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Abstract

Parity nonconserving effect in neutron induced nuclear reactions has been inves-
tigated in low energy (n,v) reactions for several p-wave compound resonances. Large
asymmetries with respect to the incident neutron helicity (A7 ) have been observed
in p-wave resonance cross sections for several target nuclei. Obtained results are
AL, = (98 £ 0.3)%, (2.1 £ 0.1)% and —(1.3%07)% for the targets of
139La(E, = 0.734¢V), ' Br(E, = 0.88¢V) and M Cd(E, = 4.53eV), respectively.
The phenomena are explained as very large enhancement of interference terms between
s- and p-wave amplitudes due to the statistical nature of compound states and the
difference of centrifugal potential barriers between the two amplitudes. Dependences
of resonance cross sections and their asymmetries with respect to the incident neutron
helicity on the angle of emitted y-rays have been measured, and found to be very small.
The dependence of Ay on y-ray energy has been measured for '*°La, and has been
found to be independent of y-ray energy within experimental errors. The results show
that the large values of Ay ., are due to parity mixing in the entrance channel.

The o, - k., correlation term for °La has been also measured to study parity

mixing effects in exit channels.
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§1 Introduction

The parity (P) is a discrete symmetry of a physical system under a space reflection.
The parity violation has been established to be a nature of the weak interaction since it
was introduced by Lee and Yang (*) in 1956, and it was observed experimentally by Wu
et al.®®) in 1957. In nucleon-nucleon (N-N) interactions where the strong interaction is
dominant, the parity-nonconserving (PNC) effect is very small. A possibility to observe
a PNC effect in N-N interactions was first discussed by Wilkinson® . The total
amplitude (f) consists of parity-conserving (PC) part (fpc) and PNC part (fpne),

f = fec + fpnc. (1-1)

The size of fpyc relative to that of fpe is crudely given by the ratio of PC and PNC
light-meson-exchange potentials (Vpe and Vpye) :

Vene

aNy = ~Gpm? ~2x1077

_ |fpncl
|frc|’

where G p and m, are the Fermi coupling constant and the pion mass, respectively. The

(1-2)

absolute square of f is to be observed in experiments.

If1? = |fecl® + 2Refpc fpne + | fponel
~ | fpcl® (1 4+ 2ann + aky) (1-3)

Two types of experiments were suggested. The first one is the measurement of | fpnc|®
which is pure PNC part. For example, search for violation of "absolute” selection rules
which are imposed by parity-conservation belongs to this type. The second one is the
measurement of Refpc fpe which is an interference term. The measurement of P-odd
correlation terms belongs to this type. Larger PNC effect is expected in the second-
type experiment since the PNC effect in the second-type experiment is the order of
ann ~ 1077 while that in the first-type is the order of a}; )y ~ 10714,

The longitudinal asymmetry in proton-proton scattering which is given as

ot (pp) — o~ (pp)
ot (pp) + o~ (pp)’

where o*(pp) (6~ (pp)) is the scattering cross section with incident positive- (negative -

AL(pp) = (1-4)

) helicity protons. It has been measured at several incident proton energies. The

t He discussed in the context of parity violation in the strong interaction.
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incid?;t {e;r]wrgy Arlpn)

e

[ 15 —(1.7£0.8) x 10=" |Los Alar?sc;s (4)
45 —(2.3£0.8)x 1077 SIN .
45 —(1.3£0.8) x 1077 Berkeley 2
800 (2.441.140.1) x 10~7 |Los Alamos

Table 1-1. Longitudinal asymmetry in p-p scattering.

experimental results are listed in Table 1-1. These results are consistent with theoretical
estimations.

The first successful observation of large PNC effect in nuclear process was the
measurement of left-right asymmetry of capture y-rays from unpolarized 130d targ;;t
induced by transversely polarized incident thermal neutrons from a reactor in 1964 (8),
They measured a parity violating term A., in angular distribution of the capture y-ray

intensity given as
W (8o, ) x (14 pnAycosby,, ), (1-5)

