)

given above gave the observed quantities expressed in
any one coordinate system. In applications, it is con-
venient to use the helicity representation, in which the
polarizations of the incident and emitted particles are
specified in the coordinate systems K and K’ associated
with them. The corresponding expressions naturally
have a structure analogous to the quantity

o)

given above. The observed parameters can be conve-
niently expressed in this case in terms of Do and p,,
referred to the corresponding system.

Let us consider, for example, a reaction with the
spin structure 1/2+A - B +1/2. This means that we
shall be not interested in the polarization of the target
nuclei A or the final nuclei B, but we shall only calculate
the polarization of the emitted particles, the analyzing
power, and the polarization transfer from the incident
polarized particle with spin 3 to the final particle with
spin 3. Then the density matrix of the initial state will
have the form

pu=(1+ 2 poi)i2, (12)
the density matrix of the final state

0r =552+ 3 piSai8 12, (13)
and the cross section of the process

I=Trp;=fo(1+§peA1), (14)
with the analyzing powers

A= (TrS0,5+) (Tr§8%). (15)
The polarization of the emitted particles is

pel = Iy (pog - 2 Piky), (16)
where po;. =(Tr88°0,.) (Tr58%)! is the polarization of
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the emitted particles for unpolarized incident particles;
K =(TrS0,5*0;) (Tr85*)™ is the polarization transfer
coefficient relating component i’ of the polarization of
the emitted particle to component j of the incident par-
ticle’s polarization, To a very high degree of accuracy,
P and T invariance are satisfied in nuclear reactions.
For certain questions, one can add here isotopic invari-
ance as well, although Coulomb effects in the nucleus
are not small in all cases. Conservation of spatial par-
ity imposes the following restrictions on the first-order

observable quantitiest?!:

te=(— )tk amn
A similar expression holds for the analyzing power.
Thus, the spin tensors of even rank are real, and those
of odd rank are purely imaginary. In Cartesian nota-
tion, this is equivalent to A, =A_ =p,=p,=0. A similar
rule holds for the coefficients that describe the correla-
tion of the polarizations. They are real if the sum of
the ranks of the spin tensors is even and purely imagi-
nary if the sum is odd. In the Cartesian notation, all
coefficients with odd n.+n, (n, and n, are the number of
indices x and z of a coefficient) vanish. In addition, the
same parity relations give the following rule: Observ-
able quantities are even functions of the scattering angle
9 if n, +#n, is even and odd functions if it is odd.

For the reaction 1/2+A - B +1/2 considered above, the
the cross section and polarization of the emitted parti-
cles are expressed®# by the following expressions
(allk;; 2'llky; vk, <k, D:

0 () =gy (8) (1 + pydy (9)1; py (9) 0 (9) =
= 0o (8) [Poy (9) + P KV (2)]; ,

par () 0 (8) = 05 (8) [pK% (8) + p.KT (D))
per (8) 0 (8) =0, (0) [p=K5 (1) + p.KZ (D).

(18)

Here, K%', K?', and K% are even functions of the scat-
tering angle 9 and do not disappear when 9=0.

One sometimes uses the Wolfenstein notation for the
polarization transfer coefficients: the depolarization
parameter D =K;" and the polarization rotation param-
eters R=K%', A=K}, R'=K%, A'=KZ. This notation
is used only for reactions 1/2+A4 — B +1/2 in which the
parity does not change. The observable polarization
quantities p; and kI’ take values in the range from -1
to +1.

For reactions with spin structure 1/2+0-0+1/2,
the connection between the polarization and the analyz-
ing power has the form p,=+A,, where + sign corre-
sponds to the situation when the intrinsic parity of the
colliding particles does not change and the - sign to the
situation when it does.

For reactions with spin structure 1+A - B +1/2, one
needs to consider not only the polarization of the emit-
ted particles for unpolarized incident particles, pg
=(Tr§§*cry') (Tr§5%)7, but also two further analyzing
powers: the vector A, =(TrS#,5*) (Tr35*)™ and the
tensor A, = (Tr8#,,8%) (Tr85")™, and two polarization
transfer coefficients: from vector polarization of the
incident particle to vector polarization of the emitted
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particle, and from tensor polarization of the incident
particle to vector polarization of the emitted particle.
These polarization transfer coefficients are defined as
follows:

KY = (Tr 89 8*0y) (Tr 887 } (19)
K= (Te85;;8%0;) (Tr 8§89
The differential cross section o of the process and
the polarization components p;, of the emitted particle

can be expressed with allowance for (19) as follows:

=0 (1-+-3py4,/2+2p.. 4.3

+ PaxAey/3+ pyydyuld + Pzz-dzzfs);
Pxr@ =0y (3er§'f2 + 3szf’,"2

-+ Qp:xyKi; 13+ qusz:;ﬁ);

Py = Gy (Poy + 3Pk 124 2p. K5e/3
+ P::K%cf‘g + PyyKyl3 -+ P K2a/3);
P00 =0y (3p1[{;'/2 5 SPZK:'I'Q

+2p K34+ 2p,,K5003).

(20)

The quantization axis z is along the incident beam, the
y axis is along [k, xk, ], and the x axis is in the reac-
tion plane, so that (x,y,z) form a right-handed system.
Although the incident beam may contain all three com-
ponents p., p,, p, of the polarization vector, the cross
section is sensitive to only the component p,. The nor-
malization is chosen here such that the first-order
guantities vary from -1 to +1. The second-order quan-
tities p,,, py, and p,, vary from —3/2 to +3/2, and the
components p.., Pyys Pzzy Agys A,y and A, vary from
—2 to +1. The quantities p,, and A,,, like the operators
Faar are not linearly independent, but p,, +p,, +p,.=0,
and similarly for the analyzing powers A _ +A ,+A,,
=0, so that only four of the five analyzing powers are
independent. The quantities A, A,,, A,., K}, K,
K%', K%, K3, and K%, are even functions of the angle 9
and do not vanish at 9=0.

The analyzing powers A;,(9) in the Cartesian system
are related as follows to the analyzing powers qu(ﬁ) in
the spherical coordinate system:

Ay =V 3BTss—Tou/V'Z; Agy=—V 310y (21)

Ay =2iT(V3; A, =V 2T }
Auy EE e VET!Z — Tza”/ii (Axx_ Ayy)l‘z = ]/3 Ty,
The values of A, p,., and Kz' lie between + 1; those of
A, K¥, etc, between + 3/2; and those of K., K%,, etc.
betweent 2. Recall that we use different coordinate sys-
tems for the incident particle (a system with z axis
along k;) and the emitted particle (a system with 2’ axis
along k). The y and y’ axes coincide, and the x and x'
axes are chosen to make both systems right-handed.

For reactions with spin structure 1/2+A-B+1,

0 =00 (1 pydy); Purse0 ==y (Paxres + pyE™);
Pe0 =0y (pKZ + pKT); pyroo =0, (pKX" 4 p,KY™);

PG =0y (Poy + PyKY )s Puw =0y (Pows + puKE™); (22)
PO =0 (p K% + p.K3); pyyo=0, (Poyry -+ pu Ky Y )i
Paryr® =0 (pKE Y + p.KE ")y Porertt = 6o (Pozrer - py Ky ™).

The notation in these expressions is obvious. For ex-

ample
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KYY = (Tr80,8*# ) (Tr 88§+ (23)

The quantities K7, K3, K5’y K3, K¥*', KX, pogrses
Poyry's Poersr are even functions of the angle. The quan-
tities p;., A, p;., lie in the ranges —1<p,, Ajs+l;
-2sppps+l.

If we wish to consider a reaction with the spin struc-
ture 1+A - B +1 in the Cartesian coordinate system, we
need, in addition to the analyzing powers A; and Ay, of
the polarizations for unpolarized incident particles pg;.
and the polarization transfer coefficients (vector— ten-
sor) and (tensor - vector), also polarization transfer
coefficients from tensor polarization of the incident
particle to tensor polarization of the emitted particle;

K = (Te 89,85 53) (TS 841, (24)

The differential cross sections and the polarizations
expressed in terms of the analyzing powers, the polar-
izations for nonpolarized incident particles, and the
polarization transfer coefficients are given in Refs. 24.

For reactions with the spin structure 1/2+1/2~ A +B,
the cross section is expressed in terms of the analyzing
powers (in order to distinguish the incident particle and
the target, we shall identify the latter by appending an
index T) and the polarization correlation coefficients:

Cij= (Tr80,678%) (Tr 851, (25)

Then the cross section of the process with polarized in-
cident particle and polarized target can be expressed in
terms of the analyzing powers and the polarization cor-
relations as follows:

0=0y (1+ pyAy + py A + PePiCs +pypiCyy
+Pzprczz +P:P£C:1+P:P3'cm)~ (26)

In the last expression, C,,, C,,, and C,, are even func-
tions of the angles. The values of C; j vary in the range
from -1to +1.

For the analyzing power of A(a, )b’ reactions, in
which the final particles b and b’ are either identical or
belong to an isospin doublet, symmetry relations give
A®)=(-)%4,,(r-9). This relation is exact if b =b"
and is broken by the Coulomb interaction, which leads
to isospin mixing, %

Invariance under the operation of time reversal leads
to the following relation'®! between Eqs. (6) and the
quantities

- Ji Jp Jy Jy
My My, Mg My /) :
A(direct)-(kh k!)
= (== )T eEM et T Mot-Ja+ Ms+-J4+-My 4 (inverse) (—k;, —k)).

