Parity violation in nuclear reactions with polarized neutrons

P. A. Krupchitskil

Institute of Theoretical and Experimental Physics, 117259 Moscow, Russia
Fiz. Elem. Chastits At. Yadra 25, 1444-1486 (November—December 1994)

A review is given of the general properties of reactions with polarized tagged neutrons in which
spatial parity is not conserved. Descriptions are given of the methods of investigation and
experimental facilities. Results for many nuclei are reviewed and compared with theoretical

predictions. © 1994 American Institute of Physics.

1. INTRODUCTION

Violation of spatial parity in nuclear reactions was dis-
covered in 1964 in the radiative capture of polarized
neutrons.! Since then, polarized neutrons have been widely
used to investigate parity violation.

In this review, we identify the general features typical of
reactions with polarized neutrons. These general features are
as follows:

1. Asymmetry of the emission of secondary reaction
products relative to the direction of the spins of the polarized
neutrons.

2. Mechanisms of dynamical and kinematic enhance-
ment of the weak nucleon—nucleon interaction, which lead to
a significant enhancement of the bare weak interaction.

3. A mechanism of mixing of states of opposite parity in
the compound-nucleus stage.

We shall consider systematically methods of investigat-
ing parity violation in reactions with polarized neutrons such
as measurement of the anisotropy of 7y radiation in distin-
guished v transitions, the 7 radiation in the integrated spec-
trum of vy rays, and the anisotropy of proton emission. We
shall consider neutron-optical effects—the rotation of the
neutron spins, the asymmetry of transmission of polarized
thermal and resonance neutrons, and P-even effects in p
resonances. A fuller exposition of parity-violation effects in
neutron p resonances appeared in the review of Ref. 2, and
of P-even effects in p resonances in the review of Ref. 3.

In this review we shall consider some aspects of the
theory of the weak interaction that are needed to interpret the
investigated phenomena. A more detailed exposition of these
questions can be found in the monograph of Ref. 4. At the
end of the review we shall list the results of measurements
on individual nuclei and compare them with each other and
with theoretical predictions.

We shall not consider parity-violation effects in fission,
the description of which requires an independent review.

2. SOME ASPECTS OF THE THEORY

To calculate parity-violation effects in nuclei, it is con-
venient to use, as a first approximation, a parity-violating
effective single-particle potential. It can be regarded as the
average potential through which a single nucleon outside the
core of the nucleus is affected by the remaining nucleons.
Such a single-particle potential of the weak interaction of a
nucleon in the nucleus can be written in the form®

VPV=GSpP/2m, (1)
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where G is the universal constant of the weak interaction
(Fermi constant), s, p, and m are the spin, momentum, and
mass of the nucleon, and p is the density of nucleons in the
nucleus (we use a system of units in which A=c=1).

To estimate the amplitude of the mixing of states with
opposite sign of the parity in the single-particle approxima-
tion, we divide Vpy by the characteristic energy w=p?/2m
of a nucleon in the nucleus. Then, bearing in mind that in the
nucleus p=m,,, p=m>. (m,, is the mass of the 7 meson), we
obtain an estimate of the relative strength of the weak inter-
action of the nucleons in the form of the dimensionless pa-
rameter

F=Vpy/o=Gmi=(10"/m*)m%:=3-10"", )

It is possible to estimate w as the mean energy separa-
tion AE between the single-particle states. Thus,
F=Vpy/AE.

Since the parameter F is very small, in the first experi-
mental investigations of the weak nucleon—nucleon interac-
tion it was necessary to choose experimental conditions un-
der which the initial value of F was increased by means of
some enhancement mechanism.

The main enhancement mechanism in experiments with
polarized neutrons is the dynamical enhancement due to a
high density of energy levels in a compound nucleus.® There
is a mixing of states of the nuclear system with parities of
opposite signs but with the same angular momenta. Consid-
ering the weak nucleon—nucleon interaction as a perturbation
in a system of strongly interacting particles, we find the mix-
ing coefficient

a=M/D, 3)

where M = (j|H,|i) is the matrix element of the Hamiltonian
H,, that mixes the states i and j of the compound nucleus
with opposite parities (it is usually called the matrix element
of the weak interaction), and D is the mean separation be-
tween the levels of the compound nucleus. The matrix ele-
ment M is related to the single-particle potential Vpy and the
number N of states of the compound nucleus in an interval
AE:

Vey FAE

M=W=W. (4)

Therefore, the mixing coefficient is
a=FAE/D. ®)
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The quantity Ry, = VAE/D has become known as the
dynamical enhancement factor.

The second, kinematic, enhancement mechanism arises
as a result of interference of either the entrance or exit chan-
nels of the reaction of neutron capture with formation of a
compound nucleus. The value of the kinematic enhancement
factor is determined by the expression Ry, = I,/ /Ty,
where I';, is the width of the entrance (or exit) reaction
channel with parity violation, I'; is the width of the regular
entrance (or exit) reaction channel without parity violation,
and L and L' are the orbital angular momenta of the incom-
ing and outgoing particle. The total enhancement factor is
R=R dynR kin

The angular correlations of the secondary products of
reactions involving polarized neutrons contain three main
terms:

w(s,p,p,)=1+asp+a,sp,+a;,s(p,Xp), (6)

where s is the neutron spin, p is the momentum of the emit-
ted particle, and p,, is the momentum of the incident neutron
(unit vectors). The second and third terms contain the pseu-
doscalar quantities sp and sp,, the existence of which is a
sign of parity violation.

The correlation sp is manifested in the P-odd asymmetry
of the emission of the secondary reaction products:

w(8)~1+P,a cos 6, ' (7

where a is the coefficient of the P-odd asymmetry, 6 is the
angle between the direction of the neutron spin s and the
momentum p of the emitted particle, and P,, is the degree of
polarization of the neutrons. The coefficient a is proportional
to the mixing coefficient a. To make this correlation as large
as possible, one chooses a geometry of the experiment in
which the spin s is parallel or antiparallel to the momentum
p (6=0 or 180°).

The correlation sp,, is manifested in neutron-optical phe-
_ nomena, in which parity violation arises as the result of the
combined effect of a large number of nuclei in matter, and it
has therefore been called coherent parity violation. In the
case of longitudinally polarized neutrons there is a difference
o —0o; of the cross sections for neutrons having positive or
negative helicity sp, . The ratio

o —or

@= 0't+ +o, ®
is called the coefficient of asymmetry of the total cross sec-
tions oy for the interaction of neutrons with helicities of op-
posite signs. In the case of transversely polarized neutrons,
there is a rotation of the neutron spin s around the direction
of its momentum p,, in matter.

The correlation s(p, X p) is responsible for the left—right
asymmetry of the emission of secondary particles after the
capture of polarized neutrons. This is a P-even correlation. It
is due to interference of the s and p waves in the reaction
amplitudes. The mixing of states of the compound nucleus
with parities of opposite signs does not occur as a result of
the weak interaction but as a result of overlap of the s- and
p-wave neutron resonances.” When neutrons are captured

613 Phys. Part. Nucl. 25 (6), November—December 1994

from s- and p-wave states, compound-nucleus states having
parities of opposite sign are formed. The P-even left—right
asymmetry has the form

w(8)~1+P,a,, sin 6, )

where a,, is the coefficient of left—right asymmetry, and 8 is
the angle between the direction of the neutron spin s and the
momentum p of the emitted particle. To make this correla-
tion as large as possible, one chooses a geometry of the
experiment in which all three vectors s, p, , and p are mutu-
ally orthogonal (6=90° or 270°).

The term s(p,Xp) is P-even and T-noninvariant. How-
ever, its detection in the studied reactions does not signify
violation of time-reversal invariance in these reactions. The
fact is that the coefficient a,, contains the factor sin(J,— 6,),
where &, and &, are the phase shifts of neutron capture by the
nucleus in the s and p states, respectively. This factor also
changes sign under time reversal,® so that the correlation (9)
is T-invariant as a whole.

3. METHODS OF INVESTIGATING PARITY VIOLATION
BY MEANS OF NEUTRONS

3.1. Anisotropy of y rays emiﬁed by nuclei after
capture of polarized neutrons

3.1.1. Fundamentals of the method

When nuclei capture polarized neutrons and emit 7y rays,
two mechanisms of enhancement of the P-odd effects are
important: the dynamical and the kinematic one. Since most
experiments are performed with nuclei of intermediate mass
numbers, we make estimates for them.

For nuclei with A=100 and excitation energies E=10
MeV, the mean separation between the single-particle states
is AE=1 MeV, while the mean distance between the levels
of the compound nucleus is D=10-100 eV. Therefore the
dynamical enhancement factor R4y, = VAE/D can reach 100.

To estimate the kinematic enhancement factor, we recall
that in the case of (n,y) reactions on polarized neutrons there
is interference of the exit channels for the same entrance
channel, namely, interference of the regular ML and irregu-
lar EL nuclear electromagnetic transitions.

If the compound nucleus is polarized, which is the case
if polarized neutrons are captured by a nucleus, there is an
asymmetry of the emission of the y ray with respect to the
direction of the polarization vector. In this case, the interfer-
ence term is proportional to Ry, VI(EL)/T(ML)
=| EL|/|ML|, where |EL| and |ML| are the matrix elements
of the corresponding transitions. In accordance with single-
particle estimates, |[EL|~kr, where k is the wave number, r
is the radius of the nucleus, and |ML |~ (v/c)kr, where v is
the velocity of nucleons in the nucleus. Therefore, in the
given case Ry;,=c/v=10. Thus, for some nuclei it can be
expected that the total enhancement factor will reach
R :RdyaninEuP'

The general formula for the angular distribution of the vy
rays must take into account all possible forms of correlation
of four vectors: the neutron spin s, the neutron momentum
P, the momentum p,, of the y ray, and the helicity X\ of the
v ray. In general form these correlations were considered by
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Sushkov and Flambaum.” We write down from the expres-
sion for the cross section of the (n,7y) reaction, which takes
into account 17 terms, only those correlations that are actu-
ally measured in experiments (the helicity A of the y ray was
not measured in the experimental studies):

o= O-D+a(spy)+afb(pnpy)+alrs(pn><p'y)' (10)

This expression reflects both P-odd (the term with the
coefficient a) and P-even angular correlations (the terms
with ag, and a;). The term with ag characterizes the
forward—backward asymmetry, and the term with a,, charac-
terizes the left—right asymmetry. The remark concerning
T-noninvariance made at the end of Sec. 2 applies fully to
the last term.

We consider first the pure case of P-odd correlation. The
angular distribution in this case is determined by the term
a(sp,). The geometry of the experiment must ensure that the
vectors s and p,, are parallel.

The coefficient a of the P-odd asymmetry is determined
experimentally as follows: .

N*—N~

TP (NN

(11)
where N* are the counts of the y-ray detectors placed along
and opposite to the direction of polarization of the neutron
beam, respectively.