where p, and 4., are the incident neutron polarization and the angle between the
direction of the incident neutron spin and the emitted y-ray momentum. The obtained
value is A, = —(4.1£0.8)x 10~*. The large PNC effect arises from interference between
parity-favored transition (M1) and parity-unfavored transition (E1) in 'MCd(1* — 0%).
Another large PNC effect was found in the measurement of circular polarization of 7-ray
(P,) from unpolarized '4Cd nuclei®. The obtained value is P, = —(6.0 £ 1.5) x 10~%.
These types of PNC effect have been studied for a number of nuclei as listed in Table 1-
2. The existence of the large interference term implies that the initial (compound) state
or the final state of the y-ray transition is a parity mixed state. It is natural to assume
that the parity is mixed in the intial state, since the level density is much higher in the
initial state than in the final state. Therefore, a large PNC effect is expected also in the
entrance channel of the compound state. The A, and P, are related to parity mixing
in exit channel.

In 1980, very large PNC effect caused by an interference between two opposite-
parity amplitudes in the entrance channel was observed in spin rotation angle of trans-
versely polarized thermal neutrons with respect to the beam axis on propagation through
11760 (21), The obtained value is d¢/dz = (3.7+0.3) x 10~5rad/cm. The spin rotation
angle corresponds to the real part of the interference term between PC and PNC part

of the amplitude.

transition value referemce
n+p— D(17) 4+ Ay, =(06+21)x 10~7 10
Py =—(1.30 £ 0.45) x 10~® 11
BF(0~ — 1) Py = —(0.5+20) x 10~3 12
BR1T -1 Ay=—(18 £9) x 10-3 13
SH(E — ) Py = (2.0 0.4) x 10-% 14
Mcd(1t — 0t) Ay=—(4.0£0.8) x 10~4 8
Py=—(6+1.5)x10"* 9
H8Gn(1+ — 0t) Ay =(4.4%£0.6)x 10~* 15
Py =(85+1.5)x 104 16
W Lu(3™ - 17) P, =(5.5+20) x 10-5 17
18017 £(8 — 6) Py=—(2.4%£0.3)x 1073 18
Ay=—-(1.74£0.2)x 103 19
T3 3% | P = —(52405)x 10-¢ 20

Table. 1-2. PNC effects in nuclear y-ray transitions.

Another important observable which arises from the imaginary part of the interfer-

ence term is the longitudinal asymmetry (AL) of a compound resonance cross section.

The Ay is given as

+ =
g =t
AL= res rcs‘ (1 "6)

TFes + Oras
where o, (0r,,) is the resonance cross section for a radiative capture reaction with
incident positive- (negative-) helicity neutrons. We discuss the case of radiative capture
reactions induced by epithermal neutrons. The total cross section o4, consists of po-
tential scattering cross section (o,.) and the radiative capture cross section (0.,p). The
value of o, is almost constant against E,, while that of Ocap Varies with E,. The Ocap
consists of a number of compound resonances well separated from each other. Most
of them are s-wave resonances, and small p-wave resonances are also observed. When
we look at vicinity of a resonance, we can observe a component which changes glowly
with E,, in addition to the component of the resonance. The slowly varying component
is the sum of the contributions of tails of other resonances. The cross section for the
narrow compound resonance is referred to as resonance cross section (o,.,), and that
of the slowly changing component as continuum cross section (0con). Very large Ap’s
have been observed only in p-wave resonances. The phenomena can be explained by an
interference between amplitudes of the p-wave resonance and the tail of a neighboring
s-wave resonance (s-p mixing) (2), The interference term between two opposite-parity
amplitudes has a possibility of large contribution in low energy neutron capture reac-

tion cross section, since nucleons in the compound nucleus have much longer time to
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rocesses. The small pPNC effect

interact with each other than in the case of direct p :
uring the long life time of the

of N-N interaction may be accumulated or cancelled d

i i er
ompound state. In this case, it tends to be accumulated as discussed in §6. Anoth
P proposed in which the large

s of p- and d-wave resonances

theoretical approach based on an S-matrix formalism is
PNC effect arises from an interference between amplitude
(p-d mixing) (2334, |

The large PNC effect in neutron-nucleus (n-A) interaction introduces a new possi-
bility for testing the time-reversal-invariance CTRI) \>=24,