From this there follow different relations for the ob-
servable polarization quantities, in particular: Ay(di-
rect) =p,(inverse). In addition, for elastic scattering,
Ki(direct) = - KX(inverse).
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Let us now consider the determination of the § matrix
from polarization experiments. The problem is posed
as follows. What polarization experiments must be done
in order to determine, at given angle and energy, all
the N=(2j;+1) (2j,+1) (2j,+1) (2j,+1) complex elements
of the S matrix (Ref. 26)? InRef. 27, Goldstein ob-
tained sufficient conditions for determining the set of
polarization experiments.

At low energies, and, especially, in the resonance
region when only a small number of matrix elements is
important in the multipole expansion, special cases of
Eq. (10) are used. For the observable quantities of
first order the expansion of #,,(9)oy(9) or the analyzing
power with respect to Legendre polynomials P,(8) en-
ables one to separate the products §,S% corresponding
to one parity of the matrix elements from products cor-
responding to different parities. If in the region of an
isolated resonance only one matrix element is impor-
tant, the ratio a,,(L)/ag(0)=d,,(L) (here, ay(0) is the
integrated reaction cross section) of the expansion co-
efficients does not depend on S at all, and the dye (L) sat-
isfy very simple relations. For example, for L =2

dag (2) = —V By (2)/2=VT s (2). (27)

These relations are satisfied to a very good accuracy,
for example, for the reaction *H(d,#)*He in the region
of the 3/2" resonance at 107 keV. Some cases of more
complicated situations have been considered by Seiler. (28!

2. METHODOLOGICAL ASPECTS OF INVESTIGATING
POLARIZATION PHENOMENA IN NUCLEAR
REACTIONS

Experiments to study the polarization of particles use
various schemes based on determination of the asym-
metries in the angular distributions of the products pro-
duced in nuclear reactions with polarized particles. In
this section, we consider methodological aspects of ex-
periments with particles of medium energies (1-50
MeV).

Polarization investigations require double and triple
scattering experiments. The successes in obtaining
and accelerating polarized particles and creating po-
larized targets have opened up new possibilities for
studying polarization phenomena in nuclear reactions.

Double scattering. FromBishop’s first experiments!
in 1952 to the present day the overwhelming majority of
polarization investigations on accelerators with ungo-
larized particle beams is made in accordance with the
scheme shown in Fig. 1. The initial unpolarized beam
of particles strikes the first target T. As a result of a
nuclear reaction (or elastic scattering) polarized parti-
cles emerge from the target, and to determine the de-
gree of polarization of these particles one generally uses
elastic scattering on the second target, which is called
the analyzer. Two detectors placed at the same angles
9 with respect to the direction of emission of the parti-
cles from the second target record different numbers of
particles. This difference in the intensities can be used
to determine the polarization p(9).
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FIG. 1. Arrangement of polarization experiments. a) Mea-
surement of left—right asymmetry; b) polarization experiment
in ring geometry. T is the target, A the analyzer, and D the
detector (the other notation is explained in the text).

If the beam of particles emitted from the first target
at angle © has polarization p, then the differential cross
section of the second reaction (scaitering) depends on
the angles 9 and ¢. The polarization of a beam of spin-
3 particles is analyzed on the basis of the fact that the
intensity of the particles scattered at the angles 9 and
¢ is determined by Eq. (18) and has the form

I(8, @) =To (0) (14 pyAy ()] = 1o (8) [1 4+ A (8) (pn)], (28)

where the polarization (analyzing) power of the analyzer
is known for certain angles in the so-called right-left
geometry and in the whole range of angles for the ring
geometry (see below). In accordance with the Basle
Convention'®? the positive direction of polarization of
the particles is taken to be the direction of the unit
vector

n= [kyy % kou] | [kin 3¢ Koy |1 (29)
This vector is perpendicular to the plane in which the
scattering occurs. We denote the angle between the
vector n and the polarization p, which we need to deter-
mine, by ¢: p.n=Iplcos ¢ (the angle ¢ is measured
from the y axis, and not from the x axis, as usuall).
We denote by L the intensity at ¢ =0° (scattering to the
left) and by R the intensity at ¢ =180° (scattering to the
right): L=Iy(1+pA), R =Iy(1 -pA). Then the asymmetry
of the scattering is

e—pA=(L—R)/(L+R). (30)

Dividing the asymmetry £ by the analyzing power A,

which is known for the angle 9, we obtain the required
value p of the beam polarization. The arrangement of
a double-scattering experiment is shown in Fig. la.

One of the main problems of polarization-measure-
ment experiments is the intensity. This problem is ef-
fectively solved by arranging the polarization experi-
ment with a ring analyzer, which makes it possible to
increase the intensity of the particles after the second
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scattering by 40-50 times compared with the left—right
asymmetry polarimeter. In this geometry (see Fig. 1b)
the polarization is determined by comparing the intensi-
ties N, and N, measured by two (or several) detectors
placed at the same azimuthal angle ¢ but at different
angles of second scattering 9; and 9,.

For the ring geometry,
e = (Ny—GNy)/(Ny+ GN,);
e=p(0) [4 () — A (§:)1/{p (8) [4 (D)) + 4 (8,)] — 2},

(31)
(32)

where G is a normalization factor that takes into account
the difference between the geometrical positions of the
detectors. A polarization experiment with ring geome-
try was performed for the first time at Dubna. 3%

Note that the expressions (30)-(32) make it possible
to obtain polarization data in two ways:

a) by investigating the characteristics of the first
scattering or reaction using the experimental data L and
R (or N, or Ny), one can determine the asymmetry £ and
then, using the known analyzing power A(9) of the second
target, calculate the polarization $(0);

b) by studying the scattering on the second target and
using the known polarization p(©) and the experimentally
determined asymmetry £, one can obtain information
about the analyzing power A(9).

Varying the angles © and 9, one can investigate p(©)
and A(9) in detail.

To obtain data from the averaged angular dependences
of the polarization, the highly efficient method proposed
by Romanovskii®®! based on analysis of the spectra of
backward elastic scattering of polarized protons by thick
targets is of interest. If one is working with an unpo-
larized beam of fixed energy, the thick-target method.
makes it possible to obtain data on the averaged energy
dependences of the polarization for elastic scattering of
protons by nuclei.

Determinization of the polarization of spin-1 particles.
This is more complicated than for spin-5 particles. [%?
The intensity of the particles scattered to angles 9 and
@ is given by Eq. (20).

In addition to the coordinate system x, y, z (the z axis
is along the incident beam, the y axis along the vector
[k XKy, ], and the x axis lies in the reaction plane in
such a way that x, y, z form a right-handed system),
we introduce the system X, ¥, Z (the Z axis is taken as
before along the beam, and the ¥ axis in such a way that
the polarization vector lies in the ¥Z plane).

We denote by ¢ the angle between the yz and YZ
planes, and append the indices X, ¥, Z to the observ-
able quantities in this new coordinate system. Then the
intensity at angles 9 and ¢ is

I(0, @) =1y (0) {1 +3 (pssin @+ py cos ¢) 4, (9)/2
+2 (pxzcos ¢ — pyzsin ¢) A, (9)/3
+[(Pxx— pxx) €05 29 — 2pyy sin 2¢]
X [Awe (1) — Ayy (0)1/6 4- P22 A, (8)/2).

(33)

The analyzing powers A,(9), A,.09), A,,(9) -A,,09), A,.(5)
are assumed known.
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The intensities measured at one and the same scat-
tering angle 9 but at different azimuthal angles ¢ =0,
180, 270, and 90° (to the left, to the right, upward, and
downward) will be denoted by L, R, U, and D, respec-
tively. One can then obtain five asymmetries for deter-
mining px, py, and py:

Ay=(L—R) (L+R)™; Ay=(U—D)(U+Dy, l

. BEsmy Ve s T sy, o

A= TIRy0+D AT IFR¥USD’ | (34)
A (L+4-R)—(U+D) ]

ST "LFRFUFD *

If, using Eq. (33), we express the asymmetries in terms
of the polarizations and the analyzing powers, we find
that this expression does not contain p,y. This is due to
the special choice of the azimuthal angles ¢. If instead
of the set ¢ =0, 180, 270, and 90° we make measure-
ments at ¢ =45, 225, 315, and 135° (L', R', U’, D'),
then instead of A; we obtain the asymmetry A, which
does not depend on pyy:

” —Pxy (Axx—Ayy)/3

A;_ 1+ pzzd;./2 (35)

Of course, only four of these five asymmetries are inde-
pendent, and one set of measurements alone is insuffi-
cient to determine the unknown polarizations py, py,
Pxys Przy Pxzs (Pxx —Pyy)s Pzz. It is therefore neces-
sary to make one further experiment in which the ana-
lyzing beam is first rotated without depolarization by an
external electric or magnetic field.

The situation simplifies significantly in the following
practically important cases:

a) when one wishes to determine the polarization
parameters of a beam produced in a source of polarized
particles for which the direction of the polarizing mag-
netic field is known but the effective populations N,,, Ny,
N_; of the sublevels, which are related to the beam po-
larization by

Pz= (Nog —N_)/(Noy+ NoN_y);
Pzz:(N-H—QND-[-N_JI(NH—!-NG-{--N_‘) } (36)

(the Z axis is along the field), are not known exactly;

b) when the polarization parameters of the beam of
particles from the source are known together with the
direction of the orienting field, and one wishes to deter-
mine the unknown analyzing powers;

c¢) when the analyzed beam is produced in a reaction
initiated by an unpolarized beam and the direction of the
polarization vector is definitely perpendicular to the
reaction plane.