We give theoretical expressions for the asymmetry coef-
ficient that will be needed for comparison of the experimen-
tal results with the theoretical predictions. They are obtained
on the basis of the Blin—Stoyle general theory of angular
correlations.'

We consider at once the case in which the regular tran-
sition is a pure ML transition, and the irregular transition is
an ET transition:

M
a=2Aa=2ARF=2A D’ (12)

“where
_3a+J (I H1)—J(Ji+1)
- [37.(J.+1)]

FiLLIJ) — (13)

is the spin factor; RF is the ratio of the matrix elements; J;,

J., and J; are the spins of the initial, compound, and final
nuclei; and the coefficients F(LLJJ_), which have the
simple analytic form!!

V3L(L+1)+J (J +1)—J(Js+1)

FALId)= 5 T o
(14)

are tabulated in Ref. 12.

In the expression for the asymmetry coefficient a, we
have separated the factor A, which depends only on the char-
acteristics of the nucleus (the spins J;, J ., and J;) and the y
transition (multipolarity L), and the factor RF, which deter-
mines the relative contribution of the potential F of the weak
nucleon—nucleon interaction multiplied by the enhancement
factor R. ‘

In recent investigations of parity violation in p reso-
nances, much attention has been devoted to P-even angular
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correlations in (n,y) reactions. A review of this subject has
been published in this journal.®> Several theoretical studies
have been carried out by Barabanov."> The P-even angular
correlations make it possible to establish the quantum num-
bers of the resonances and to compare P-odd effects in the
thermal and resonance regions of neutron energies.

Neutron capture in a p resonance can occur in two pos-
sible ways. The neutron orbital angular momentum /=1 can
be added to the neutron spin s=1/2, giving total angular
momentum j=I+s=3/2, or the neutron spin can be sub-
tracted, giving j=I/—s=1/2. The widths of these channels
are different, I, and I3, and the total width is
I',=T 12+ ;3. The channel-mixing parameters, denoted
by x and y, are

x=(1“p1/2/l"p)l/2’ y=(rp3/2/rp)1/2; x2+y2:1(‘ )
15

They can be determined in experiments to measure the
P-even left—right asymmetry for transversely polarized neu-
trons, in which all three vectors s, p,, and p,, are mutually
orthogonal [the term with a;, in Eq. (10)], and the forward—
backward asymmetry in an unpolarized beam, in which p,
and p,, are parallel [the term with a, in Eq. (10)].

The left-right asymmetry is determined in a beam of
transversely polarized neutrons as follows:

N*Y(E)—-N"(E)

O B IN BN (BT

(16)

where N*(E) are the counts of the y-ray detectors corre-
sponding to the two directions of polarization of the beam,
and E is the neutron energy.

The forward—backward asymmetry is measured in an
unpolarized neutron beam and is determined by the expres-
sion

o.E _N(G,E)—N(180°—0,E)
el 6, )_N((?,E)+N(180°—0,E)’

17)

where N(6,E) and N(180°—6,E) are the counts of the
y-ray detectors placed at angles 6 and 180°— @ to the direc-
tion of the neutron momentum.

Finally, there is one more even correlation. This is the
angular anisotropy of the p-wave part £,(6,E) of the cross
section; it is defined as the ratio of the area of the p reso-
nance for a detector placed at angle 90° to the beam,
N,(90°,E), to the half-sum of the areas of the same reso-
nance for detectors at the angles 6 and 180°— 6

2N,(90°,E)

e 0E)= N (0B +N,(180°— 6.E)°

(18)

3.1.2. Measurements of P-odd effects in (n,7)
reactions in distinguished y transitions

The history of the discovery and investigation of the
P-odd effect in (n,7) reactions is full of drama. The first
attempt was made in Ref. 14. However, the intensity of the
beam of polarized neutrons was small for a statistically reli-
able detection of the effect. The flux on a target of natural
cadmium was 2-10* neutron/s.
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The first reliable result was obtained by experiments at
the Institute of Theoretical and Experimental Physics (ITEP,
Moscow), which used a much more intense beam of thermal
polarized neutrons, with flux (3—4)-107 neutron/s.

Even more intense beams of cold polarized neutrons
with flux 3-108-10° neutron/s were used at the Laue—
Langevin Institute (ILL, Grenoble). A feature of these beams
was that they emerged from a liquid-deuterium source of
cold neutrons in a reactor and were transported by means of
long (80 m) neutron guide tubes to the experimental facili-
ties. Such beams were purified of the background of 7y rays
and fast neutrons.* The neutron polarization in all cases
reached 90%.

We consider the details of the measurements of the
P-odd effects in the (n,7) reaction for the example of the
facilities at ITEP and at ILL.

At ITEP, the asymmetry of y-ray emission along and in
the opposite direction to the polarization of the neutron beam
was measured. With allowance for the finite sizes of the de-
tector and target, the expression (7) takes the form

N*=const(1*P,aQ)), (19)

where N* are the numbers of counts of the y-ray detectors
for the cases in which the momentum of the y ray and the
spin of the neutron are parallel (+) and antiparallel (—), and
) = cos 6 is the geometrical factor that takes into account
the finite sizes of the detectors and target. To reduce the
influence of the instrumental asymmetry, the drift of the elec-
tronics, and drift of the neutron flux, it is necessary to have
two detecting channels that operate simultaneously, are as
identical as possible, and are situated on opposite sides of the
target and detect the counts N*. Such symmetrization of the
facility is needed in experiments in which a very small asym-
metry is measured. Symmetrization appeared already in the
first attempt to detect P-odd asymmetry in the (n,7)
reaction,'* and since then it has always been used in such
measurements.

An important device, first used at ITEP, in the struggle to
overcome the instability of the neutron flux and the instabil-
ity of the operation of the electronics, was rapid comparison
of the effects, either in polarized and depolarized neutron
beams or in beams having opposite directions of the neutron
polarization. The spins were flipped by means of a Dabbs
nonadiabatic wire spin flipper, which flipped the neutron
spins 10 times per second (see Ref. 4). This device in con-
junction with the use of two symmetrized y-ray detection
channels made it possible to separate the required effect re-
liably.

The ITEP experiments studied P-odd effects in the iso-
topes '*Cd and ''7Sn. The scheme of production and decay
of the 3Cd nucleus is shown in Fig. 1. For the 'Sn
nucleus, the scheme is nearly the same as that for 3¢y,

The natural mixture of cadmium isotopes is very conve-
nient in the search for P-odd asymmetry. Practically the
single isotope BCd with spin and parity J7=1/2" contrib-
utes to the (n,7y) reaction. Thermal neutrons are captured
with cross section 0=2520-10"2* cm? as a result of the s
resonance with I"=1" at energy E ,=0.178 eV. It leads to the
formation of an excited compound state of '*Cd with
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FIG. 1. Part of the scheme of production and decay of the ''*Cd nucleus.

I7=1". The transition from the compound state with I7=1"
to the ground state with quantum numbers J{=0" is an M1
transition with energy 9.04 MeV. The level density in '*Cd
at excitation energy around 9 MeV is fairly high. Indeed, in
1987 at the Frank Laboratory of Neutron Physics at the Joint
Institute for Nuclear Research (LNP, JINR, Dubna) a weak
p-wave resonance with E,=7.0 eV with width
gI‘;',=(3li3)-10_8 eV (Ref. 15) was found. Here,
g=(2I_+1)/2(I_+1) is a statistical factor. Subsequent mea-
surements of P-even angular correlations near this resonance
established its spin and parity: I"=1" (Ref. 16). This p reso-
nance, mixed with the s-wave resonance of !'3Cd at
E=0.178 €V, ensures the condition for the existence of a
P-odd effect in the thermal region of energies.

Because of the proximity of resonances with opposite
parity, there is a dynamical enhancement of the P-odd effect,
Since the 7 transition 1" —0* is an M1 transition, the E1
transition must be irregular. The M1-ET interference (inter-
ference in the exit channels of the reaction) leads to kine-
matic enhancement of the effect.

The spin factor A determined by the expression (13) for
the considered transition is +1, i.e., it has the maximum
possible value. The closest (in energy) 7 transition from the
17 state to the lowest excited 2" state has energy 8.48 MecV.
It is also an M1 transition. However, the spin factor A in this
case has the opposite sign, A =—0.5, as a result of which the
asymmetry coefficient a has the opposite sign to a for the
main transition 1" —0". The decrease in the absolute value
of the spin factor A is compensated by the higher intensity of
the 1*—2" transition, so that if the facility does not have
sufficient energy resolution to resolve these two transitions
with nearly equal energies, there may be a subtraction of
effects of opposite signs.

The cadmium experiments at ITEP were repeated three
times on modified facilities.""!”!® In all three experiments,
the beams of polarized thermal neutrons were obtained in the
horizontal channel of a heavy-water reactor by reflection
from magnetized cobalt mirrors. The methods for creating
polarized neutron beams are described in the monographs of
Refs. 4 and 19.

A transversely polarized neutron beam, passing through
various collimators and magnetic guide tubes, was incident
on the target (Fig. 2). The 7y rays emitted by the target were
detected by two channels—scintillation spectrometers with
Nal(TI) crystals of diameter 70 and thickness 100 mm. The
entire detection part of the facility was separated from the
reactor hall by a thick concrete shield. The neutrons scattered
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by the target were absorbed by a °Li,CO; layout. The pho-
tomultipliers together with the NalI(Tl) crystals were shielded
from the influence of magnetic fields by several screens of
steel and permalloy and were covered from the background
by a layer of lead. In all three experiments the same energy
interval 8.5-9.5 MeV of the vy rays was separated. A detailed
description of the struggle to overcome instabilities and of
control experiments was given in Ref. 4.

The weighted mean value of the asymmetry coefficient a
from the three experiments, with corrections for y rays with
energy 848 MeV entering the measured interval of
energies—this effect reduces the asymmetry—and for the
background from superposition of y-ray pulses of lower en-
ergies, is a=—(4.1+0.8)-10%.

For some time this result was under suspicion because
no asymmetry was found in analogous experiments of other
institutes. The reason for this was that these other experi-
ments allowed a large admixture of the 7 transition with
energy 8.48 MeV, which has an asymmetry of opposite sign.
Later, a different group at ITEP confirmed the result of the
first three experiments.”® The results of all measurements of
the coefficients of asymmetry of the y radiation in the (7,7%)
reaction are given in Table 1.

FIG. 2. Schematic diagram of the neutron tract in the
ITEP experiment: 1) mirror analyzer in magnet; 2) de-
tector of the first channel; 3) magnetic guide tube; 4)
target; 5) detector of the second channel; 6) magnetic
guide tube in shielding wall; 7) wire spin flipper; 8)
magnet for rotating the spins; 9) magnet with vertical
field; 10) stack of cobalt mirrors in the magnet; 11)
target shutter; 12) collimator in shield of reactor.