The CP violation was observed in the decay of neutral K mesons by Christenson
ot al.(3) in 1964, but the origin of CP violation still remains unknown. If the C?T
theorem(®") is true, it implies that TRI is broken. Direct measurement of T-violating
effect is very important to study the origin of CP-violation, since the theoretical pre-
diction of T-violating effect in an observable is model dependent because of lack of the
knowledge about the origin of CP-violation (32). No finite T-violating effect has !Jea:-n ob-
served so far in spite of a number of intensive efforts. The experimental upper limits f?r
T-odd amplitudes relative to T-even amplitudes are ~ 10~2 for strong, electromagnetic
and weak interactions. The difficulty of the experiments on the TRI test is due to the
anti-unitarity of T-operator (**), Even if the interaction is TRI, T-odd correlation term
may exist because of the effect of final state interaction (FSI). We must evaluate the
FSI effect and subtract it from the observed T-odd correlation term. The measurement
of T-odd correlation term in nuclear S-decay is a good example to see the problem of
FSI effects. The T-odd correlation term D3 pexPu/(EeEy)in 19Ne =12 Pget +v
was measured () where 3, fie, Py E. and E, are unit vectors parallel to the nuclear
spin of ¥ Ne, momenta of the emitted positron and the neutrino, kinetic energies c:f
the positron and the neutrino, respectively. The obtained result is D=(4£8)x107%
while the contribution of FSI (Dpsy) is ~ 2.6 X 10~ *pe/(Pe)mazy Where (Pe)maz is the
maximum value of p. (3). The experimental sensitivity to T-violation is limited to a
few times 10~ by the value of the contribution of the FSI effect. The FSI effect appears
in all decay or reaction processes. But it does not exist when the system is static, or the
process is elastic scattering where momenta of incoming and outgoing particles are the
same. In such cases, there is no contribution of FSI effect to a T-odd correlation term,
and a non-zero value of T-odd correlation is equivalent to the existence of T-violation.

This feature is suitable for the measurement of small T-violation effects.

A non-zero value of an electric-dipole-moment (EDM) of a fermion violates TRI

and it is an observable in a static system. The measurement of the EDM of neutron

4

(d,) has provided the most reliable upper limit for TRI. Recent improvement of tech-
niques to storage ultra-cold-neutrons in a bottle has greatly reduced the systematic
error due to the Larmor precession about an effective magnetic field induced by Lorentz
transformation from the electric field which is applied to detect the EDM. The upper
limits dy = (0.6 % 0.6) x 10~*°¢ - em and d, = —(1.4 £ 0.6) X 10™*%¢ - em have been
obtained at ILL(®®) and Leningrad®"), respectively T, These results give upper limit
of the order of 10~ (32) for the strength of T-odd interaction relative to that of T-even

interaction (gr).

All the TRI tests give upper limit for g7 as the order of 10~? in the strong, weak,
and electromagnetic interactions (38,

In neutron transmission experiments through matter, kinds and momenta of in-
coming and outgoing particles are the same, and no FSI effect is contained in T-odd
correlation terms. In most of these cases, we can test TRI only in the strong interaction
since the strong interaction is dominant in n-A interaction. But a sizable contribution of
the weak interaction is contained in the vicinity of p-wave resonances where large PNC
effects are observed. Therefore, if we observe T-odd correlation terms in the vicinity
of such p-wave resonances, we can study T-violating effect in the weak interaction free
from FSIL

It is very important to study the reaction mechanism of p-wave resonances which

show large PNC effects, in order to find the most suitable nucleus and the most efficient

method for TRI experiment.

There have been two types of experiments for the measurement of A;. One of
them is the measurement of helicity dependence of neutron beam attenuation in which
the number of neutron is counted on the beam line behind the target. This method is
referred to as neutron transmission method hereafter. The total cross section (o) is
measured in the neutron transmission method. The other one is the measurement of
helicity dependence of the cross section of neutron radiative capture reaction. Capture
y-rays are measured in this method which is referred to as y-ray detection method
hereafter. The y-ray detection method is more efficient than the neutron transmission
method for the measurement of Ay, since the y-ray detection method is insensitive to

very large potential scattering cross section which shows no large PNC effect.

! The latter one is interpreted as an upper limit of |d,| < 2.6 x 10~%*%e-cm at a 95%
confidence level.