For cases a) and b), denoting the angle between the
direction of the beam and the orienting field by a, we
obtain the following expressions for the asymmetries:

3pz sin ady/2 -
A= et adyy +costad,;)2
e Pzz Sin o cos ady, 3
2 14 pzz Gin® adex 0057 oA )2
3pz sin ody/2
e e
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i Axz
g Pzz Sin & cos ady, .
T T pzz Beosta—1) A% * (37)
—Pzzsin®a (Aex—Ayy)/h
1-+pzz (3cosa—1) 4,74

A =0,

Ay=

If the direction of the magnetic field coincides with
the direction of the beam, the analysis is particularly
simple since the cross sections depend only on p,,:

L=R=U=D=1I,(14p;:4..12). (38)

In practice, the second-rank tensors in the polariza-
tion of deuterons at low energies can be determined by
using *He as an analyzer. For the 3/2° resonance at 430

keV in the reaction *He(d, p)*He, the analyzing powers
arel®!

A, =0;

Ay, = —3usin ¥ cos 9/2;

(Ax:‘— Ayp)."2 = — 3% sin? 'ﬂ,’/&;

A= —x(3cos® ¥ —1)/2, x = 0.90.

(39)

The arrangement of an experiment to analyze the po-
larization of particles with spin 1 using *He as an ana-
lyzer of the deuteron tensor polarization is shown in
Fig. 2. The scattering angle 9 is taken to be 54.7°.
For 9=0, we have A, =—x; if 9=54.7°, then 4,,=0.
The ratio of the yield at 9=0 to the sum of the yields of
the remaining four detectors determines p,;, while
Pxzs Pyz, and pyy — pyy are determined from the asym-
metries. Finally, rotating the detectors through 45°,
we obtain pyy.

Triple scattering. A further development of double
scattering is an experiment with triple scattering, which
enables one to extract valuable information about more
complicated polarization parameters (depolarization,
polarization transfer coefficients, etec). The first scat-
tering is used to obtain a beam with known polarization
p1- In the second scattering, the interaction of the po-
larized beam with the target is investigated, this inter-
action leading to some new polarization p,, which is
analyzed in the third scattering. Double and triple scat-
tering experiments present considerable methodological
difficulties. The use of polarized beams and targets
makes it possible to reduce by one the number of scat-
terings and thus provide a real possibility, on the one
hand, for extending the existing programs of polariza-
tion investigation and, on the other, making possible

@=270°)
P z

@=180°R)

FIG, 2. Arrangement of experiment to analyze the polarization
of spin-1 particles. T is the target and A the analyzer (the
other notation is described in the text),
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FIG. 3. Arrangement of experi-
ment to measure polarization
transfer in double scattering. T
is the target, A the analyzer,
and L and R are the detectors.

for the first time certain further polarization experi-
ments.

It is worth pointing out that the reduction of triple
scattering experiments to double scattering experiments
by using an accelerated polarized beam means that the
further development of the double-scattering method re-
mains among the list of important tasks. A good ex-
ample of such a development is Balashko’s suggestion
to use the method of the polarization experiment in the
ring geometry*®® to study polarization transfer, in par-
ticular in the (d, p) reaction.

[34]

Polarization-transfer measuvements in double scat-
tering. Let us consider the situation when spin-3
particles produced in some reaction have only a polar-
ization component p, along the y axis (Fig. 3). Then in
accordance with Eqs. (22), the cross section and the
Py« polarization component of the particles emitted in
the reaction 1/2+A ~B+1/2 (first scattering) can be ex-
pressed in terms of the analyzing power A,(9), the de-
polarization parameter K;'(B), and the polarization
Poy (9) for unpolarized incident particles as follows:

0 (8) =ao T4 -+ pydy (0 ol
Py0 =0y [Poy (8) + PuKY (8)1- (a1)
We assume the analyzing power of the second scat-

tering known and equal to A,,; the cross section o3 is
known (the angle of the second scattering is constant,
and will be omitted in the subsequent expressions).
Then the intensities measured after the second scatter-
ing are given by

L= 11y {1+ pydy+ (Pow + PoKY) An) (42)
R=1I 1+ pyAy— (Pov+ PyKY) Azs)-

Note that for the elastic scattering of spin-3 particles
on spin-0 nuclei, k3’ =1. Therefore, the deviation of
K;" from unity indicates the presence of a spin—spin
term in the optical potential.

The change in the sign of the polarization of the inci-
dent particles from +p, to - p, in the reaction in which
the incident beam is produced (this can be done by
changing the direction of the magnetic field if the polar-
ized beam is obtained in the source, or the azimuthal
angle if the beam is formed in a reaction), and a change
of the azimuthal scattering angle at the target from ¢
=0 (a “+"”experiment) to ¢ =180° (a “ - experiment)
gives the intensities L,,, R,,, R.,, L., R,., L,., R_.,
L_.. From these intensities, the depolarization k¥ =D
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is found.

Measurement of spin—spin correlations in the initial
state. The geometry of this experiment for 1/2¢<1/2
correlations does not differ from the geometry of an
ordinary double-scattering experiment, and it can be
analyzed by means of Eq. (26):

1= Ty (8) [+ pydy (8) — piAy (9)+ pupyCuy ()], (43)
where the superscript T indicates that the corresponding
quantity refers to the target. The polarization vectors
of the beam and the target are directed along the y axis.
For the right and left scattering intensities, we obtain
L~1+ PHAH'FP£A€+ Pnpizcw;} (44)
R ~1—py Ay — py Ay + pypuCoys

which enables us, if we know the polarization of the par-
ticles and the target nuclei, to determine the polariza-
tion correlation coefficient C,,.

Polarization Analyzers. Besides having to measure
the asymmetry € with the smallest error possible, de-
pending on the type of the experiment, one must also
have detailed and accurate data on the analyzing power
A or the polarization p [see Egs. (30)-(32)]. The choice
of the scatterer, the polarization analyzer, is dictated
by the conditions of the experiment. Usually, nuclei
with spin 0, for which the phase-shift analysis of the
scattering can be made fairly fully and for which the
analyzing power is known, are used as analyzers. One
can determine A, from double scattering, and also by
the method of inverse reactions. To find the polariza-
tion, helium and carbon nuclei are most frequently used,
for which data on the analyzing power are obtained from
double-scattering experiments in wide energy and angu-
lar ranges.

Spurious assymelry. When one is investigating po-
larization effects, it is important to know the contribu-
tion due to the so-called spurious symmetry., In real
experiments, one determines an asymmetry that is
made up of the true and the spurious asymmetry. For
example, in a determination of polarization by a mea-
surement of asymmetry after left-right scattering,
sources of spurious asymmetry can arise from inaccu-
rate preparation of the polarimetric block and the setting
up of the analyzer, error in the regulation of the polar-
imeter with respect to the direction of the ion beam, a
displacement of the centers of the detectors with respect
to the axes of the channels, differences between the ef-
ficiencies of the detectors used to detect the particles,
and so forth. It is therefore necessary to make control
and calibration experiments. A description of ways to
eliminate or take into account rigorously the contribu-
tion of various sources to spurious asymmetry can be
found, for example, in Refs. 30 and 35.

Beams of polarized particles. The extraction from
double and triple scattering experiments of exceptionally
important information entails the overcoming of serious
methodological difficulties due to the low intensity of the
detected particles. On top of this, the observed effect
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TABLE I. Parameters of accelerators with beams of polarized ions.

Laboratory, first year Type of Type of | Degree of polari- Intensity of beam

with polarized beam accelerator particle | zation of beam (exp) | from accelerator, nA | Beam energy, MeV

Carnegie (USA), Van de Graaff H* ~0.35 7-10 0.35-3
1962 accelerator

Berkeley (USA), Cyclotron H* 0.8 200-300 9-55
1969 D* 0. 54; 200-300 12-65

Stanford (USA), Van de Graaff H- 0.67 40-100 2-18
1970 tandem D" 0.47 — =%

Heidelberg (West The same bLi” >0.46 30-180 4-24
Germany), 1973 23Na" = 2 6-36

Villigen (Switzerland), Two-stage H 0.65 30-200 10-75;
1975 cyclotron 590

D* i 30-200 10-65

TRIUMF (Canada), Cyclotron H” 0.80 <200 200-500
1975

Birmingham " He* 0.38 0.15 33.4
(England), 1975

Los Alamos (USA), Van de Graaff H” 0. 85 100-200 2-18
1975 tandem 4 b 0.85 50-150 -

is small because the beam is rarely polarized by 100%
in the first scattering, and the last scattering is not a
perfect analyzer,

It is necessary to have precise geometry since the
reaction cross section may depend strongly on the angle.
A source of error can arise from insufficient accuracy
in the data on the polarizing (analyzing) properties of
the targets. To a large extent, these difficulties can be
overcome in two ways: by using a polarized accelerated
beam or a target of polarized nuclei.

In 1956, it was suggested that a beam of polarized
particles could be obtained by means of a source of po-
larized ions set up in an accelerator, ** and in 1960 po-
larized protons were obtained for the first time, 1%
This was the start of a new chapter in the study of po-
larization in nuclear reactions. The proceedings of the
symposia on polarization phenomena'6:2%3% 381 ¢laqp]y
illustrate the main stages in the development of the
methods and technique for obtaining polarized beams.