The value of the asymmetry coefficient obtained at ITEP
agrees well with the results of measurements of the circular
polarization of v rays in the same '*Cd(n,y)"'*Cd reaction
made using an unpolarized beam of neutrons by a group at
Harvard University in the United States.?! The fact is that the
expression for the degree of circular polarization P, of the y
rays that arise from the capture of unpolarized neutrons as a
consequence of nonconservation of the parity P (for a pure y
transition), P ,=2RF, differs from the expression for the
asymmetry coefficient (12) only in the absence of the spin
factor A (Ref. 22). Therefore, the sign of the circular polar-
ization of the 7y radiation of the ''“Cd nucleus is the same for
the transitions with energies 9.04 and 8.48 MeV. The mea-
sured value P7=—(6.0‘_" 1.5)-107* agrees with the value of
the asymmetry coefficient a obtained at ITEP within the ac-
curacy of the experiments.

In another facility at ITEP, the asymmetry of v radiation
in the '’Sn(7,7)"18Sn reaction was measured.”’ The target
was made of metallic tin enriched with the isotope '’Sn to
90%. The same principles of measurement as in the cadmium
experiment were used. However, the number of spectrom-
eters with Nal(Tl) crystals was increased to four. They were
placed on both sides of the target and made angles 22.5° and

TABLE 1. Values of the coefficients of the P-odd asymmetry a of y rays emitted by nuclei after capture of polarized neutrons.

Energy of y Quantum numbers
Reaction transition, MeV of regular transition a,107° Source
H(z,y)*H 223 051t —0.015+0.048 ILL (Ref. 25)
H(n,y’H 6.24 321 /2+f‘j 12+ (4.2£3.9)(1£0.15) ILL (Ref. 27)
8.58 M 157+53 ILL (Ref. 28)
3Ci(n,y)*eC1 integrated spectrum —27.8+49 SPINP (Ref. 33)
integrated spectrum -21.2*1.7 ILL (Ref. 28)
STFe(n,y)*8Fe integrated spectrum 4.04+0.83 SPINP (Ref. 34)
81B1(r1,7)02Br integrated spectrum -19.5*1.6 SPINP (Ref. 33)
M1
904 1+ 50" 410+80 ITEP (Refs. 1, 17, 18, and 22)
Bcd(n,y)*Cd —500+120 ITEP (Ref. 20)
integrated spectrum —1.64%+0.36 SPINP (Ref. 34)
931 100+ 810130 ITEP (Ref. 20)
17§n(7,9)18Sn 440+60 ILL (Ref. 29)
970+130 SPINP (Ref. 30)
integrated spectrum 24*1.6 SPINP (Ref. 33)
39La(n,y)'*"La integrated spectrum —-17.8*+2.2 SPINP (Ref. 33)
207pb(7, 7)***Pb 737 -0 -89%5.1 ITEP (Ref. 35)
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157.5° with each other. The pulses from the detectors were
shaped, discriminated with respect to the energy, and de-
tected by two groups of conversion circuits (depending on
the direction of polarization of the neutrons). The polariza-
tion vector was flipped every second stochastically. After
each exposure, the electronic detection circles were also
switched stochastically. Measurements in the polarized beam
alternated with measurements in the depolarized beam every
16 min.

The value of the asymmetry coefficient a with all cor-
rections was found to be a=(8.1+1.3)-107*.

In all experiments of this type, it was necessary to per-
form a large number of control experiments, which were
used to show that the measured asymmetry coefficients did
indeed reflect the required physical phenomenon. For this a
study was made of the asymmetry of the angular distribution
of 7y rays emitted by targets in different (from the investi-
gated range) energy ranges, where the effect should be
strongly suppressed. Experiments were performed with other
nuclei for which P-odd effects should not be observed at the
investigated level of accuracy. In neither the first nor the
second case was there any kinematic enhancement.

Control experiments were performed to test the influence
of the P-even Ileft-right asymmetry, ie., the term
a;,s-(p,Xp,) in Eq. (10). For this, the neutron spins were
flipped from the horizontal plane into the vertical direction,
so that all three vectors s, p,, , and p,, were mutually orthogo-
nal (see Sec. 2). In the main experiments, the spin vector s
and the momentum p., of the 7y rays were parallel (or anti-
parallel). Therefore in an ideal case such a correlation should
not be present. However, the difference between the actual
geometry of the experiment and the ideal one could affect the
results. The control experiment proved the absence of such
left—right asymmetry in the region of energies of thermal
neutrons at the level of the accuracy of the experiment.

Several studies to measure the P-odd asymmetry in
(n, ) reactions were made at the Laue—Langevin Institute in
different years, beginning in 1977. The effects on light
nuclei—protons and deuterons—and also on the **Cl and
17Sn nuclei were studied. The neutron polarizers were either
Permendur magnetized mirrors or magnetized Mezei super-
mirrors (sec Ref. 4). The neutron spins were flipped either by
spin flippers of axial geometry* or by a Dabbs current foil
spin flipper (see Ref. 4); these flipped the neutron spins once
per second.

The facility is shown in Fig. 3.2* In the experiments with
hydrogen, the target used was liquid parahydrogen (to pre-
vent depolarization of the neutrons when scattered by ortho-
hydrogen), which was placed in a cryostat of volume 23 1.
Half of all the incident neutrons were captured in such a
target. The produced 7y rays had energy 2.23 MeV. The y-ray
detectors were two liquid scintillation detectors of volume
0.5 m>, each of which was scanned by four photomultipliers.
The technique of integrated information readout was used.
The current from the photomultipliers was integrated during
0.17 s, converted to a digital code, and stored on magnetic
tape.

Wilson’s paper” gives a detailed description of the
struggle to overcome systematic errors that was needed in
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FIG. 3. Arrangement of the ILL experiments for investigation of the asym-
metry of v rays in radiative capture of polarized neutrons by protons: I)
reactor; 2) liquid-deuterium moderator; 3) neutron guide tube; 4) polarizer;
5) lead shield; 6) spin flipper; 7) collimators; 8) parahydrogen target; 9)
liquid scintillator; 10) coil producing a constant field; 1) soft iron.

order to achieve an accuracy =108 in the asymmetry coef-
ficient as required by the theoretical predictions. The proce-
dure included the use of two identical detectors placed along
and in the opposite direction to the neutron spins, the use of
a second spin flipper with flipping frequency once in 27 s,
and an attempt to counter induction from the current switch-
ing in the spin flipper. A control experiment was made in
which the source of the v radiation was ®Co.

The result of the first experiment in 1977,
a=(6+21)-10"% (Ref. 24), had an error greatly exceeding
the theoretical prediction?® of the effect: a,,=5-107%. In
the second experiment, described by Wilson,? the error was
reduced by several times but was still large:
a=—(1.5+4.8)-107%,

The P-odd asymmetry in the n +2H—>H+ vy reaction
was measured in Ref. 27. The experiment was performed in
the same beam of cold polarized neutrons. The target was a
cell containing heavy water D,O (D/H=99.95%), measuring
8X7X6.5 cm® at room temperature. The detectors of the y
rays with energy 6.24 MeV were Nal(Tl) crystals of diameter
23 cm and thickness 12 cm. They were mounted in an anti-
magnetic screen and were kept at a constant temperature 20
+0.2 °C. A difficulty of such an experiment was the fact that
the cross section of the nd—t 7y reaction (0.6 mb at thermal
energy of the neutrons) is 500 times smaller than the cross
section for the np— dy reaction. At the same time, this gave
hope of enhancement of the P-odd effect in this reaction. A
complicated successive flipping of the spins from 32 posi-
tions during 27 s, aimed at reducing the fluctuations of the
electronics, was used. The detectors were calibrated using
the 7y line from the np— dy reaction. Corrections were made
for depolarization of the neutrons on scattering by the D,O
(scattering cross section=21 b), for the mean cos 6, and for
the superposition of pulses. Control experiments were per-
formed in other energy ranges of the 7y rays, the asymmetry
from a '"’Sn foil instead of heavy water was measured, and
so was the asymmetry from %°Co and some other sources.
The result was represented by the authors in the form

a=(4.2*+3.9)(1+0.15)-1076,

where a scale factor is enclosed in the brackets. The result at
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one standard deviation was greater than the value predicted
either by Cabibbo’s model or by the gauge theory of weak
interactions, which give

Apheor=(0.5-1)-10"% (Refs. 25 and 26).

The asymmetry in the 3Cl(n,7)*°Cl reaction was mea-
sured in a similar beam at ILL.?® The target was NaCl salt
measuring 1X2X3 cm®. The decay scheme of the **Cl
nucleus is shown in Fig. 4. The energy of the main v transi-
tion is 8.58 MeV. Two Nal(Tl) crystals with diameter and
thickness 12 cm, placed on both sides of the target, were
used for detection of the transition.

In this nucleus, as in '*>Cd, one can say which levels of
the compound nucleus are mixed by the weak interaction and
what is the spacing D between them. The mixed levels are
27 (p resonance at energy E,=398 eV) and 2% (s resonance
at energy E,=—130 eV). Therefore, =528 eV.

Control experiments were performed with a depolarized
neutron beam, with reduced neutron flux, and with a %°Co
source. The measured asymmetry coefficient was
a=(1.57+0.53)-107*.

Finally, the same '’Sn(n, )118Sn reaction as at ITEP was
studied at ILL.? The detectors were two Nal(TI) crystals of
diameter and thickness 7.6 cm, placed on both sides of the
target.

Control experiments were performed in a range of y-ray
energies different from the investigated one, with the neutron
polarization vector turned through 90°, with a depolarized
neutron beam, and with a %0Co source.

The measured asymmetry coefficient a =(4.4+0.6)-10™*
differed by more than the experimental errors from the value
measured at ITEP.

At the Konstantinov Institute of Nuclear Physics at St.
Petersburg a facility has recently been created for measuring
the P-odd asymmetry in the (n,7y) reaction; in it the j-ray
detectors are Ge(Li) crystals and not the traditional NaI(TI).
This makes it possible to improve the energy resolution and
to measure effects not just at one main transition, having the
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greatest energy, but at several resolved 7 transitions having
lower energy. In particular, for the asymmetry coefficient in
the 1'’Sn(n,y)!!8Sn reaction for y rays with energy E.,=9.31
MeV the value a=(9.7+1.3)-107% confirming the ITEP
data, was obtained.>

3.1.3. Measurements of P-odd effects in the (n,v)
reaction in the integrated spectrum of the y rays

The integrated method of detecting large particle fluxes
is used when the counting method does not ensure the nec-
essary counting rates on account of inadequate time resolu-
tion of the pulses. The integrated method was first proposed
by Lobashev®! and was used at the St. Petersburg Institute of
Nuclear Physics (SPINP) to measure the circular polarization
of y rays emitted by unpolarized nuclei.*?