The y-ray detection method has further merit. In the neu tron-transmission method,
the capture cross section consists of only two terms, that is, a spin independent term
and a helicity dependent term (o, - ky) where o, and k, are unit vectors parallel to
neutron spin and neutron momentum, respectively. In the y-ray detection method,
the differential capture cross section (0.p(f,)) has more correlation terms (39) which
depend on the neutron spin, the polar angle of the y-ray momentum with respect to the
beam axis (6,) and the helicity of the y-ray. Each correlation term is an interference
term between two amplitudes. A different amplitude arises from a different reaction
mechanism. Therefore, the measurement of such terms enables us to understand the
reaction mechanism which is responsible for the large PNC effect.

The Ay for the p-wave resonance of 9La target at E, = 0.734¢V had been
measured by Dubnali®#) and Kyoto-KEK(*?) groups. The Dubna group obtained
Ap = (7.3 £ 0.5)% using neutron-transmission method, while Kyoto-KEK group ob-
tained Az, = (9.5 % 0.3)% using y-ray detection method f. general, the A, in y-ray
detection method (Ay ) is not equivalent to the Ay in neutron-transmission method
(AL .n) because of the correlation terms which depend on #,. The Ay . is equivalent
to Az, only when the y-rays are detected in whole solid angle. Vanhoy et al.(*%) sug-
gested a possibility that the contribution of polarization and angular correlation terms,
especially 2nd order Legendre term (cos® 8., — 1/3), explains the inconsistency between
those two values, since the Az , had been measured for incomplete solid angle around
6., = 90°. The determination of such correlation terms is very important to solve this

discrepancy,

In this work, we have carried out a precise measurement of polarization and angular
correlations in (7, 7) reactions with improved equipment to investigate the PNC effect in
n-A interactions. The Ay ,'s have been measured in p-wave resonances for the targets
of ' Br(E, = 0.88¢V), ®Nb(E, = 35.9¢V, E, = 42.3¢V), 18Pd(E, = 2.96eV),
MCd(E, = 4.53¢V), Y4 8n(E,, = 62.0¢V) and '**La(E, = 0.734¢V). The experiment
has been carried out using a longitudinally polarized epithermal neutron beam from the
spallation neutron source at KEK. All the correlation coefficients have been determined
for '3 La and ® Br targets by measuring the angular distribution of the resonance cross

section for unpolarized incident neutrons (0f7°!(4.)) and the 8., dependence of the

i Recently, Los Alamos group obtained the value of the A; which confirmed Kyoto-
KEK group’s result(43),

‘®

longitudinal asymmetry (ag ~(8,)).

The Ar,, for the target of *? La has been measured as a function of y-ray energy. If
the Ay - is independent of y-ray energy, only the parity mixing in the entrance channel
is responsible for the large value of Ay ..

The parity-violating angular distribution of 7y-rays with respect to the spin direc-
tion of incident neutrons which corresponds to the oy - k. correlation term has been
measured where 17:., is the unit vector parallel to y-ray momentum. T he compound state
is longitudinally polarized due to helicity dependence of the capture cross section. We

write the angular distribution of y-rays as
W(68,) x (1 + paAL)(1 + ppa, cosb,), (1-7)

where the a, is the asymmetry of y-ray intensity with respect to the polarization of the
compound state (forward-backward asymmetry). The a., contains information of parity
mixing in the exit channel,

Dependence of Az, on E, has also been studied by using cold targets in order to

reduce a Doppler broadening which smears out the structure of Ay ..

The formalism of correlation terms in (7, ) reaction is given in §2. The exper-
imental arrangement and characteristics of the counters are described in §3 and §4.
The method of data analysis and experimental results are discussed in §5. Theoretical
interpretation based on s-p mixing in first order perturbation is discussed in §6 and
§7. In §8, we will give an overview of further study of PNC effects. We also point out
a feasibility of TRI experiment to measure the P-odd T-odd triple vector correlation
term (o - (Ix ky)) in total scattering amplitude by using neutron transmission method,

where I is the unit vector parallel to target nuclear spin (45),



§2  Polarization and Angular Correlations in (i7,7) Reaction

In this secti izati
his section, the polarization and angular correlations in (77, 7) reaction cross
. - ’
section are discussed based on s-p mixing 3% (Appendix A)
T! . - . . - i '
ie differential cross section of radiative capture reaction induced by polarized

Reutrons (Geqp(oy, ky, 0., k,)) is given as

& 1

Toq (ﬂ",l-(", : = — » " - -
p o, k) 2 (ao +ar k; ko + azo, (ky x k,) + ﬂ.’s((fcn 'ETJQ - 1)
3