In the present paper, we shall say a few words about the
achievements in obtaining polarized beams. A detailed
discussion of the obtaining and accelerating of beams of
polarized particles can be found in special reviews. [3!

There are two types of source of polarized ions: An
ionization source of an atomic beam and a source based
on the Lamb method. In the first type, in which the
components of the hyperfine splitting of the hydrogen-
atom ground state are separated in an inhomogeneous
magnetic field, the atoms of the beam are ionized by
electron impact. In various laboratories two variants
of this physical principle of the source of polarized ions
are used in working accelerators: ionization in weak!?!
or strong™!? magnetic fields.

In 1950, Lamb™** proposed the idea of using a meta-
stable state of the hydrogen atom in one of the stages of
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obtaining polarized hydrogen ions, and in 1964 the pos-
sibility of technical realization of a source of negative
ions with polarized protons and deuterons was proved. £437

At the present time, more than 40 accelerators pro-
vide beams of polarized protons and deuterons.®® Re-
cently, polarized beams of tritons, *He, °Li, and ®*Na
have been obtained. Data on the installations that,
judged by the parameters of the polarized beams, are
the best for a given type of accelerator are given in
Table I.

It can be seen from this table that polarization effects
in nuclear reactions can now be studied in a wide range
of energies: from 0.35 to 590 MeV. The development
of sources of polarized °Li and "Li ions will rapidly
make it possible to obtain ion beams of other alkali met-
als: ®Na, ¥ 4K, ®Rb, and 1*Cs.

Polayized Targels. Besides polarized beams, the
use of targets with polarized nuclei provides another
effective means of overcoming the experimental difficul-
ties with multiple scattering.

Some successes have now been achieved in producing
polarized targets to study nuclear reactions at low en-
ergies: proton, deuteron, *He, and °Li targets. One of
the methods of obtaining polarized targets is based on
the use of dynamical polarization in a solid diamagnet
with paramagnetic impurities. This method has
achieved polarization of protons (~50%) in a single crys-
tal of lanthanum magnesium double nitrate with 1% neo-
dymium impurity. The results of the first experiments
to investigate nuclear reactions at low energies with
proton targets are given in Ref. 44. The method of dy-
namical polarization was used to create a polarized
deuteron target, on which scattering of polarized low-
energy neutrons was investigated, which made it possi-
ble to choose between two sets of scattering lengths. 17
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To produce a polarized *He target, one can use the
method of optical pumping, by means of which one can
achieve a 40% polarization of 3He nuclei. Examples of
the successful obtaining of such targets and their use
for solving problems in nuclear physics can be found in
the papers of Ref. 46. In Ref. 47, a polarized 61 tar=
get obtained by using an atomic beam of polarized L
atoms is described.

The obtaining of polarized targets in the majority of
methods is governed from the experimental point of view
by the development of the technique for producing ultra-
low temperatures. These complicated developments
have been transformed into an independent field of ac-
tivity that straddles nuclear physics and solid-state
physics. The methods used to polarize nuclei and the
arrangement of experiments with polarized targets are
discussed with an extensive bibliography in Refs. 9, 16,
37, and 48.

To polarize heavy nuclei, equilibrium thermal meth-
ods would seem to be the most promising. In them, one
either polarizes directly the nuclear spins by a strong
magnetic field under deep cooling conditions —this is
the brute force method—or one aligns the electron spins
to take advantage of subsequent transitions between hy-
perfine splitting levels. Targets with polarized *°Co,
157y, and '®Ho nuclei are described in Refs. 49-51,
but these targets have not yet been used in polarization
experiments.

3. FEW-NUCLEON SYSTEMS

Three-nucleon systems. Three-nucleon systems
have been studied in the p+d, d+p, p+d, and n+d elas-
tic-scattering reactions. "#=*®1 The differential cross
sections ¢, the vector and tensor analyzing powers iTy,;
and T,,, the vector and tensor polarizations p and py,
of the reaction products, the spin-spin correlation co-
efficients C,, and C,,, and the polarization transfer co-
efficients Kf were measured.

The interest in three-nucleon systems is largely due
to the hope of obtaining new information about the nu-
cleon—nucleon forces and the forces that act between
three nucleons. This hope is based on the fact that
modern computers make it possible to solve the Faddeev
equations for three bodies with the necessary accuracy
for any nucleon-nucleon interaction.

In the majority of investigations, 1%355:38=621 gq)utions

of the equations for various nonlocal separable nucleon-
nucleon interactions have been sought. Different num-
bers of orbital angular momenta (up to /=2) and tensor
forces have been used. In some cases, the effect of the
higher angular momenta has been taken into account
approximately. The results of the calculationg!®® 8063641
for the differential cross section and the various polar-
ization parameters describe well qualitatively, and in
the majority of cases quantitatively as well, the experi-
mental data at an energy of order 10 MeV in the center-
of-mass system. Appreciable qualitative differences
are observed for the parameters p and iT;.

It should be pointed out that the tensor forces em-
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ployed do not enable one to obtain simultaneously the
correct values for the phase shifts 5(°D;) of the nucleon—
nucleon interaction and the mixing parameter £; (Ref.
60). In Refs. 63 and 65, local potentials were used in-
stead of a separable potential, and these reproduce
6(°D,) and £,. However, the deviation of the calculated
values from the experimental is of the same kind as for
separable potentials. In none of these calculations are
free parameters used. The task of further investiga-
tions is to establish the connection between the existing
discrepancies and the uncertainties in the determination
of the NN phase shifts.

Study of the three-nucleon systems has shown that
whereas it is sufficient to take into account only S waves
in the nucleon-—nucleon potential to describe the differ-
ential cross sections, the tensor components of the po-
larization can be described only with allowance for ten-
sor forces. And in order to describe the vector polar-
ization, it is necessary to take into account simulta-
neously S, P, and D waves and tensor forces.

Measurements of the differential cross sections, the
polarizations, and the analyzing powers of reactions
make it possible to determine much more precisely the
necessary approximation for the nucleon-nucleon po-
tential which is introduced. However, these measure-
ments do not give sufficiently accurate information on
the doublet ND amplitude, which, in its turn, is sensi-
tive to the short-range part of the nucleon—nucleon po-
tential. Such information can be obtained only by in-
vestigating the spin-spin correlations C,, and C,,. Such
experiments have been begun, ®%5"531 ang there are
grounds for hoping that they will give important informa-
tion about nucleon—nucleon forces.

In addition to the study of nucleon-nucleon forces in
three-nucleon systems, considerable attention is devot-
ed to the investigation of the excited state of the *He
nucleus at excitation energy E* =14 MeV. Information
about this state is obtained from detailed phase-shift
analysis of the experimental results of elastic proton
scattering on deuterons. The information obtained is
as yet ambiguous; Two values, 1/2" or 3/2", are as-
cribed to the total angular momentum.®*! Further in-
vestigations are required to clarify this question.

Recently, work has begun on study of the polarization
characteristics of deuteron disintegration initiated by
protons.

Four-nucleon systems. Polarization effects in sys-
tems consisting of four nucleons have been investigated
in the reactions p+ 7, n+°He, p+°He, d+d, and *He +p
(Refs. 66-71). In these reactions, the differential cross
sections, the polarization, and the analyzing powers
were measured, and in some cases the polarization
transfer coefficients were studied in detail (Table II).

The interest in the study of four-nucleon systems is
due, on the one hand, to the fact that these nuclei are
the lightest in which excited states are observed, and
on the other hand, to the development in recent years
of effective methods for calculating such systems. ™!

It has not yet proved possible to calculate a four-nucleon
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TABLE II. Basic parameters investigated in four-nucleon

systems.

Type of Energy Phase-shift

reaction range, Measured parameters analysis

(literature) MeV
p--T[66, 68] 1—15 Ol | o Up to £,=7MeV
p+3He [69] 2—15 o, iTy, KT, Ky, K —_
p--3He [71] 32 0, iTy —
n-3He [67] 8—17 g, iTy Up to E,=25MeV
d-+-a[70] 0,1—15 a, iTyy, Tog, Toy, Tan, For E,

- A ] .
RV, K¥', K%, K%, KVp, KU, KV, | < 1MeV

system by means of the Faddeev equations. The theo-
retical investigations therefore use less rigorous ap-
proaches, and a considerable number of calculations
have been made of excited states of these nuclei in the
framework of the shell model with allowance for resid-
ual particle—hole interaction, 8873

In Ref. 74, microscopic calculations were made by
resonating-group method with allowance for channel
coupling. In these calculations, not only the level posi-
tions but also quantities directly measured in reactions
were calculated. In none of the calculations did it prove
possible to reproduce correctly the sequence of all ex-
cited states found experimentally (negative-parity states
with isospin T'=0 and 1), although the majority of states
have positions qualitatively in agreement with experi-
ment.

Except for the ground state of the *He nucleus, all
levels of the four-nucleon systems lie in the continuum
and have larger (single-particle) widths. This circum-
stance renders their experimental detection extremely
difficult. Only a phase-shift analysis of all the experi-
mental quantities and parametrization of the phase
shifts by means of the equations of the R-matrix theory
make it possible to establish the existence of the levels.
In order to carry out the phase-shift analysis, it is nec-
essary to measure a definite number of parameters
(cross section, polarization, polarization transfer co-
efficients, etc) in a wide range of energies. Currently,
information is being gathered rapidly. It can be seen
from Tables I and II that experiments are already being
made with polarized beams of protons, deuterons, tri-
tons, and *He ions in a wide energy range.