Already in the ILL experiment to measure the asymme-
try of the vy radiation in the (n,7y) reaction on the proton the
technique of integrated information readout was used.’*
However, since the energies of the 7y rays in the reaction on
the proton are monochromatic, integrated information read-
out did not represent anything new in that case and was
needed merely because it was impossible to resolve the large
number of vy rays by the counter method.

In contrast, in the SPINP studies the integrated informa-
tion readout was a new approach to the investigation of
P-odd effects on neutrons. Investigations of P-odd effects in
distinguished lines in (n,7y) reactions on complex nuclei en-
countered serious difficulties associated with the need to
separate photopeaks from a very complicated y spectrum.
Therefore, only the individual cases of P-odd effects in dis-
tinguished lines listed in Sec. 3.1.2 were observed. The time
of accumulation of the statistics in these cases was several
months. It seemed hardly realistic to expect appreciable ef-
fects for the majority of nuclei, since in the high-energy re-
gion of the spectrum in (n,y) reactions regular E1 transitions,
for which there is no kinematic enhancement, are dominant.
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FIG. 5. Schematic diagram of the experimental facility at SPINP for simul-
taneous measurement of asymmetry effects in the integrated y-ray spectrum
and in the total and radiative cross sections: /) shielding blocks; 2) magnets
of neutron guide tube; 3) neutron guide tube; 4), 5) guiding magnets and rf
fields; 6) target; 7) detectors of vy rays; 8) neutron detector.

It appeared that averaging over many 7 transitions must
strongly reduce the effect.

This point of view was successfully refuted in the SPINP
experiments using thermal polarized neutrons.>® The SPINP
facility, which was placed in the horizontal channel of the
VVR-M reactor, is shown in Fig. 5. With this facility, P-odd
effects were measured simultaneously in the total and radia-
tive cross sections for neutron interaction on nuclei, as will
be discussed below in Sec. 3.3.3.

For the investigation of the P-odd asymmetry in the in-
tegrated spectrum of 7 rays, targets of >>Cl, Br, !'’Sn, and
%La in °LiF containers were placed between Helmholtz
rings, whose planes were perpendicular to the y-ray pulse
(they are not shown in Fig. 5). Thermal polarized neutrons
that had passed through an adiabatic high-frequency spin
flipper (see Ref. 4) were incident on the targets. The polar-
ization was flipped once in 2 s. The degree of beam polar-
ization was P,=95%. The <y-ray detectors were Nal(TIl)
crystals of diameter 150 mm and thickness 100 mm, placed
on both sides of the targets. Thus, a configuration was real-
ized in which the neutron spins s were parallel to the mo-
menta p,, of the y rays as needed for observation of the
pseudoscalar quantity sp,.

The output signals of the photomultipliers were fed to
the input of a differential amplifier, integrated during the
time of an individual measurement (2 s), converted to digital
code, and stored for subsequent analysis. Since the P-odd
effects in the detectors had opposite signs, the difference
effect contained twice the value of the effect, and all fluctua-
tions of the neutron flux were annihilated. In a different ver-
sion of the experiment, the signal of a monitor of the neutron
beam from the facility placed in a more intense neutron flux
of the same reactor was fed to a second input of the differ-
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ential amplifier. In this way the power fluctuations of the
reactor were compensated.

Measurements of the P-odd asymmetries in the inte-
grated spectrum of Fe and Cd nuclei (natural mixtures of the
isotopes) were made in a beam of polarized neutrons in a
vertical channel of the reactor.>* The flux of polarized neu-
trons with degree of polarization P,=80% reached 10°
neutron/s. The Fe and Cd targets were placed in SLiF con-
tainers. The spin flipper and electronic apparatus were simi-
lar to those used in the horizontal channel of the reactor.

In the ILL study of Ref. 28, measurements were made
not only of the P-odd effect in the main transition in the
Cl(m,7)"*°Cl reaction, but also of the P-odd effect in the
integrated spectrum of this reaction. The beam in this case
was much more intense, and it was therefore impossible to
separate the 7 line of the main transition. Liquid-scintillation
v-ray detectors were used. A control experiment with a de-
polarized beam was performed.

The results of measurements of the P-odd effects in the
integrated spectrum of vy rays are given in Table I with the
identification “integrated spectrum.”

Parity violation in the 2’Pb(n,7)*®®Pb reaction was in-
vestigated at ITEP.>® Interest in this reaction arose because
the result of the investigation could be decisive for the
choice between the compound-nucleus and valence mecha-
nisms of mixing of states with opposite signs of the parity.
The theoretical aspect of this problem will be discussed be-
low in Sec. 4. Here we merely mention that since in the
spectrum of the (n,7) reaction on the 207pp nucleus there is
one dominant vy line (the main transition, whose intensity is
at least three orders of magnitude above the intensities of the
remaining 7y lines), it was possible to use the integrated
method of y-ray detection.

The study was made in a beam of thermal polarized
neutrons from the ITEP reactor in the same geometry as in
the series of cadmium studies. A lead target of cross section
1.5%9 cm? and thickness 2.5 cm was enriched with the iso-
tope 2’Pb to 87.3%. Since the scattering cross section is
92% of the total cross section for interaction of thermal neu-
trons with the 2°’Pb nucleus, to reduce the background from
the scattered neutrons lithium (°Li,CO;) screens were placed
in front of the Nal(Tl) crystals; they absorbed 99% of the
scattered neutrons. The background was formed by 7y rays of
the direct beam, 7y rays scattered by the target, and y rays
from (n,y) reactions in the detectors and construction mate-
rials. The total background was =10% of the total load on
the detectors. A control experiment measured the P-odd
asymmetry of y-ray emission in the integrated spectrum of
he **Cl(n, y)*°Cl reaction.

The  measured  asymmetry  coefficient  was
a=—(0.89+0.53)-10">, which gave an upper limit on the
P-o0dd asymmetry: a<1.7-107> at the 90% confidence level.

3.2. Anisotropy of protons in the (n,p) reaction
3.2.1. Fundamentals of the method

In Ref. 36 a new method was proposed for investigation
of the violation of spatial parity in nuclear interactions,
namely, investigation of the anisotropy of a particles and
other light nuclei emitted from nuclei after capture of polar-
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ized neutrons. A series of studies on this subject, made at
SPINP and ITEP*"~* did not give positive results. However,
appreciable P-even effects of left—right asymmetry were
found.>”

A P-o0dd effect in a reaction with proton emission was
first found in the **Cl(n,p)*S reaction in a study of SPINP
and the Laboratory of Neutron Physics.*! The same study
found P-even effects of left—right asymmetry in the previous
reaction and in the 14N(n,p)”C reaction. Thus, these reac-
tions exhibit a P-odd correlation sp, and a P-even left-right
asymmetry s(p,Xp,), where s and p, are the spin and mo-
mentum of the incident neutron, and P, is the momentum of
the emitted proton [see Sec. 2, Eq. (6)].

The general expression for the coefficient of the P-odd
asymmetry is

M [TP\ 12

a=E—p (F—g) (xP—yP)cos Agyg,, (20)
and for the coefficient of the P-even left—right asymmetry it
is

n

n\ 1/2
a =§—s FgI‘p (xP—yP) x"+y— sin Ao (21)
" E,\T'TY 2 P>

where M is the matrix element of the weak interaction; I’
and I') are the proton widths of the s and p resonances; I'y
and I'; are the neutron widths of the s and p resonances;
Agy, is the phase difference of the Coulomb interaction in
the s and p states; x?, x", y*, and y” are the parameters of
the mixing of the channels with total angular momentum
j=l—-5=1/2 and j=1+s=3/2:

xp(n) — (Fg(lr;%/rg(n))l/z; yp(n): (Fz(;;%/rz(n))llz;
(xP)2 4+ (yP(M)2=1;

Ay, =, @ ,=arctan(Ze*/hv ). (22)

3.2.2. Measurements

The measurements were made in a horizontal beam of
polarized thermal neutrons of the VVR-M reactor of SPINP.
At the target, the flux of neutrons with polarization P,=96%
was 6-107 neutron/s. By means of an adiabatic spin flipper
(see Ref. 4), the direction of the spin was reversed every 2.8
s. Protons with energy E,=0.6 MeV from the 3Cl(n,p)*s
reaction were detected by a double proportional chamber
with a grid that made it possible to create an insensitive gas
gap for collimation of the protons. Targets measuring 110X7
cm? were deposited BaCl, or AIN salts of thickness 2
mg/cm?. The counter method was used to detect the proton
pulses. The correlation coefficients were found to be

a=—(1.51%0.34)-10"%,

a,=—(2.40%+0.43)-107*
for the *Cl(n,p)*S reaction and

a,=(0.66+0.18)-10"*

for the “N(n,p)!*C reaction.
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3.3. Parity-violation effects in neutron-optical
phenomena

3.3.1. Fundamentals of the method

Coherent effects due to the P-odd weak interaction of
neutrons with the matter of targets arise because the refrac-
tive indices in matter of neutron waves having different spin
states are not the same. The expression for the refractive
index n contains the coherent scattering length by= —f(0)
for neutron scattering by bound nuclei:*

n=1—(\2N/2m)by=1+(27/p?)Nf(0). (23)

In (23) we have set A=c=1; N is the number of scatter-
ing nuclei in 1 cm®; p is the neutron momentum; £(0) is the
coherent amplitude for forward neutron scattering. As is well
known,*? for slow neutrons the scattering is isotropic, and
the coherent scattering amplitude f of the neutrons does not
depend on the angle: f(0)=f.

With allowance for the weak interaction the coherent
scattering amplitude should be represented as consisting of
two parts:

f=fpctfrnc (24)
where fp( is the parity-conserving part of the amplitude, and
frnc=G'sp (25)

is a small parity-nonconserving correction to the amplitude,
whose sign depends on the neutron helicity. By definition,
the neutron helicity is positive if sp>0 and negative if sp<<0.
In Eq. (25), G lisa complex constant that in absolute mag-
nitude is of the order of the weak interaction constant G.

As it traverses a distance / in the target, a neutron wave
acquires a phase A=Re(pnl). States with opposite signs of
the helicity acquire the phase difference

Ay—A_=Re[p(n,s—n_)l]=(27/p)IN Re(f+—fz),
26

where the plus and minus signs correspond to the two neu-
tron helicities.

For transversely polarized neutrons, the polarization vec-
tor is rotated around the momentum through the angle

epnc=—(A1—A_)=—4mIN Re G'. (27)

The angle of spin rotation per unit length of the target
will be denoted by

Ap=opyc/l.

At the same time, the imaginary part of the amplitude
fenc is related by the optical theorem o, = (47/p)Imf(0) to
the difference Ao, of the total cross sections for the two
states of the neutrons with helicities of opposite signs:

Ao,=0; -0, =(4n/p)Im(f,—f_)=87w Im G'.
(28)

In the experiments with longitudinally polarized neu-
trons measurements were made of three physical quantities
that must be related to each other and also to the angle of
rotation of the spins of the transversely polarized neutrons.