+ﬂ-l(kn B R-,)(an + (Rn
+ﬂs(0’.,, . f(..,)((yn F R“)
1 A

taz (o, - R‘r)((an » 12,,)(12., 2 f‘n) s 5—0',, “ku)

+ag(a., 1 f"}')((an Y Rn)(ﬁn : R";J = %an E r(-p)

+a9°'n A R-y + oy, - ]T(n

X };7)) - 05(01 ; r“r)(”u J R'r)

‘HIII((‘T:: 2 R"}')(E‘r s En) = :‘i‘on ;

1 S

ian k)

+ﬂ‘130’~, s k-, + 014(0'-,, ¥ E?)(En = }27) i 015(01 - }2.,,)0’;1 g (R X R )
n i

- pit a 1

ta16(ay - ko )((ky - ky)? — 7)

+QIT(0’1 . E'TJ(];SI 5 ]2.,)(.9'“ J (ﬁu X };1)))!

- o

ll)

+ara((oy, - Rn)(r(n . ];"r) -

b 3 - rite

u - ky = p,, l‘&n -R.,:cos&.,‘ (2_2)
ere pn is the polarization of incident neutrons and 6., is the polar angle of t} i
1€ emitted

-ray '
Y momentum with respect to the beam axis. Then we obtain

1

Ocap(l,) = 5 (ao + a; cos b, + az(cos? g, —

1
5)

2
+ P (am + (ag + §a;g)cos b, + ay(cos® 0., — —-))).

The ag consists of s- and p-wave cross sections (ag = ags + agp). The differential cross

section of a p-wave resonance (0res(fy)) in the vicinity of the p-wave resonance is

1
Ores(f) o 1 + Ay cosb., + As(cos® 8., — 5)

2 - 1
+ Pa (Aw + (Ao + 5:4;3)::058., + Ayp(cos® 8., — i))'
(2-4)

where A; = a;/ag, . 1f the v-rays are detected for the whole solid angle, the resonance

cross section (o,.,) is given as

Opes = /dﬂ.,ar“(f?-,) oL Alopn- (2 = 5)
In this case, only A;o term remains, which is equivalent to the longitudinal asymmetry
measured in neutron-transmission method (Ar ). But if y-rays are detected only for

some angle, the o,., depends on other correlation terms. The longitudinal asymmetry

in the y-ray detection method at the angle of 8., is given as

dn )= (res(8,))"=+ = (Gres(8s))P="1
L) = BT T (@reaBy)) P

2 M 1
Ao+ (Ag + -,i.fllg)cos 6, + Aj1(cos” 6., — §')
= i (2-6)

1
1+ Aj cos b, + Ag(cos® 0., — -3-)

This quantity depends on 6., and is not equivalent to the Ay , which is given as

- (o'rea)h=+1 = (a"’)p.:—l

B — — (2-17)
& (ares)p._+l -+ (Uru)p'_

There are two ways to determine the Ao term in (77, ) reactions. One is to measure
ar ~(64) in the whole solid angle. The other is to measure ar, ,(6,) at two 6.,'s which

satisfy cos? 6, — 1/3 = 0. From Eq. (2-3), the resonance cross sections are given as

2
Gr“(@-ro) x 1+ Ajcos 9—70 + Pn (Am + (Ag i 'é'Au) cos 9.,0)
(2-8)

]

2
Ores(® — 040) x 1 — Aj cosbrg + py (-‘hu —(Ag + 33—-412) cos 9-;0)

I The A;’s are defined as A; = a;/ap in Re[.39.
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for 6.0 = 54.7°, that is, cos® 6.0 — 1/3 = 0. The A;q term is obtained as

" <0res>P'=+‘ D (ares)p'=ﬂl

g (aru)p'=+1 F (arcs)h="l ]

Ao (2-9)

where (0,.,) is

(Tres) = Ores(0y0) + Ores(® — O0) = 1+ Aropn. (2-10)

The symbol Ay, ., is used to represent a longitudinal asymmetry measured under those
conditions hereafter,