In Ref. 75, a phase-shift analysis was made of the
experimental data for p’He and »°H scattering, namely,
the differential cross sections, the polarizations, and
the asymmetry. The analysis did not lead to a unique
result, and several sets of phase shifts were found.

All sets are characterized by the presence of broad
levels of the nuclei *Li and *H in states formed with I = 1,
and the absence of levels in states with [=0. The iso-
spin of the *Li and *H levels is naturally 1. The phase-
shift analysis for these four-nucleon systems is simpler
than for *He, since for them fewer channels are open in
the investigated energy range. In Ref. 76, a phase-
shift analysis of p°He scattering was made with allow-
ance also for experimental data on spin correlation,
which made it possible to reduce significantly the previ-
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ously found uncertainties,

Phase-shift analysis of interactions leading to the
compound nucleus *He proved to be a more complicated
task. A phase-shift analysis of pT scattering®®’ and
n°He scattering’’ was made. However, the analysis
used only the experimental data on the differential cross
section, the polarization, and the total reaction cross
section. For this reason, the number of parameters
that had to be determined was appreciably greater than
the number of independent quantities that could be ex-
tracted from the experiment. The results of these
phase-shift analyses are ambiguous and eannot be re-
garded as reliable.

For the *He nucleus an important advance in the anal-
ysis was achieved by using the principle of charge in-
variance in the inner region of the nucleus. This made
it possible to reduce appreciably the number of indepen-
dent parameters determining the elements of the S ma-
trix, and to describe simultaneously three interactions,
namely *He(n,n) *He, *H(p,n)°He, and *H(p, p)°H, by
means of a single set of parameters. A charge-invari-
ant phase-shift analysis'™ produced a unique solution
and reliably established the existence of three excited
states of the *He nucleus with isospin 7=0 (0, 05, 27).
However, the last result does not remove the problem
of analyzing the experimental data without this additional
assumption. It is also necessary to solve the problem
of analyzing the excited states of the *He nucleus at high
excitation energies.

In the investigation of the four-nucleon system, con-
siderable attention has been devoted to testing charge
symmetry. Conclusions about this question can be
drawn by comparing the values of the polarization p or
the analyzing power A of the reaction for H(d, p) °H and
2H(d, n) °He or *H(p, p) °H and *He(n, n) *He. In studies
made in recent years, it has been established that the
values of p (or A) for these reactions are equal (Fig.
4). " It has been shown that the previously observed
difference was due to the fact that the Coulomb energy
in the outgoing reaction channel was not taken into
account.,

Note that in the investigation of the four-nucleon sys-
tems the contribution of different types of nucleon—nu-
cleon potential to the description of this system has not
yet been analyzed.

Five-nucleon systems. Systems consisting of five
nucleons have been investigated'™=® in the following

TABLE III. Basic parameters investigated in five-nucleon
systems.

Type of Energy
reaction range,
(literature) MeV

Phase-shift

Measured parameters analysis

p+%He[78,79] | 1—18
d--%He[80—82]| 1—16
d43Me[84] (3,712

o, iTy UptoE,=18 MV
0, iTyy, Tog, Tag, Tagy K3, KY F
0, iTy4s Ta20: To1e Ton, Cyyy Cuys

zxr C:ry'y
d-+-3Tle [83)] 97 53 a, iTyy -
d-+311[85, 86] 1—12 0, iTyy, Too, Toy. Top —_
d-+311[87] 10,5 G, iy, K¥ —
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nuclear reactions with polarized particles: p+“He, d
+°%He, d +°He, d+°H, d +°H, d + °*He. Interest in
the study of five-nucleon systems was stimulated by the
possibility of obtaining information about the structure
of the °Li and *He nuclei and comparing the results of
phase-shift analysis of the experimental data with theo-
retical calculations (Table III). The most complete the-
oretical study of the d + T and d +°He systems was made
in Ref. 88 using the single-channel resonating-group
method with phenomenological imaginary potentials.
The phase shifts were calculated right up to I=7; an

R -matrix analysis of the phase shifts made in Ref. 88
indicates a large number of levels with resonance en-
ergies below 12 MeV. This question requires a more
complete investigation.

It can be seen from Table III that the five-nucleon
systems have been studied experimentally very inten-
sively. However, because of the complexity of these
systems, insufficient data for making an accurate phase-
shift analysis of the interaction of the deuteron with *He
nuclei or T have so far been obtained. The variants of
experiments needed for analysis of the d + *He system
were considered in detail in Ref. 82.

A phase-shift analysis for the p + *He system has been
made with sufficient reliability in the energy range up
to 30 MeV (Figs. 5 and 6). It has been shown that the
S, B, D, and F phase shifts are important. Study of
the five-nucleon systems has already made it possible
to obtain information about levels of the nuclei °Li and
He.

4. RESONANCE NUCLEAR REACTIONS

Reactions of this type have mainly been studied with
a view to obtaining information about the quantum num-
bers of excited states of compound nuclei. Information
about such levels is obtained by evaluating experimental
data on the polarization and cross section by the method
of phase-shift analysis. In Refs. 89-92, in the frame-
work of the S-matrix formalism in the channel-spin rep-
resentation, expressions were obtained that make it
possible to obtain the quantum numbers of the levels of
the investigated nuclei from experimental data on the
polarization and cross section.

The A(p,p)A reactions on spin-0 nuclei. Under fa-
vorable conditions, one can obtain all the elements of the
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S matrix from measurements of the cross section and
polarization, and for resonances one can obtain the
quantum numbers of the levels of the nucleus and the
parameters of R-matrix theory. It is convenient to de-
scribe the elastic scattering of protons on spin-0 nuclei,
not by specifying the S matrix as a function of the en-
ergy, but by means of a complete set of phase shifts,
which can then be used to recover the S matrix. At rel-
atively low energies, the number of phase shifts that
must be taken into account is small, which makes it
possible to carry out the phase-shift analysis.

The differential cross section and the polarization
can be expressed™ in this case in terms of the ampli-
tude of coherent and incoherent scattering A(9) + B(9)[o
xn] as follows:

20m (A*B)
P(ﬂ)=[Ar;+ B[ n; (45)
o(t)=x(|AP+|B). (46)
The quantities A(9) and B(9) are given by
A(B)= — %n cosec? /2 exp (in In cosec? #/2)
+ 3V [(+1) fE It exp (i) Py (cos 9); (47)
1=0
B (0)=sin# ﬁ‘,ﬁ (ft — f7) exp (io;) P} (cos ©), (48)
where
FE =S 4y (49)

o, is the phase shift due to Coulomb scattering; Z is the
charge of the target nucleus; » is the velocity of relative
motion; and P,(cos 9) and P}{cos 9) are Legendre poly-
nomials and associated Legendre functions.

The diagonal elements of the scattering matrix §7 can
be determined from R-matrix theory. In the single-
channel single-resonance approximation, the elements
have the particularly simple form

SE = exp (2i6), (50)
and the amplitudes are
i =exp (i67°) sin 8;F. (51)

Here, 8; are the phase shifts corresponding to the par-
tial wave with orbital angular momentum [ and total
angular momentum J=1+1/2. The phase shift is
of =@, 4B, (52)
where @, is the phase shift of potential scattering: 8 is
the phase shift of resonance scattering expressed in
terms of the partial width Ty, of the level and the reso-
nance energy Epc. The phase shift is
B =tan™ [Tw/(Erc— E)]. (53)

In the region of an isolated resonance, the phase shift
&, of potential scattering varies slowly with the energy,
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and the resonance phase shift g corresponding to an ex-
cited state of a nucleus with total angular momentum
J=1+1/2 varies rapidly with the energy in accordance
with the law given by (53). Since B(9) contains the am-
plitude difference f*-f~, the polarization differs in
signfor resonances withthe same [ but different.J, which
makes it much easier to determine the spins of the ex-
cited states of the nuclei.

As an example, Fig. 7 shows the experimental and
theoretical results'®! for investigation of the polariza-
tion in the elastic scattering of protons on *°Ca nuclei.
The results of the measurements are compared with the
theoretical curves calculated under the assumption that
the resonance energy is E,=2720 keV, I'=12 keV, and
that the spin and parity J" are 1/2" or 3/2°. It can be
seen from the comparison that one must ascribe J"=1/2"
and not 3/2" to the excited state of *!Sc. From measure-
ments of only the differential cross section for this
state, it was possible to determine only the orbital an-
gular momentum. The resonance approximation makes
it possible to analyze the polarization p(9, E) and the
cross section (9, E) also for two or more interfering
resonances. The analysis for several well separated
levels with different J* can be made in accordance with
Eqs. (46)—(49), but with allowance not only for the phase

)
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FIG. 6. Phase shifts 6 as functions of the proton energy E,
for the reaction *He(p, p)*He.
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shifts for each level but also for the difference between
these phase shifts. The possibilities of such an analysis
are illustrated in Fig. 8. In the range E=1.5-3.0 MeV
of energies of the incident protons,' we see three reso-
nances corresponding to excited states of the nucleus

®p with J"=3/27, 1/27, and 1/2*. The experimental re-
sults are compared with the theoretical curve calculated
under the assumption that the parameters of these levels
are, respectively, E=1652 keV and I' =48 keV, E =2088
keV and I' =15.5 keV, and also E=2880 keV and I" =30
keV. As a result of the analysis, 'the phase shifts 5,

6], and 8] were determined as functions of the energy,
and a polarization map was plotted.