First, there is the coefficient of asymmetry of the trans-
mission:
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e=(N*"=N7)/P,(N*+N"), (29)

where N are the counting rates (or values of the beam in-
tensities) of the neutrons of opposite helicities that have
passed through the target. Second, there is the coefficient of
asymmetry of the total cross sections for interaction of neu-
trons of opposite helicities:

a,=(0't+—0',_)/(0'7+0',-)5A0',/20',. (30

Since usually nAo,<1, where n is the thickness of the
target (nucleus/cm?), we have

e=—th(nAo,/2)=—no,a,=—a,l/\, (31)

where [ is the length of the target; A\=1/no, is the mean free
path of neutrons in the target. Third, there is the coefficient
of asymmetry of the cross sections o, for radiative capture of
neutrons of opposite helicities:

a,/=(a';—0';)/(o';+0';). (32)

The first such investigations were proposed by Michel in
1964.** He showed that in the case of transmission of trans-
versely polarized neutron beams it is possible to detect a
rotation of the neutron spins around the direction of their
momentum in matter. However, the effects in pure form are
very small, and therefore a mechanism was needed to en-
hance them. Forte noted that the effects must be enhanced
near a single-particle p-wave resonance** and proposed an
experiment to measure the rotation angle of neutron spins in
a '*Sn target, whose nuclei have a p-wave resonance at
energy 62 eV.

The first experiment to observe rotation of the polariza-
tion vector was performed at ILL in 1980.% Its results were
unexpected. For the '2*Sn nucleus, no spin rotation was
found, but in a control experiment with a target of the natural
mixture of the ten isotopes a comparatively large rotation of
the spins was found. The investigators replaced the >*Sn
target by a ''’Sn target, for whose nuclei a large P-odd trans-
mission asymmetry of <y rays had previously been
detected.?* The spin rotation was found to be large. For the
same nucleus the transmission asymmetry of longitudinally
polarized neutrons of opposite helicities predicted by Forte
was found.

The large effects for ''’Sn stimulated Stodolsky to seek
to explain them by completely new weak forces.* However,
elucidation of the role of resonance effects in coherent parity
violation made it possible to obtain a correct understanding
of the influence of the enhancement factors and to explain
the large magnitude of the observed effects. The possibility
of kinematic enhancement of the effects of parity violation
near a p-wave resonance was first pointed out by Karmanov
and Lobov.*” Forte reexamined this question in Ref. 48. A
kinematic enhancement factor of the type (I'7/I'5)"? arose
when allowance was made for the interference of the en-
trance s and p channels for the same exit channel (see Sec.
2). Here, I'{ and I’ are the neutron widths of the s and p
resonances. At low energies, (F;’/F;’,)” 2=1/pr, where r is
the radius of the nucleus, so that for nuclei with A =100 and
neutron energies of order 1-10 eV this enhancement factor
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reaches 10-10°. The kinematic enhancement in this case re-
flects the difference between the penetrabilities of s and p
waves for neutrons incident on a nucleus.

Sushkov and Flambaum® pointed out that in Ref. 48 the
effects of coherent parity violation were explained by the
interaction of neutrons with a P-odd potential of the nucleus,
i.e., the nucleus was treated as a particle without internal
degrees of freedom. The virtual excitation of a compound
nucleus must lead to a dynamical enhancement factor
(AE/D)'?, where AE=1 MeV is the mean separation be-
tween the single-particle states, and D=1-10 eV is the mean
separation between the levels of the compound nucleus. This
factor has a value of order 10°-10°.

This approach to the role of resonance effects became
known as the model of mixed composite states (see the re-
view of Ref. 49). According to this model, the difference
between the total cross sections for interaction of neutrons of
opposite helicities near p-wave resonances can be conve-
niently represented in the form

Ao,=2P(E)o(E), (33)

where

P(E)=2a\T{(E)/TL(E) . (34)

In this expression it is assumed that I"
I'532=0 and x=1, y=0 (see Sec. 3.1.1).
A more complete expression contains

I’;=F;1/2, i.e., that

n n

s I“171/2

ry, I

(Ref. 5).

In Eq. (34), a is the coefficient of level mixing with
respect to the parity (see Sec. 2), and oy(E) is the Breit—
Wigner cross section near the p resonance. Near it, the value
of P(E) is practically constant and equal to P(E,) at the
p-resonance energy E . It is readily seen that P(E,) plays
the role of an asymmetry coefficient a(E,) at the resonance.

We give an expression that is used to compare the trans-
mission asymmetry coefficients for the same nucleus but at
thermal, E,, and resonance, E P energies:

a(Ew)/P(E,)=[0(E,) o Ew)](T,/2E,)%. 35)

For comparison of the results on spin rotation and the
asymmetry of the total cross sections, we give the relation
between the rotation angle Ag and Ao, :

A¢=NAc(E—E,)T,. (36)

In Egs. (35) and (36), T, is the total width of the p
resonance.

Stodolsky® analyzed the contribution of the elastic and
inelastic channels of neutron interaction with nuclei to the
rotation angle A¢ of the polarization vector and to the dif-
ference Ao, of the total cross sections and investigated the
dependence of this contribution on the neutron energy. He
found that: 1) the rotation angle A¢ in a significant energy
range is independent of the energy; 2) the difference of the
total cross sections consists of two terms, Ao,=Ao,+A0,,,
where o is the cross section of coherent elastic scattering,
and o, is the cross section of the exothermic reactions, the
largest of which is the cross section o, for radiative capture;
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TABLE II. Results of measurements of the neutron spin rotation Ag at ILL.

Target nucleus Ag, 107 rad/cm Source
Sn(aat) —3.19% 0.40 Ref. 54
17gp -370 = 25 Ref. 45
1248 —0.48+ 1.49 Ref. 45
1391 4 -219 =*29 Ref. 55
Pbyar) +2.24+ 033 Ref. 54

at the same time, Aoy is proportional to the neutron momen-
tum p, while Ag,,, does not depend on the momentum.
Therefore, at thermal energies of the neutrons the main con-
tribution to Ao, must be made by the process of radiative
capture of neutrons, i.e., Aoy=Ao,, and this was confirmed
by the SPINP experiments.>!*>

A somewhat different approach to the role of resonance
effects in coherent parity violation was developed by
Zavetskii and Sirotkin.>> This approach will be discussed
below in Sec. 4.

3.2.2. Measurements of spin rotation of transversely
polarized neutrons

Experiments to measure the spin rotation of neutrons
were performed using a beam of cold transversely polarized
neutrons at ILL. A description of the facilities and their op-
eration can be found in the original papers****>> and in the
monograph of Ref. 4. The results are given in Table II.

3.3.3. Measurements of the asymmetry of the total
cross sections and the cross sections for
capture of thermal longitudinally polarized neutrons

The first measurement of the transmission asymmetry of
longitudinally polarized neutrons was performed at ILL with
a 177Sn target in the same study® in which a spin rotation of
transversely polarized neutrons was found. The facility was
modified in such a way that longitudinally polarized neutrons
were incident on the target (see Ref. 4). The asymmetry co-
efficient £=—(9.78+4.01)-10 ° was obtained.

A more accurate value for the asymmetry coefficient of
the total cross section for interaction of neutrons of opposite
helicities, a,, was obtained in studies at SPINP,>*? in which
the asymmetry coefficient a , in the cross section of radiative
capture was simultaneously measured. The measurements
were made on the ''’Sn and '*La nuclei and the natural
mixture of isotopes ">®'Br. The arrangement of the facility is

shown in Fig. 5, and it is described in the papers of Refs. 51
and 52 and in the monograph of Ref. 4. It can be verified that
the relation Ag,=Ao,, does indeed hold.

In a study at ITEP® the asymmetry of the total cross
sections for interaction of longitudinally polarized neutrons
was also investigated for a number of targets.

In a study at the “Kurchatov Institute Research Center”
in Moscow"’ the polarization of a neutron beam after it had
passed through a KBr target was measured. The polarization
analyzer was iron magnetized to saturation. This method
gives results similar to those obtained by measuring the
asymmetry of the total cross section for interaction of neu-
trons of opposite helicities. In a further IAE study,58 the same
method was used to measure the asymmetry of the total cross
section for the interaction of thermal longitudinally polarized
neutrons with the 2?Pu nucleus.

All the experimental results are given in Table III

3.3.4. Measurements of the asymmetry of the total
cross sections and of the cross sections for
capture of resonance longitudinally polarized
neutrons

Studies to measure the asymmetry of the total cross sec-
tions and the asymmetry of the cross sections for capture of
resonance longitudinally polarized neutrons have been made
in several centers. The first investigations were studies of the
Laboratory of Neutron Physics of JINR at Dubna. They were
then continued at Kurchatov Institute in Moscow, at the Na-
tional Laboratory for High Energy Physics KEK (Japan),
and, finally, at the Los Alamos National Laboratory (LANL,
USA). The complete set of studies on this subject is well
reflected in the recently republished review of Ref. 2. There-
fore, omitting the details of the experimental technique, we
shall merely dwell on some of the main aspects.

The P-odd effects at neutron resonances were studied in
two ways. One of them is transmission of longitudinally po-
larized neutrons through a thick target with studied nuclei for
which no=2. This makes it possible to measure the asym-
metry P(E)=Ao0/20, of the total cross sections. The second
method is to measure the asymmetry of the cross sections for
radiative capture of longitudinally polarized neutrons by a
thin target, for which no<1. The ratio P (E)=Ac,/20, is
measured. Since in the region of p-wave resonances the total
resonance width I', is practically equal to the radiative width
[, the two methods give the same results.

The LNP experiments made use of the IBR-30 pulsed

TABLE III. Results of measurements of the asymmetry coefficient a, of the total interaction cross sections and the asymmetry coefficient a,, of the cross

sections of capture for thermal neutrons of opposite helicities.

Target nucleus o, (Ey), 1072 cm? o, (Ey), 107 cm a,, 107 a,, 107 Source
818z 15.5 9.8 9.8 1.0 15.5*1.5 SPINP (Ref. 52)
12.8 95 +1.7 ITEP (Ref. 56)
153 *15 IAE (Ref. 57)
7gn 3.7 1.2 6.2 0.7 22.6+1.9 SPINP (Ref. 51)
4 11.2 +26 ITEP (Ref. 56)
13912 19 9.4 90 *14 16.1+2.0 SPINP (Ref. 51)
2%y 0.67+0.16 IAE (Ref. 58)
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reactor.>* The resonance neutrons were polarized by trans-
mission through a polarized proton target. This method is
described in the review of Ref. 2 and in the monograph of
Ref. 4. An advantage of using a polarized proton target is the
possibility of obtaining polarized neutrons in a wide range of
energies—from thermal energies to 10° eV. By virtue of the
use of the neutron time-of-flight method with the pulsed re-
actor, this made it possible to study in a comparatively
simple manner the spin states of individual resonances in the
neutron cross sections.