For determination of A;’s, we must measure not only the az -(6,) at various 8.’s
but also the 8., dependence of the denominator of Eq. (2-6). The differential cross section
of a resonance for unpolarized incident neutrons (aU1°(6,)) is obtained substituting
Pn = 0in Eq. (2-4) as

o 1
Ores”!(By) o 1+ Ay cosy + Ag(cos? b — 5)' (2-11)

Values of A;’s can be determined combining the experimental results of ar,~(0~) and
f’ye':po‘(o*r)-

The forward-backward asymmetry (a,) defined in Eq.(1-7) is discussed below. If
we define the app as

2
E. —oB -49+:412-3'

res
aFB = —p———p5— = Pn€os b, -
ares + UTES

= (2-12)
1+ As(cos® 0, — §)

where
( U:;’ = (af¢3(91))p“=+l : (area(’r - E‘r))p‘::_l

1 2
o 1+ Az(cos® 8, — 5) + (Ag + §A12 )P cos 0.,

{ gg" = (O’,.“(x' = 9":))?.:4‘1 i (Urn(e“r))?.=-l

(2-13)

1 2
ox 1+ Ajz(cos? ., — 5) — (Ag + -:;An)p,, cosfl,,

it is approximately equivalent to a, if Az ,ay < 1. If the detection system is insensitive
to Ay term or the A3 term is negligible, the app is almost equivalent to Ag. Therefore,
the a, is almost equivalent to Ag, since the Aj2 is negligibly small compared with Ag
(see Appendix A).

The ag has a dispersive E, dependence (see §7), and so does the
&5 = . *(Ores/0cap) as shown in Fig. 2-1. Therefore, a, must be calculated in left-
or right-half side of the resonance. We use a., . and @4,> to represent the a, calcu-

lated in left- and right-hand side of the resonance, respectively. The @y <, Gy and

10

a~ <> are calculated in the regions of Eg —I' < E, < Ey, Eg < E; < Eg+ T and
Ey—T < E, < Eg+ T, respectively, where the Ep is the resonance energy and the I' is

the resonance width. We define the difference of a, « and a5 as

m IR
(0,) = —LE 02, 2. (2 - 14)

§3 Neutron Beam

In this section, we describe the method to obtain a longitudinally polarized epither-

mal neutron beam.

§3-1 Spallation Neutron Source

The experiment has been carried out at the Polarized-Epithermal-Neutron (PEN)
beam line of KEK-Neutron-Source (KENS). A pulsed 500M eV proton beam from the
booster synchrotron at KEK was used to bombard a uranium target block for producing
neutrons by spallation reactions (46), The repetition rate of the primary proton beam
is 20H z. The intensity of the proton beam is (5 ~ 15) x 10" per bunch. Neutrons
are moderated in a polyethylene block which is placed next to the uranium target
(see Fig. 3-1-1). The uranium target and the moderator are shielded by a 4m thick
biological shield made of iron and concrete, The size of the neutron bheam was defined
by a collimator embedded in the shield.

The neutron energy was determined by the time-of-flight (TOF) method using a
multi-channel-scaler (MCS: CANBERRA-7880 and an equivalent CAMAC module). A
sweep of the MCS was started by a pulse of the primary proton beam, and 7-ray pulses
and neutron pulses were histogramed against the time difference from the starting of the
sweep. Accuracy of neutron energy determination is limited by the length of primary
proton beam bunch and the size of the moderator.

Fig. 3-1-2 shows a typical time structure of the induced current in a current trans-
former installed in the beam duct which transports the primary proton beam. The
beam size is 40nsec in FWHM which corresponds to 0.00017¢V for 12V neutrons when
the flight pass length is 6.6m.

The dimension of the moderator is 10.0em" x 10.0em” x 5.0em”. The moderator’s
thickness of the beam line PEN is about 5.2¢m which causes an energy spread of 0.009¢V
in standard deviation for 1eV neutrons.

The neutron intensity was measured using a 1° B loaded liquid scintillator (NE311A)

placed at 9.4m from the neutron source. A typical intensity versus neutron energy is

11



shown in Fig. 3-1-3. The number of incident neutrons was monitored by counting
capture y-rays from an annular indium foil placed at 4.5m from the neutron source on

the beam axis (47,

§3-2 Neutron Polarizer

Incident neutrons were transversely polarized upon transmission through a dynam-
ically polarized proton filter which was installed at 5.2m from the neutron source. A
typical neutron polarization was approximately 70% for E, ~ leV. The neutron spin
was rotated from transverse to longitudinal direction gradually following an adiabatic
passage. The magnetic field was designed to rotate the neutron spin parallel and an-
tiparallel to the beam axis (positive- and negative-helicity). The helicity of neutron was
reversed every 2.5 or 4 sec.