If two or three levels are situated close to one another
and their total angular momenta are different, such a
situation can be analyzed by means of the equations
given above. The results of the analysis for elastic
scattering of protons on 20 gt 9.n are given in Fig. 9.
Two closely spaced states with total angular momenta
J=3/2 and 5/2 are excited® in the compound nucleus
13N. In the cases when the width of the resonances is
greater than the distances between them, polarization
measurements can decide whether there is one broad
resonance or two overlapping resonances. For one
broad resonance, the energy dependence of the phase
shifts for the '°0 nucleus'®? is shown in Fig. 10a. Here,
there is interference between the potential S,,, scattering
and the resonance P,,, scattering. Figure 10b gives the
energy dependence of the phase shifts for the case of
overlapping Py, and Ds,, resonances for elastic scatter-
ing of protons on C nuclei. "*? The polarizatioh when
two resonances interfere is given by
(54)

p ~ sin (8;;— 6y,) sin &;, sin &5,

T 3 T “l ¥
- W
i, /

¥ al w

FIG. 8. Proton polariza-
tion p as a function of the
proton energy E, for the
reaction 288i(p, p)*¥si.

1 L I
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FIG. 9. Proton polarization p as a function of the proton energy
E, for the reaction‘zc(p, P fic,

It follows from the expression (54) and Figs. 10a and
10b that for overlapping levels the polarization must not
change sign as the energy varies near the resonance,
whereas the polarization does change sign if potential
and resonance scattering interfere. Indeed, it can be
seen from the results'® %’ shown in Figs. 10c and 10d
that for overlapping (p +'C) resonances the sign does
not change, whereas it does for the single resonance
(p+0).

The single-channel approximation of R -matrix theory
which we have considered is not always valid. If other
reaction channels are open as well as the elastic-scat-
tering channel, the single-channel approximation is re-
placed by the many-channel approximation. In this case,
the diagonal matrix elements are

;= exp (2i®,) +exp (2iDy)

ilsp
X E—E (55)

and the amplitude is

i =exp (iD;) sin @,
(T /1) sin B exp (i + 26 @) (56)
The subscript A is used to denote a definite level that
has total width I', and partial elastic-scattering width

18, 16
180 Snp)0 180

140

B

“C(0,0)"C

“$ 6ot

20

-0.8} c 0 N
L 1 1 =01 Ll 1 s
255 2.65 2756,MeV 12 14 16 18 Fp MeV
FIG, 10. Phase shifts 6 (a, b) and polarization p (e, d) as func-

tions of the proton energy E,.
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I,,. The total width is ', =3,I',,, where the subscript
s denotes the different possible decay channels of the
compound nucleus. An example of the use of the many-
channel approximation of R -matrix theory to analyze
the results of polarization measurements is Ref: 97, in
which the total angular momenta of the excited states of
the ®P nucleus in elastic scattering of protons on 28gi
are determined in the region of incident-proton energies
for which the inelastic channel is open. It was known
from analysis of the energy dependence of the differen-
tial cross section at 90° that the parity of the state ob-
served at E, =3.98 MeV is positive and that J* can be
equal to one of the three values 1/2*, 3/2%, and 5/2°.
Comparison of the experimental values of the polariza-
tion with the theoretical curves calculated in the many-
channel approximation for J*=1/2*, 3/2*, and 5/2°.
shows convincingly that J* =1/2* (Fig. 11). A similar
analysis is made inRef. 98 for the reaction®Ne(p, p)**Ne.

The presence of a number of interfering resonances
considerably complicates the analysis, and in such a
case investigations of the polarization are particularly
necessary. This is because the polarization is propor-
tional to sin(6; — 8,), while the cross section is propor-
tional to sin®(8, - &,), so that, if there is a small differ-
ence between the phase shifts §;, measurement of the
cross section does not reveal the difference, whereas
the difference can be noted in the polarization.

Polarization and study of isobaric analog states. A
large number of investigations of polarization in elastic
scattering has been devoted to studying isobaric analog
states of nuclei, i.e., states with isotopic spin T, (the
value of T, is one larger than the isospin T, of the
ground state).!®™? The interest in these investigations
can be explained by the desire to obtain information
about levels of the compound nucleus and the low lying
levels of its isobar nucleus. From proton elastic scat-
tering one can determine the fotal angular momentum
of the excited state, whereas other methods (usually
using the (d, p) reaction) basically determine the orbital
angular momentum. But the total angular momentum
can be determined from the (4, p) reaction only in
special cases., (100

To analyze the results of investigation into isobaric
analog states, one starts from the fact that these are ob-
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served on the background of states with T .=T,. The
isobaric analog state averaged over the fine structure is
analyzed in terms of the many-channel approximation
since other reaction channels are open. The contribu-
tion of all background levels with T'=T, is taken into
account in nonresonance complex phase shifts. The di-
agonal matrix elements aref®!

Sy =exp (2| exp (—2pf) +exp (2id)m)—~l-?~—i—#il. (57)
ER-—E+?T

where A] +iyj are the nonresonance phase shifts; &_ is
the difference between the resonance and nonresonance
phase shifts.

It follows from the analysis of Eqs. (46)—(50) with
allowance for the expression for the matrix elements
(57) that the energy dependence of the differential cross
section in the region of an isobaric analog state, espe-
cially when I'/T'< 1, differs little from that of Ruther-
ford scattering. The difference in the cross sections of
elastic scattering is also small in the regions of reso-
nances corresponding to states with the same I but dif-
ferent J=1+1/2. In addition, the presence in the exci-
tation function of fluctuations due to the interference of
neighboring states with T makes it difficult to analyze
experiments studying isobaric analog states.

In a polarization investigationt'® the picture is
changed considerably. Polarization is an interference
effect, and at energies below the Coulomb barrier is
entirely due to interference between the resonance and
nonresonance parts of the scattering amplitude. There-
fore at resonance the polarization is much greater than
far from resonance, and for two resonances with the
same [ but different J =7+ 1/2 the polarizations differ in
sign. Therefore, even for states with small ratio I')/T
the polarization can be readily measured and is observed
on a small background; the determination of the total
angular momentum is also unambiguous. The picture
is somewhat complicated when the energy of the inci-
dent protons is increased. The results of calculations
of the dependence p(E) for the reaction *Zr(p, p)*°Zr at
different resonance energies of the protons!'%®! are
shown in Fig. 12. It can be seen that, because of non-
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resonance effects, the background values of the polar-
ization increase with increasing energy. However, even
at high energies the value of the polarization at the res-
onance is comparable with its value outside it.

Investigations of polarization with a view to determin-
ing J* of isobaric analog states are currently being
made for a large number of nuclei. As an example,

Fig. 13 gives the results'® of an investigation of iso-
baric analog states in the nucleus "®La. Investigation
of the polarization in the region of isobaric analog
resonances has unquestionable advantages not only in
the determination of the level quantum numbers but also
in the clarification of various features of the process
mechanism such as, for example, in the study of in-
ternal isospin mixing. %1 In Ref. 104, a study of the
elastic scattering of polarized protons on **Ca nuclei
provided an experimental confirmation of the theoreti-
cally predicted"'®’ splitting of the single-particle 2P,,,
state in the *Sc nucleus into a multiplet of five compo-
nents, and the investigation in Ref. 106 of isobaric ana-
log states yielded the spin and parity of the ground state
of the ®*Ni nucleus, these confirming the calculationst9”!
by means of the shell model with a surface 6 interaction.

It is much harder to analyze the polarization for elas-
tic scattering of protons on nuclei whose spin is non-
zero. However, the general rules for using phase-shift
analysis and R-matrix theory are similar to the case
considered above. Here the need for polarization ex-
periments is even greater.

Polarization in inelastic (p,p’) scattering. Besides-
the study of polarization in elastic scattering, investi-
gations are also made of polarization phenomena in in-
elastic proton scattering. Investigation by means of a
polarized proton beam of the vector analyzing power
iTyy and the polarization p, of inelastically scattered
protons makes it possible to obtain information about
highly excited states of the compound nucleus and low-
lying states of the target nucleus. [!%®-"21 The apalyzing

-0.20 -

AL M0, f= = §d 5=
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10,0 1GI.5 1.0 1:.5 £y, MeV
FIG, 13. Polarization p as a function of the proton energy E,
for the reaction %¥Ba(p, p)1*¥Ba. The points are the experi-
mental data; the curves are the results of theorectical calcula-
tion, The orbital angular momenta are plotted along the ab-

scissa (the angles are in the center-of-mass system),
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FIG. 14, Comparison of experimental (points) and theoretical
(dot-dash-dot curves) values of the differential polarization
AMdp/dD) in the 2C(°He, p) N reaction.? (Fitting to three
levels: 2.18 MeV, 1/2% 2,29 MeV, 7/27 2.33 MeV, 5/2%; E

is the energy of the He ions and 8 is the angle in the center-of-
mass system).

power of the reactions depends strongly on the interfer-
ence of several amplitudes in the ingoing channel, and
therefore its investigation also helps in a detailed study
of the process mechanism. In particular, iTy, is very
sensitive to different nonresonance effects, which makes
it possible[0810] 5 determine the contribution of the
nonresonance part of the amplitude to the reaction cross
section. It is hard to obtain such information by mea-
surement of only the differential cross sections, since
the contribution of the interference terms to the cross
section of the process is small.