The main parameters of the LNP facility were as fol-
lows. The protons were polarized by the dynamical method
(solid effect) in a single crystal of double lanthanum-—
magnesium nitrate with a 0.5-1% admixture of *’Nd nuclei
at temperature 1-1.5 K in a magnetic field of strength 8
kA/cm. The longitudinal polarization of the neutrons and
flipping of the polarization vector were achieved by appro-
priate configurations of a guiding magnetic field. The polar-
ization vector was flipped every 40 s. Every two days, the
direction of polarization of the proton target was changed in
order to change the sign of the investigated effect without
changing the instrumental and geometrical conditions of the
experiment. The neutron detector was a segmented liquid
scintillator that used a neutron—gamma converter made of
europium oxide, terbium oxide, and water. Its efficiency var-
ied from 40 to 30% for neutron energies from 1 to 500 eV.

Studies®'~®* at the LNP measured the transmission of
longitudinally polarized neutrons of opposite helicities di-
rectly at p resonances for the nuclei 81Br, 111Cd, 113Cd, 117Sn,
%9La, and #?Th. The coefficients of asymmetry of the total
cross sections were found to be of order 1072—1073, while
for 1*’La they even reached 10%.

In the IAE facility®® a measurement was made of the
small polarization of a neutron beam resulting from the
transmission of unpolarized neutrons through thick investi-
gated targets as a result of the P-odd dependence of the
capture cross section on the neutron helicity. The analyzer of
the produced polarization was a polarized proton target. A
time-of-flight spectrometer for polarized resonance neutrons
was developed on the basis of the electron linear accelerator
Fakel. Measurements were made of P-odd effects in the
neighborhood of p resonances of '’Sn and *°La.

The experiment at the KEK facility®®% used neutrons
produced by the action of protons of the booster synchrotron
in depleted uranium. The neutrons moderated in a block of
solid methane were polarized by passing through a polarized
proton target and were then incident on the investigated tar-
gets. The polarization of the protons was produced by the
dynamical method and reached 80%. The neutron energy
was measured by the time-of-flight method. The neutron he-
licity was varied adiabatically by a spin flipper.

Measurements were made of both the asymmetry of the
capture cross sections and the asymmetry of the total cross
sections. In the first case, either counters of a scintillating
plastic or BaF, crystals surrounding the investigated targets
were used. The asymmetry of the total cross sections was
measured simultaneously by means of a liquid-scintillator
counter with '°B added, this being placed at the end of the
time-of-flight base.
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The Los Alamos National Laboratory (LANL) has the
most intense beam of resonance polarized neutrons. Because
of this, the maximum energy of the investigated neutron
resonances at the LANL facility is much greater than at the
LNP, KEK, and IAE facilities. As a result, it proved possible
at LANL to measure the effects of parity violation on one
nucleus at several energies of resonance neutrons. This could
not be done at the other facilities. The facility and the mea-
surements with it are described in detail in the review of Ref.
2. We shall only mention the main points. The neutron beam
was produced by irradiating a tungsten target with protons of
energy 800 MeV from a linear accelerator. The neutrons
were moderated and encountered a polarized proton target.
The neutron spins were flipped by a spin flipper of a special
construction, which is described in detail in Ref. 2. The neu-
trons were detected by scintillating glass with °Li. Analysis
of the transmission data at several resonances required a
multiparameter program with allowance for the Doppler
broadening of the resonance line, the dependence of the neu-
tron flux on the energy, the Breit—Wigner shape of the reso-
nance, and the energy efficiency of the neutron detector.?

The results of all measurements of the asymmetry of the
total cross sections and the asymmetry of the cross sections
for capture of resonance longitudinally polarized neutrons
are given in Table IV.

The absolute values of the matrix elements |M| of the
weak interaction given in Table IV are, in many cases, lower
bounds for M, since they were calculated under the assump-
tion that the capture of neutrons in a p resonance takes place
completely in the channel with total angular momentum
j=1/2, ie., under the assumption that I',=Ip;, (x=1,
y=0) (see Sec. 3.1.1). An attempt to avoid this condition was
made in the LNP studies'®’® for '3>Cd and !'’Sn, in which
measurements were made of the P-even angular correlations
of yrays at p resonances of the studied nuclei (see Sec. 3.4).

3.4. Investigations of P-even effects at p resonances

The P-even correlations at p-wave resonances have been
studied only at the LNP, on '>Cd and !'Sn targets. The
theory of P-even angular correlations is given in the review
of Ref. 3. We have already given the necessary expressions
(see Sec. 3.1.1).

In what follows, we shall consider the geometry of the
experiments and the corresponding facilities. All the experi-
ments were performed by the time-of-flight method in beams
from the LNP reactors IBR-30 and IBR-2. The geometry of
the experiment for measurement of the left—right asymmetry
is shown in Fig. 6a. In this case, transversely polarized
beams with mutually orthogonal directions of all three vec-
tors s, p,, and p, were used. An unpolarized beam in the
geometry shown in Fig. 6b was used to measure the
forward—backward asymmetry.

The y-ray detectors were Nal(Tl) crystals of diameter
and thickness 200 mm, shielded by lead, paraffin with boron,
and cassettes with ®Li,CO;. A slab of paraffin with boron of
thickness 10 cm was placed at the detector entrance to elimi-
nate direct detection of fast neutrons.

The study of Ref. 75 led to the first observation of left—
right asymmetry g, of the emission of y rays of the main
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TABLE IV. Results of measurements of P-odd effects for resonance neutrons.

Target nucleus Measurement E,, eV T,, meV glp, 1078 eV P(E,), 107 |M|, meV Source
a, 0.88 (1) 190(20) 58 (3) 24 * 4 3.0 0.5 LNP (Refs. 49 and 62)
81Br a, 17.7+ 33 LANL (Ref. 74)
a, 21 =1 2.6 0.1 KEK (Ref. 69)
o a, 453 (3) 163(10) 107(5) —8.6+ 1.2 2.6 0.4 LNP (Refs. 16, 49, and 62)
cd
a, 134] 1.6%9%8 KEK (Ref. 69)
Bcg a, 7.0 160(20) 31(3) -9.8+ 3.0 0.31£0.10 LNP (Refs. 15, 16, and 64)
a, 133 (1) 180(18) 16.6(2.0) 45+ 13 0.38+0.10 LNP (Refs. 16, 49, and 62)
Wsn a, 7.7+ 13 0.7 +0.1 IAE (Ref. 65)
a, 11 +2 LANL (Ref. 73)
a, 0.75 (1) 45 (5) 3.6 (3) 73 £ 5 1.28+0.12 LNP (Refs. 49 and 62)
s a, 76 * 6 1.3 =0.1 IAE (Ref. 65)
a, 97 £ 5 KEK (Ref. 68)
a, 92 *17 LANL (Ref. 70)
a, 95.5% 3.5 LANL (Ref. 71)
a, 101.5+ 4.5 LANL (Ref. 71)
a, 95 + 5 LNP (Ref. 64)
a, 98 * 3 1.7 +0.1 KEK (Ref. 69)
22Th a, 8.33(3)* 32 (3) 26.8(1.5) 17.9+ 9.2 0.62+0.31 LNP (Ref. 63)
a, 14.8+ 25 LANL (Refs. 72 and 74)

* . . .
The results of measurements at other >2Th resonances and at 2**U resonances are given in the review of Ref. 2.

transition with energy E,=9.32 MeV at the neutron p reso-
nance of ''’Sn with energy E »=1.33 eV after radiative cap-
ture of polarized neutrons. The relative partial neutron width
in the channel with total angular momentum j=1/2 of the
neutron was found to be x2=Fp1/2/l"p=0.27i0‘33 (this is
the channel-mixing parameter of Sec. 3.1.2).

However, in the subsequent study of Ref. 76, in which
measurements were made of the left—right asymmetry, the
forward—backward asymmetry &g, and the angular anisot-
ropy &, of the p-wave part of the cross section in the region
of the same Sn resonance, it was found that the results
could not be reconciled with the results of the measurements
of the left—right asymmetry &,. This dramatic situation is
described in detail in the review of Ref. 3. This discrepancy
still persists.

In the study of Ref. 16, measurements were made of the
y-ray yields of the main transitions near p-wave neutron
resonances of ''Cd, 13Cd, and 17gh at angles 45°, 90°, and
135°. This made it possible to calculate the angular anisot-
ropy &, . These data were used to determine the spins J of the
p resonances, the total widths Fp of the p resonances, the

FIG. 6. Geometry of the LNP experiments to measure the left-right asym-
metry (a) and forward—backward asymmetry (b). The target is M, and D,
D,, and D; are y-ray detectors.

624 Phys. Part. Nucl. 25 (6), November—December 1994

partial widths F;" of the main v transitions, and the contri-
butions to the neutron widths of states with definite spin of
the channel, s=J;+s,, where J; is the spin of the target
nucleus. We note that these results determined for the first
time that the spin and parity of the p resonance of 13¢q at
the energy E,=7.0 eV are J T=1". This gave the correct
interpretation of the nature of the P-odd asymmetry of yrays
from 3Cd in the thermal range of energies (see Sec. 3.1.2).

As a result of these studies, we can compare the P-even
and P-odd effects in (n,7) reactions for **Cd and V’Sn at
resonance and thermal energies of the neutrons in order to
determine the matrix elements of the weak interaction. This
is done in Sec. 4.

In Ref. 77, measurements were made of the forward—
backward angular asymmetry &g, of y-ray emission and the
angular left—right asymmetry &, for y rays of the main tran-
sition with £,=9.04 MeV in the 13Cd(n,y)!**Cd reaction in
the region of the p resonance with E,=7.0 eV. These mea-
surements yielded the values

x=(Fp1/2/FP)1/2 and y=(Fp3/2/Fp)1/2.

However, as in the case of 117G, the solutions obtained
in the experiments with ''3Cd were found to be incompatible.
The problem of the interpretation of the P-even effects that
arose after the study of Ref. 76 remains open.

4. COMPARISON OF THE RESULTS OF
MEASUREMENTS AND COMPARISON OF THEM WITH
THEORETICAL PREDICTIONS

In this section, we shall compare the experimental re-
sults for individual nuclei with one another and with theo-
retical predictions. The results of measurements of the asym-
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metry of the total cross sections and the cross sections for the
capture of resonance longitudinally polarized neutrons are
compared in the review of Ref. 2.

41.'H

Measurements were made of the P-odd asymmetry of
the <y radiation on thermal polarized neutrons.?*? In the pro-
cess n+ p—d+ vy there is no enhancement of the effect. The
regular M1 transition is not suppressed, and therefore the
effects that arise are very small, as the experiment showed
(Table I).

A second important experiment performed for this reac-
tion was the measurement of P, the circular polarization of
v rays on unpolarized neutrons. It was performed at SPINP
and gave, as in the measurement of the P-odd asymmetry of
the v radiation, only an upper limit: P.),SS-IO_7 (Ref. 78).