Very interesting information can be obtained by inves-
tigating polarization in inelastic scattering near isobaric
analog resonances. Inthe inelastic scatteringof polarized
protons in the region of an isolated isobaric analog reso-
nance in the absence of direct processes, iTy is equal
to zero, ¥ whereas a measurement of the polarization
b, of the emitted protons contains a considerable amount
of information. In Ref. 114, a method was proposed
that enables one from measurements of the analyzing
power and the spin-flip effect in a polarized proton beam
to obtain information about the value of p,, and in Ref.
115, for the example of the reaction 38Sr(p, p'y)*®Sr*,
the possibilities of this method were examined and a
detailed investigation made of three isobaric analog res-
onances in the Y nucleus, and it was shown that in the
region of the resonances an appreciable difference is
observed between the values of the analyzing power and
the polarization, this being due to the structure of the
isobaric analog resonances. This method will undoubt-
edly be used widely in investigations of different inelas-
tic processes, since it enables one to study not only res-
onance nuclear reactions, but also the contribution of
direct processes.

Polarization in reactions induced by deuterons. The
quantum numbers- of excited nuclear states have also
been studied in resonance nuclear reactions induced by
deuterons. Penetration of a deuteron into a nucleus is
always accompanied by significant excitation of the com-
pound system that is formed. Therefore, resonance
nuclear reactions that take place with excitation of indi-
vidual levels of the compound nucleus occur only when
low-energy deuterons interact with light nuclei (A <20),
when the excitation energy and, accordingly, the level
density and the number of open channels are still small.
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The interaction of deuterons with *He nuclei has been
the most fully studied. The results of a large number
of investigations are summarized in Ref. 116, which
gives data on a fairly complete phase-shift analysis of
deuteron elastic scattering on ‘He nuclei. The analysis
was made with allowance for orbital angular momenta
1< 4 and with two mixing parameters £, and &, (g, is the
parameter of S- and D-wave mixing for J=1, and €, is
the parameter of P- and F-wave mixing for J=2); the
energy dependences of all phase shifts were obtained
and charts of the vector and tensor polarization plotted.
The results were used to analyze the structure of levels;
previously unknown levels in the ®Li nucleus were pre-
dicted; and experiments to measure polarization trans-
fer coefficients were discussed.

Detailed investigations of this kind with deuterons have
been made only with *He nuclei. Polarization effects in
the interaction of deuterons with other nuclei: °Li (Ref.
117), ¥C (Ref. 118), 0 (Ref. 119), in which levels of
the compound nuclei can be investigated, have been
studied in only a restricted energy range. In addition,
in the majority of investigations, in addition to the dif-
ferential cross sections, only individual polarization
components were measured, which makes it much hard-
er to carry out a complete phase-shift analysis.

Polarization in veactions induced by *He-and T ions.
In the first experiments®®2 o study polarization in
two-nucleon transfer reactions, the (®He,p) reaction on
B and '2C nuclei was studied at low energies. It fol-
lowed from the data on the cross sections and polariza-
tion of the protons in these reactions that they take place
preferentially through a stage in which a compound nu-
cleus is formed. Analysis of the experimental data on
the polarization of protons in the reaction *C(*He, p) “*N,
obtained in Ref. 121 on the basis of R -matrix theory un-
der the assumption that isolated levels of the compound
nucleus are formed, made it possible to establish re-
liably the existence in the compound nucleus 0 of a
new level with spin and parity 7/2 at energy 2.29 MeV
(Fig. 14) and to completely resolve the contradictions
found earlier when the cross section of this reaction
was analyzed.

In 1967, a start was made on investigating the polar-
ization of neutrons in (*He, ) reactions on light nuclei,
and so far results have been published™®! of polarization
measurements on *H, °Be, !B, ¥C, and **Mg nuclei.
The experimental data on the polarization of neutrons
in these reactions were analyzed in the DWBA.

The theoretical interpretation of experimental data on
nuclear reactions initiated by *He and T ions, including
data on the polarization of the products from such reac-
tions, has not been sufficiently developed. One of the
serious difficulties is that two-nucleon transfer reac-
tions on light nuclei can take place either through the
formation of a compound nucleus or through direct in-
teraction processes. In Ref. 22, Vysotskii and Chegor-
van studied the interference of the direct and compound
processes in the polarization of particles in two-nucleon
transfer reactions. Assuming that the interference does
make an appreciable contribution, they succeeded in de-
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seribing the broad features of the experimental data™%
on the (*He, p) reaction on **C.

5. POLARIZATION PHENOMENA AND THE OPTICAL
MODEL

The optical model is used to analyze elastic scattering
data. Fairly complete data on optical potentials that
describe elastic scattering of nucleons on nuclei are
given in Ref. 122. The optical potentials have been
studied much less well for interaction of deuterons, T,
He, and °Li with nuclei.

Polarized deuteron beams are used to investigate the
tensor terms in the deuteron—nuclear potential describ-
ing the elastic scattering of deuterons on nuclei. At the
present time, there is insufficient information to con-
struct the phenomenological dependence of the potentials
on the energy. The tensor terms are most sensitive to
the tensor part of the analyzing power, which is small
(as a rule, less than 0.1) and which leads to an uncer-
tainty in the potential of from 10 to 30%.

As long as polarization data were ignored, the fitting
of individual cross sections appeared successful, and
this resulted in the intensive development of the folding
model, in which the deuteron-nuclear potential is ex-
pressed as the sum of the nucleon potentials averaged
over the ground state of the incident particle. When it
was introduced, this model was justified since it elimi-
nated to a large extent the usual discrete and continuous
indeterminacies that arise when a model is compared
with experiments. However, it has now been established
that the folding model can be successfully used only to
describe polarization effects in the elastic scattering of
deuterons below the Coulomb barrier. If the folding
model is applied to the deuteron, it gives the expression

V(r) =V (r) 4+ Ve (r)V(SL) -V (r) [(Sr)2r2—2/3], (58)
where 8 is the deuteron spin, for the elastic deuteron
potential. A more general expression for the potential
may include not only the term

VeTr=Vr (r) [(Sr)*r2—2/3] (59)
taken into account in the folding model but also the in-
variants

Ty = (Sp)*—2p%3;
T1, = (SL)®+ (SL)/2 — 21 (1 4+ 1)/3, (60)
where p and L. are the momentum and orbital-angular-
momentum operators of the deuteron. The folding mod-
el takes into account only the first of the possible tensor
terms of the optical potential. In the generalization to
an n-nucleon incident particle, the central part of the
potential is approximately » times greater than the sin-
gle-nucleon part, while the spin-orbit part is n times
smaller. For composite particles with spin 5, for ex-
ample, for the triton and *He, the tensor part of the po-
tential naturally drops out. Preliminary investigations
have given a value from 3 to 8 MeV for the spin—orbit
term in the optical potential of T and *He, which appre-
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ciably exceeds the expected™?®’ value ~ 2 MeV. The data
used to determine the cross sections for d, T, *He, and
heavier particles are discussed in the review Ref. 124.

In the original formulation, the folding model for deu-
terons did not contain tensor terms since the admixture
of higher orbital angular momenta was ignored. So were
exchange terms, perturbation of the ground-state wave
function, and the decay channels. These effects were
taken into account in Ref. 125.

The basic data on the real and imaginary parts of the
central potential of the deuteron—nucleus interaction
were obtained without allowance for the spin-orbit and
tensor terms. It was found that the parameters of the
optical potential with radial dependence of the Woods -
Saxon type vary in the range

V=105 -120 MeV, #;=0.95-1.1F, a,=0.9 F;
W=10-20 MeV, #,=1.3-1.6 F, a;=0.5-0.8 F.

With these values of the parameters of the potential, the
differential cross sections for interaction of deuterons
with nuclei can be satisfactorily described. For scat-
tering on medium and heavy nuclei, the parameters of
the optical potential for neighboring nuclei differ only
slightly. For light nuclei, there is no universal set of
parameters—their values differ strongly from nucleus
to nucleus. For the averaged values of the parameters,
it has been shown that the imaginary part iW of the po-
tential for scattering on light nuclei is greater than for
scattering on heavy nuclei, whereas the real part V of
the potential changes little. Allowance for spin-orbit
and tensor terms™® somewhat improves the agreement
between the theoretical calculations and the experimen-
tal results, but their influence on the differential cross
section is slight. Because the spin-orbit and tensor
terms are weakly manifested in the optical potential, it
is difficult to obtain information about them from mea-
surements of differential cross sections. More com-
plete information can be deduced from polarization phe-
nomena. Most such investigations have been made in
recent years after accelerated beams of polarized ions
have become available. Figure 15 shows the results of
measurements of the vector polarization of deuterons
scattered elastically on Ni, **Nb, Ag, In, *Sn, and
208pp nuclei at 12-MeV energy™?" and of theoretical
calculations in accordance with the optical model. In
Ref. 127 and some other studies,!'2®!%®! the parameters
of the spin-orbit term in the optical potential were de-
termined: Vgo=5.5-7 MeV, 75,=0.75-1.0 F, a4,
=0.38-0.4 F. Measurements of the tensor polarization
of deuterons established"# 121291 that 7 =1 MeV, »,
=0.5¥%, a;=0.5F, Vpy=-2.0 MeV, r,=2.5F, and ap
=0.9 F. The analysis of the experimental data on the
vector and tensor polarization makes it possible to es-
tablish a number of general features, namely:

a) to analyze data on the vector polarization in elastic
scattering of deuterons it is basically sufficient to take
into account the spin-orbit interaction; the tensor terms
of the potential make only a slight contribution;

b) to analyze the tensor polarization of elastieally
scattered deuterons one must also take into account the
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tensor components of the optical potential. The influ-
ence of tensor terms of the potential has been most fully
studied in Ref. 130. It was established that the P, in-
teraction (60) plays the main role;

c) the contribution of the deuteron D state is not im-
portant in the analysis of data on the differential cross
sections and the vector polarization but is important
for the tensor components. '**! In Ref, 125, data on the
differential cross sections and the polarization of deu-
terons scattered elastically on ®Ca nuclei were used to
find the dependence of the central and spin-orbit terms
in the optical potential on the deuteron energy in the
range from 5 to 34 MeV. The energy dependence of the
tensor terms of the optical potential has been inadequate-
ly studied.

In recent years, a start has been made on experiments
with polarized *He and °Li beams with a view to deter-
mining the optical potentials in the interaction of these
particles with nuclei. {121

6. DIRECT NUCLEAR REACTIONS

Broadly, one can identify two directions in the investi-
gation of nuclear reactions in which the direct mecha-
nism is predominant. The first of them, the traditional
one, uses direct reactions for the purpose of nuclear
spectroscopy. The experiments are generally inter-
preted by means of the DWBA.

The second direction is associated with various re-
finements of theory: allowance for coupled channels,
resonances in the initial and final states, a two-step
reaction mechanism, the three-particle nature of the
reaction, exchange effects, etc. The last three are
particularly important in two-nucleon transfer reactions
For example, the excitation of levels with anomalous
parity (—)’*! in two-nucleon transfer can be explained
by a mechanism associated with a square graph, [12:13]

In the model of stripping reactions proposed by But-
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FIG. 15. Angular dependences of the cross-section ratio o/og
and the vector analyzing power iT'y; of elastic scattering of
deuterons on different nuclei.
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ler, "% the interaction of incident deuterons and nu-
cleons produced in the reaction of nucleons with nuclei
is described by means of plane waves. In this approxi-
mation, the polarization of the emitted nucleons and

the vector analyzing power of the stripping reaction are
equal to zero. However, the distortion of the plane
waves in the interaction of the particles with the nucleus
leads to polarization. The qualitative aspect of the
mechanism of the polarization in this case is described
in Ref. 134. Polarization is analyzed by means of the
distorted-wave Born approximation in Ref. 135. Allow-
ance for the spin—orbit interaction of the emitted nu-
cleons with the residual nuclei improves the description
of the experimental results. [**1 Besides the DWBA,
the weakly-bound-projectile method™*? is now also used
to describe stripping reactions.

After it had been shown in Ref. 138 (see Fig. 16) that
the vector analyzing power of a reaction has opposite
signs for capture by a nucleus of nucleons with different
angular momenta J but the same [ values, this method
was widely used in (d, p), (d,#n), and (d, *He) reac-
tionstt®1391 o determine the spins of the excited states
of nuclei.

In the description of direct nuclear reactions, it is
necessary to consider separately the role of polarization
investigations into stripping at energies of the particles
below the Coulomb barrier. In this case, for example,
in (4, p) reactions, one uses functions distorted only by
the Coulomb interaction; the angular dependence of the
differential cross section is insensitive to the orbital
angular momentum of the transferred neutron. There-
fore, hopes were attached to polarization investigations.
Calculations made by different authors gave contradic-
tory results. 14141 A detailed calculation was made in
Ref. 142, in which the possibility was pointed out of the
occurrence of a nonzero polarization whose sign depends
on the total angular momentum of the captured nucleon.
In Refs. 143, the first measurements were made of the
vector and tensor analyzing powers of the reactions
208pp(d, p)2®Pb and #%(d, T)**"Ph, and the results of the
calculations in Ref. 142 were confirmed. It is neces-
sary to make studies of polarization effects on lighter
nuclei as well.

7. INTERMEDIATE STRUCTURES IN NUCLEI

In the classification of processes according to the
time they require, one distinguishes direct nuclear reac-
tions, reactions that proceed through a compound nucleus,
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and intermediate structures. In a direct reaction, a
compound system exists for a very short time equal to
the time of flight of the particle near the nucleus, i.e.,
10" gsec. Reactions that proceed through a compound
nucleus are characterized by a time of order 1076 - 1072°
sec. An intermediate structure corresponds to the for-
mation of a system with lifetime 102° - 1072 gec. In

the simplest variant, such a system consists of the inci-
dent particle and the nucleus in which a particle—hole
pair has been formed as a result of excitation. In this
case, the intermediate system has a two-particle—one-
hole structure. After a short time, such a state can
either decay with the emission of particles or go over
into a long-lived state. L1441

In experimental investigations, intermediate-struc-
ture resonances are manifested as broad (100-300 keV)
anomalies in the excitation functions with definite reso-
nance characteristics. However, besides being of this
nature (doorway states) broad anomalies in the excita-
tion function can be due to Ericson fluctuations and fluc-
tuations of the level densities, so that in an analysis of
only the differential cross sections it is difficult to ob-
tain an unambiguous answer. Important information on
the nature of anomalies can be obtained by investigating
polarization effects. This is because the vector analyz-
ing power of a reaction (or the polarization of the reac-
tion products) in the region of statistical anomalies due
to Ericson fluctuations must be zero, but in intermedi-
ate-structure resonances a nonzero value of iTy, is ob-
served in the region of the resonance. The first investi-
gations made with polarized beams of protons (inelastic
scattering on Mg, **Cr, **Ni nuclei'’®?) and deuterons
(reactions on #Si nuclei''*®?) showed that iT;, and p have
nonzero values in the region of broad anomalies. A cor-
relation is observed between the polarization effects in
different reaction channels. The widths and resonance
energies were determined and an attempt made to estab-
lish their spins and parities. An analysis of the results
presented at the Zurich Conference'®! indicates that
polarization investigations have been widely used to
study broad anomalies in the excitation functions. In
our opinion, such investigations are promising.

Polarization experiments could be helpful for testing
the assumptions of the statistical model. In Ref. 147,
the statistical model was used to consider polarization
transfer in a reaction in which two spin-1 particles are
produced in the final state, and it was shown that the
second-rank statistical tensors of the two particles are
the same. Confirmation of this assumption would un-
ambiguously indicate the applicability of the statistical
model.

Fluctuations of the polarization characteristics have
hitherto been little studied. "***! The main idea in this
problem was formulated in Ref. 149 and it is that the
interaction cross section of a polarized beam containing
only selected magnetic quantum numbers will fluctuate
with the energy more rapidly than the cross section of
an unpolarized beam. The variations of the cross sec-
tions for the polarized beam are proportional to 1+ p2,
where p is the polarization (the case in which spin-3
particles impinge on spin-0 nuclei was considered).
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Study of Ericson fluctuations with a polarized beam is
of twofold interest. On the one hand, the fluctuating
amplitude of the compound process can be more readily
separated from the amplitude of the direct processes.
On the other hand, it is easier to analyze the compound
amplitude —to determine the mean distance D between
the levels and their widths I'.

8. POLARIZATION EXPERIMENTS AND GIANT
RESONANCES IN NUCLEI

The discovery in recent years of new giant resonances
in nuclei, such as the isoscalar and isovector quadrupole
resonances, has put the investigation of polarization ef-
fects in the region of these resonances on the agenda.
The analyzing power is most readily investigated in ra-
diative capture. In this case, the resonances are de-
scribed by not only an expansion of the cross section
with respect to Legendre polynomials,

o (i, .’z')~1+2h',a;,(E) Py (cos ) | (61)
but also by means of an’ expansion of the analyzing power
with respect to associated Legendre functions:

A, E)o (0, E) ~ X by (E) P} (cos 0). (62)

13
For a resonance with multipolarity L, we have k< 2L
(¢ is even). For interfering resonances with multipo-
larities L and L', k< L+ L' and k is even if the reso-

nances have the same parity and odd if they have oppo-
site parity.

For a pure E1 or M1 resonance, a,, b,#0; for a pure
E2 resonance, a,, a4 by, by#0. Inthe case of E1-M1
interference, a;, b;#0; for E1-E2 interference, a;, aj,
by, by# 0; finally, for E1-M2 or E2-M1 interference,
only az, by#0.

For some cases, for example, radiative capture of
protons by N nuclei, the spin structure of the reaction
enables one to determine'*" completely the reaction
matrix elements from the expansion of the cross section
and the analyzing power.

CONCLUSIONS

The analysis of the experimental and theoretical in-
vestigations of nuclear reactions at low and medium en-
ergies shows that measurement of polarization effects
is an important and effective method for studying the
spin dependence of the nuclear interactions, for testing
nuclear models, and determining the spectroscopic char-
acteristics of nuclei. The information obtained from the
polarization measurements cannot be extracted from
any indirect experiments, and it is this that justifies the
considerable work involved. The progress achieved in
recent years in creating sources of polarized particles,
polarized targets, and effective analyzers has consider-
ably increased the role and relative importance of polar-
ization investigations in modern nuclear physics.
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