The importance of both experiments is difficult to over-
estimate; they make it possible to separate experimentally
the contributions with different changes AT of the isotopic
spin, and this should help to establish the form of the original
Hamiltonian of the weak interaction of the nucleons. As Da-
nilov showed,”® the asymmetry in the emission of 7y rays
following capture of polarized neutrons by protons is sensi-
tive to the isovector part (AT=1) of the potential of the weak
nucleon—nucleon interaction, whereas the circular polariza-
tion of the vy rays resulting from capture of unpolarized neu-
trons is sensitive to the isoscalar (AT=0) or isotensor (AT
=2) parts. Thus, experiments to determine a and P, at a
sufficient level of accuracy make it possible to establish the
isotopic structure of the weak nucleon—nucleon interaction.

Measurement of the asymmetry a in the reaction
n+p—d+y is also a good test for the role of neutral cur-
rents in the np system because allowance for the neutral
currents leads to an enhancement of the isovector part (AT
=1) in the potential of the weak nucleon—nucleon interac-
tion.

The theoretical predictions®*®° for the values of a fluc-
tuate from 1.5-107% to 51072,

42.%H

A measurement was made of the P-odd asymmetry of y
radiation on thermal polarized neutrons.”’ In the case of the
reaction n+2H—>H+ v, enhancement of the effect is pos-
sible, since the regular M1 transition is suppressed.®! The
accuracy of the value of a is not sufficient to speak of a
discrepancy between the experiment and the theory, which
predicts a=10"% (Refs. 26 and 82).

The reaction n+?H—>H+y must be investigated in
three experiments: the beam and target are not polarized,
when the circular polarization of the vy rays is measured; the
neutron beam is polarized and the target is unpolarized; and,
conversely, the beam is unpolarized and the target is
polarized—in both of these cases, the asymmetry of the an-
gular distribution of the 7y rays is measured. The effects are
due to both isoscalar and isovector P-odd interactions. These
three experiments in conjunction with the two experiments
with the reaction n+ p—d+ y make it possible in principle
to find five constants, which completely determine the isoto-
pic structure of the weak nucleon—nucleon interaction.
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4.3. 35ClI

In the case of this nucleus, measurements were made of
the P-odd angular correlations in the (n,y) reaction at a dis-
tinguished line with E,=8.58 MeV (Ref. 28) and in the in-
tegrated spectrum of the v rays,®*® and also in the (n,p)
reaction.*! The results are given in Table I. Since in the ex-
pression (12) the spin factor A for **Cl is calculated and the
separation between the mixed levels is also known, =528
eV, it is possible from the measured asymmetry coefficient a
to find the matrix element of the weak interaction that mixes
the 27 and 2% levels: M=(27|H,|2")=250+80 meV (with
scale factor 3 due to the uncertainty in the values of the wave
functions of both levels).

A more definite estimate of M was made in Ref. 41.
Substituting the known values in the expression (20), we
obtain M =(2"|H,|2")=60%20 meV, which is not in con-
tradiction with the previous estimate.

Measurements of the P-odd angular correlations in the
integrated y-ray spectrum®®3? gave results that agreed within
the errors (Table I).

A theoretical estimate of the P-odd effects in the inte-
grated -ray spectrum is difficult, since all the effects are
averaged with a certain detection efficiency over the com-
plete spectrum of 7 rays or over part of it.

Here there are two approaches to the averaging of the
matrix elements for vy transitions between different states.
The first approach assumes complete statistical independence
of the matrix elements. Since the matrix elements for the
majority of electromagnetic transitions are unknown, the cal-
culation gives only a mean-square estimate of the magnitude
of the effect, this being obtained by summing the squares of
the partial effects.33~®° The second approach presupposes the
existence of a certain coherence of the P-odd effects in the
nucleus, which may arise because of the valence mechanism
in the radiative capture of neutrons.”®> We mention immedi-
ately that the experimental results confirm the statistical hy-
pothesis and contradict the valence mechanism. Thus, to ex-
plain the already existing effects it is necessary in the
valence mechanism to take the matrix element of the weak
interaction to be M ,,;=20 eV in order to describe the experi-
mental data satisfactorily, although from analysis of the
P-odd effects and theoretical estimates made on the basis of
nucleon—nucleon weak potentials that describe a large set of
experiments the widely accepted value M, =100 meV fol-
lows,

The measured P-odd asymmetry in the integrated spec-
trum in the (n,7) reaction with allowance for only the two s
and p resonances closest to the thermal point can be ex-
pressed for the statistical model in the form

a*=(2M/E,)A3, (37)

where M is the matrix element of the weak interaction, E p IS
the energy of the p resonance, and A§r is an averaging factor
for the calculation of which it is necessary to use the statis-
tical approach. In the mechanism of compound mixing, the
value averaged over the resonances is M =0. Therefore one
takes the statistical estimate obtained by calculating the
mean-square deviation. In Ref. 84 an empirical expression is
given for it:
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TABLE V. Results of investigations of radiative transitions.

Target nucleus E,, MeV a, 1074 [‘;/0’ meV I, meV 1., 1072 |M|, meV Source
1Bcq 9.04 -4.1 (8) 4.5(9) 113 0.275 0.4+0.1 Refs. 16, 22, and 89
178 9.32 8.1(1.3) 12(3) 78 2.8 0.7£0.1 Refs. 16, 20, and 89
. _ -6
Mhr=1.3.10"°M, [AB,D, (38)  agrees well with both the result a,=(9.8+1.0)-10° of Ref.

where M =1 eV is the single-particle matrix element of the
weak interaction; A is the atomic number of the compound
nucleus; B, is the neutron binding energy (in mega-electron-
volts); and D is the mean separation between the compound
resonances (in electron volts).

All the results on the measurement of a> make it pos-
sible to draw the following conclusions:

1. The magnitude of the effect is essentially determined
by the proximity of the p resonance to the neutron thermal
energy.

2. The observed effects, except for the effect on 117gp,
are consistent with the calculations based on the statistical
approach.

Specifically, for the 35Cl(n, y)*Cl reaction this approach
gives MI'=25 meV, whereas analysis of the experimental
result in accordance with the expression (37) gave
M=(78%) meV, in agreement with the previous
estimates.>

4.4. 5Fe

For this nucleus, measurements have only been made of
the P-odd angular correlation in the integrated 7-ray spec-
trum. The use of the expression (38) yielded M $<"=30 meV,
whereas analysis of the experimental result in accordance

with (37) gave M =(4613) meV.

4.5. °81pr

Many interesting measurements have been made on this
nucleus. Measurements were made of the P-odd asymmetry
a¥ in the integrated spectrum of the (1,7) reaction®> (Table
I), of the asymmetry of the total cross sections a, and of the
capture cross sections a, on thermal polarized neutrons
(Refs. 51, 52, 56, and 57; Table III), and of the asymmetry of
the total cross sections and the capture cross sections P(E )
at the p resonance with energy E,=0.88 eV (Refs. 49, 62,
69, and 74; Table IV). The values of a, and P(E,) measured
at different institutes agree within the experimental errors.

The difference between the values of a, measured at
SPINP>? and at ITEP*® and the value of a, measured at IAEY
can be explained by the harder neutron spectrum in the study
of Ref. 57.

We now compare the P-odd effects on this nucleus at
different energies (thermal energy E, and the resonance en-
ergy E ). For this we reduce the value of P(E)) to the ther-
mal energy E, in accordance with the expression (35). In the
conversion we take into account the fact that in the thermal
region of energies both isotopes Br and 8!Br contribute,
whereas in the resonance region only the 3'Br isotope does.
The converted value a*(Ey) = (8.1 *.2.5) - 107°
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52 and the result a,=(9.5+1.7)-107° of Ref. 56.

The values of the matrix elements calculated from the
results of measurement of the P-odd asymmetry in the inte-
grated spectrum of the (n,7) reaction, M=32 meV and
M=4.6+0.4 meV (Ref. 84), agree with the results of the
measurements of the asymmetry of the total cross section at

the p resonance: M =3.0+0.5 meV (Refs. 49 and 61).

4.6. "cd

For this nucleus, measurements were made of the asym-
metry of the total cross sections and of the cross sections for
radiative capture P(E,) at the p resonance with energy
E,=4.53 eV (Refs. 16, 49, 62, and 69; Table IV).

The results agree with each other.

4.7. "3¢cd

For this nucleus a large number of P-odd effects have
been measured. We recall that this was the first nucleus on
which parity violation in nuclear interactions was discovered
by measurement of the P-odd asymmetry a of y rays in the
thermal integrated spectrum of polarized neutrons (Refs. 1,
17, 18, and 22; Table I). Measurements were made of the
P-odd asymmetry in the spectrum of the (n,7) reaction (Ref.
34; Table I), the asymmetry of the total cross sections P(E )
at the p resonance with energy £,=7.0 eV (Refs. 15, 16, and
64; Table IV), and the P-even correlatlons 16,77

Using the results of measurements of the characteristics
of the p resonance'® and measurements of the characteristics
of the radiative transition at the energy of the p resonance
with E,=7.0 eV (Ref. 16), and also of the asymmetry coef-
ficient of the 1 rays in the thermal spectrum,* we can find
the absolute value | M| of the matrix element that mixes the p
resonance at E,=7.0 eV with the s resonance at E,=0.178
eV. We use the expression (12). The kinematic enhancement
factor R,;, is determined by the ratio of the partial radiative
widths of the main v transitions at the p and s resonances:
Ryin = (I‘”’/ I'7°)!/2. We can replace & by E , under the con-
ditions E <|Es| and E,<E, that obtained. % The value of
I'” was measured in Ref. 16 We can obtain Fsy‘) from the
value of the total radiative width I'? (Ref. 87) and the prob-
ability I',, of a partial transition.®® We obtain the value of the
matrix element M in accordance with the expression

_ ak, (39)
24Py
In Table V we give the results for BCd together with
similar results for ''’Sn (Ref. 89).
In Ref. 64 a similar calculation was made on the basis of
the value of the circular polarization P,,=—(6.0% 1.5)-107*

P. A. Krupchitskil 626



of vy rays emitted following capture of unpolarized neutrons
by 3Cd (measured in Ref. 21). Allowance was made for the
fact that contributions to this value come from v rays with
energies 9.04 and 8.48 MeV with corresponding intensities.
The value obtained for the matrix element was |M|=0.84
*0.23 meV.

As a result of the measurements of the asymmetry in the
integrated spectrum of the (n,y) reaction it was found that
MPr=13 meV, M=0.8 meV (Ref. 84).

4.8.sn

All possible measurements of P-odd effects were made
for this nucleus. Measurements were made of the asymmetry
coefficients of vy rays following capture of thermal polarized
neutrons,’®?*3% and of the asymmetry effects in the inte-
grated y-ray spectrum (Ref. 33; Table I). The ITEP and
SPINP values agree with each other but not with the value
obtained at ILL.%’ The reason for the discrepancy has not
been explained.

We recall that ''’Sn was the first nucleus for which at
ILL a large spin-rotation effect was found (Ref. 45; Table II).
Measurements were also made®'>® of the asymmetry coeffi-
cients a, of the total cross sections and the asymmetry coef-
ficient of the capture cross sections for thermal neutrons
(Ref. 51; Table III). The P-odd effects at the p resonance
with E,=1.33 eV were measured at three institutes (Refs.
16, 49, 62, 65, and 73; Table IV). It should be noted that the
values of P(E,) measured at the LNP'64%62 and at LANL™
disagree by more than the errors of the measurements.

The values of the matrix elements obtained from mea-
surements of the asymmetry in the integrated 7-ray spec-
trum, MU=2 meV and M=3.7 meV (Ref. 84), differ ap-
preciably from the matrix elements obtained in
measurements of the P-odd effects for resonance neutrons
(Refs. 16, 49, 62, and 65).

We now compare the asymmetry coefficients of the total
cross sections for thermal and resonance neutrons in the
same way as was done for >8!Br. Using the expression (35)
to convert the values P(E,)=(4.5%1.3)- 1073 (Ref. 62), we
obtain a¥(Ey) = (13.5 = 3.9) - 1075, in good agree-
ment with the value at=(11.2t2.6)-1076 (Ref. 56). It is pos-
sible to compare the results of measurements of the spin
rotation A with a calculation based on data from measure-
ment of the asymmetry of the total cross sections. For this,
we use the expression (36). The converted value
Ag*=—(25%11)-10"° rad/cm (Refs. 16, 49, and 62) agrees
with the value Ap=—(37.0+2.5)-10° rad/cm (Ref. 45).

It can be seen that for the !'’Sn nucleus the greatest
number of discrepant results are observed.

Table V gives the results of a calculation of the matrix
element |[M| that mixes p and s resonances in the same way
as was done for ''>Cd (Ref. 89).

4.9. 3L

It is for this nucleus that the greatest number of measure-
ments of P-odd effects have been made. This is not surpris-
ing, since it is for this nucleus that the maximum P-odd
effect is observed in nuclear interactions. It was first obtained
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in a measurement of the asymmetry of the total cross sec-
tions for interaction of neutrons in the region of the p reso-
nance with energy E,=0.75 eV at the LNP (Refs. 49 and 62;
Table IV). Subsequently, the effect was measured many
times. The asymmetry of the radiative-capture cross sections
was also measured.®® It can be seen that, except for the first
two, all the results, including the new LNP rc:sults,64 agree
with each other.

The neutron spin rotation angle Ag is also maximal for
this nucleus (Table II).

The results of measurements of the asymmetry coeffi-
cients of the total cross sections for thermal and resonance
neutron energies were compared in the same way as for
728181 and 'Sn in accordance with (35). The result of con-
version to a;(Ey,) of P(E,) (Refs. 49 and 62) gives
af(Eg) = (9.3 = 2.9) - 1075, in good agreement with
the result at the thermal energy, a,=(9.0+1.4)-107® (Ref.
51). Measurements in the integrated spectrum of the (n,7)
reaction gave MI"=4 meV, whereas M =0.96 meV (Ref.
84). This experimental value is close to the value of the
matrix element M obtained from the asymmetry of the total
cross section for resonance neutrons: |M|=(1.28+0.12) meV
(Refs. 49 and 62).

4.10. 27pb

This nucleus is interesting in that the investigations on it
may be decisive from the point of view of the choice be-
tween the compound-nucleus and the valence mechanism of
the mixing of states with opposite parities. At the present
time, there exist two theoretical approaches to the interpre-
tation of the experimental results in parity-nonconservation
effects.

In one of the approaches, it is assumed that the
mixing occurs during the compound-nucleus stage, during
which the excitation energy is distributed over a large num-
ber of particles. In this case the magnitude of the parity-
nonconservation effects is basically determined by the high
level density of the compound nucleus. Essentially many-
particle components of the wave function are mixed in the
compound-nucleus state.

In the other approach,”*! the parity-nonconservation ef-
fects are due to mixing of the single-particle (valence) com-
ponents of the wave function in the entrance channel. The
main advantage of the valence model is its simplicity, which
makes it possible in principle to carry out all the calculations -
to the end. Theoretical arguments against the valence model
are advanced in Ref. 84; they were presented in Sec. 4.4.
There is also a serious criticism in the review of Ref. 2.

Nevertheless, the situation can be clarified in experi-
ments. One of the predictions of the valence model is that the
valence mechanism must make the main contribution to the
parity-nonconservation effects in light and magic nuclei and,
in particular, in the 208pp, nucleus.” Thus, the valence model
explains the amount of spin rotation of thermal transversely
polarized neutrons on a target of the natural mixture of lead
isotopes (Ref. 54; see Table 2). It is assumed that the 207py
nuclei make the main contribution and that the P-odd spin
rotation is due to interference of the p resonance of 2’Pb

6,14,90
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closest to the thermal point (the resonance with energy
E,=3.07 keV) with potential s scattering (resonance—
potential mixing). On the basis of these data, the authors who
proposed the valence mechanism predicted a large
(=5-10"%) P-odd asymmetry of 7-ray emission in the
207pb(n,y)*®Pb reaction.”® Subsequently, allowance was
made for the fact that the main transition in *°*Pb* is an E1
transition, and therefore the kinematic factor [M1|/|E1| re-
duces the asymmetry by an order of magnitude.”* The obser-
vation of such a large effect would contradict the model of
the compound-nucleus mechanism. Indeed, the lead isotopes
have comparatively low level densities, and at low energies
no weak resonances of them are known that could be p-wave
resonances responsible for the parity-nonconservation
effects.*” Moreover, the lead isotopes also lack resonance s
states suitable for mixing.

The experiment to measure the asymmetry coefficient of
y-ray emission in the 207p(n, )?*8Pb reaction at ITEP® did
not achieve the necessary accuracy (see Table I). The upper
limit on the asymmetry coefficient was found to be
a<17-10"° at the 90% confidence level.

It is very important to measure the spin rotation angle
Ao of thermal transversely polarized neutrons on a lead tar-
get enriched with the isotope “”’Pb, and also to measure for
the same target the P-odd asymmetry of y-ray emission with
better accuracy.

4.11. 22Th

This nucleus is of great interest because investigations
on it at LANL found a sign correlation of the parity-violation
effects at different p resonances of this nucleus.””*

This asymmetry effect of the total cross section P(E )
for the p resonance with lowest energy at £,=8.33 eV was
measured at the LNP®® and later at LANL.%’74 The results
for this resonance are given in Table IV.

In the LANL experiments performed by the TRIPLE col-
laboration, measurements were made of the asymmetry of
the total cross sections P(E,) at 23 p resonances in the
range of energies from a few electron volts to 400 eV. At
seven of these resonances the measured effect exceeded two
standard deviations. The sign correlation of the effects is
such that in all these cases the signs of the effects P(E ) are
positive. The probability of random occurrence of seven
positive signs in the distribution is 1.6%. This sign correla-
tion of the effects stimulated a lively theoretical discussion.
The results of the LANL measurements and their theoretical
treatment are discussed in more detail in the review of Ref.
2, so that we shall not consider them here.

We merely note that despite the large number of theo-
retical studies that attempt to explain qualitatively the phe-
nomenon of the sign correlation of the P-odd effects at p
resonances, none of them describes the effect in Z2Th from
the quantitative point of view.

We note that the LANL studies were the first to obtain a
mean-square matrix element M2 = |(s|M|p)|? averaged over
many resonances of one nucleus.

In accordance with the compound-nucleus model of par-
ity mixing, the matrix elements M of the individual p reso-
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nances are random Gaussian variables with mean value
M =0, and their spread is determined by M. The procedure
for determining VM? from the set of individual P(E,) val-
ues is explained in Ref. 95, and is also described in the
review of Ref. 22. For the 23 p resonances in 22T, the
value VM2 = a .390_'8‘538) meV was obtained. It is noted that
this value agrees with the estimate obtained using the for-
mula for the mechanism of dynamical enhancement of the
parity-violation effect. Using Eq. (4) in Sec. 2, we have

ne e Ve
N JAE/D’
and substituting AE=1 MeV, D=10 eV, N=AE/D=10,
Vpy=FAE=3.10"7-1 MeV=0.3 eV, we obtain yM? = 1
meV.

4.12. 38y

Measurements at the LNP of the asymmetry of the total
cross sections at the three p resonance at energies E,=4.4,
11.3, and 19.5 eV did not reveal nonvanishing effects. 5 At
LANL, 16 p resonances in the range of energies from 6 eV
to 300 eV were analyzed.”> At four of these resonances, a
P-odd asymmetry exceeding two standard deviations was
found; two of these effects were positive and two were nega-
tive, i.e., there was no sign correlation. The results are given
in Ref. 2. As in the analysis for ’Th, the rms matrix ele-
ment, obtained by averaging over 16 resonances, was ob-
tained:

VM?=(0.56134}) meV (Ref. 95).

4.13. 2%py

This last nucleus, with the heaviest mass, was investi-
gated only for asymmetry of the total cross section for the
interaction of thermal neutrons of opposite helicities. An un-
successful attempt was made at ITEP,*® and the effect did not
exceed the level of the errors: a,=(1.1+1.2)-107% In a
study,>® the error was greatly reduced, and an effect was
obtained (see Table III).

In this section, as in the complete review, we have given
only the results and only the nuclei for which statistically
significant effects were obtained or for which the measure-
ments have fundamental importance. Many measurements
with statistically insignificant results have been omitted.

CONCLUSIONS

Study of the violation of spatial parity in nuclear reac-
tions with polarized neutrons confirms the general features
that were described in the Introduction. The mechanism of
the mixing of states with opposite parities during the
compound-nucleus stage is the dominant mechanism. This is
confirmed by the fact that although the values of the weak-
interaction matrix elements M fluctuate for different nuclei,
they are the same for the same nuclei but in different reac-
tions. This is confirmed by the fact that the model of mixed
compound states, on the basis of which the experimental
results were compared, gives a fairly good description of the
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energy dependence of the effect if one bears in mind that the
magnitudes of the effects in the resonance and thermal re-
gions of energies differ by 3—4 orders of magnitude.

The investigation of parity violation in neutron optics
opens up new possibilities for the study of the structure of a
nucleus and its excited states. We recall that the existence of
low-energy p resonances in a number of nuclei was estab-
lished during the investigations of P-odd effects. It is to be
expected that the accumulation of experimental data in this
field of nuclear physics will make it possible to obtain new
information about the structure of the weak nucleon—nucleon
interaction.

I wish to thank V. A. Vesna for providing various mate-
rial.
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