A dynamically polarized proton filter (#*=53) was used to obtain the neutron polar-
ization (Appendix B). The neutron polarization was obtained from the spin dependence
of p— n cross section (*°=52). The numbers of spin-up and spin-down neutrons after
transmission are given as

rin n
Ni = —-exp (=5 ((1+ pp)ogh + (1 = pp)afa)t),
i iR pg (3-2-1)
ey e‘.\]l(-——z—((l i pp)o';f‘ +i2 +pP)U;1£)t)s

respectively, where n, is the number density of protons, ¢ is the thickness of the filter, p
" . * . , p
is the proton polarization, ¢l (o]}) is the total cross section for parallel (anti-parallel)

. "n . . .

spin, and N;" is the number of incident neutrons. The neutron polarization p, is given
n

as

PR S
o NIT NI ant(—2—ppAaP,,!), (3-2-2)
where
Agpn =0l —oll. (3—2-3)
The number of neutrons transmitted through polarized filter (NPel) ig
n
NFP'= N} 4+ N}
= IRTRR o f 0 »
N exp( npap,,t) cosh(—é-"-p,,Aa-p,,t), (3-2-4)
where
o oMol
pn 3 (3—2-5)

The number of neutrons transmitted through unpolarized filter (NYn#pel) is

NUmpel — in exp (—npog,t)- (3—2-6)

The neutron transmittance of polarized filter (T, Pol) relative to that of unpolarized filter

(T3 5r) 18
TPoz‘ N.,fd
n

np
TUﬂpol = A‘,rUnpol' —= COSh(_Q_ppAUPﬂt) (3 —-2- 7)
n mn
Combining Eq. (3-2-2) and (3-2-7), the neutron polarization p, is given as
TUnpoI 2
Pn = 1—(——;501 ) ; (3-2-8)

This formula is based on the incoherence of scattering. It is not valid for very slow
neutrons since their wave length is longer than the distance between nuclei in the filter.
The validity of this formula was confirmed within the accuracy of 3% relative to the
neutron polarization for B, > 200meV (53,48) which covers the region of our interest.

The layout of the polarized proton filter is shown in Fig. 3-2-1. Superconducting
coils and a 3 He cryostat were installed in the same liquid-helium container. The mag-
netic flux density at the center of the filter was 2.57 with homogeneity of 0.5 x 1074
in a volume of 3cm diameter and 4cm height. The coils were designed to be asym-
metric with respect to the medium plane so that no zero crossing point of magnetic
field exists along the neutron-beam path. Therefore, the neutron spin is held in the
same direction with respect to the field direction during passage. The * He cryostat was
a continuous-flow type and was installed at the center of the liquid helium container.
The 3He gas was pumped out by a Roots pump system (Alcatel RS'V2000 4+ RSV350
+ 2060H). The temperature of liquid 3He was less than 0.5K. The polarized proton
filter was placed in a copper box as shown in Fig. 3-2-2. The filter consisted of 5 layers
of plates (3.3 x 2.4 x 0.2cm?) with spacing of 0.2cm. This box was cooled by liquid
3 e from outside through heat exchanging copper fins which were attached from inside
and outside of the box. The box was filled with * He superfluid liquid which worked
as a heat exchanger between the box and the filter layers. The neutron beam passed
through these plates in their normal direction. Neutron absorption by the 3He gas in
the neutron flight path was negligible since the 3 e gas pressure was less than 0.16Torr
and the length of the flight path was 4cm.

Microwave of 7T0GH z was supplied to the filter through the wave guide. The mi-
crowave was obtained by using a klystron (OKI-KA701A). The microwave power was
estimated to be about 35mW at the filter.
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: : i i about the magnetic field ' given as
The filter material was cooked in chemical reaction. The 50cm?® ethylene-glycol In this icase, neutron spins precess EnEL) GIVEnan
was kept at the temperature of 70°C. Powder of potassium dichromate (K3Cr,0+) of = T
. " . 3 = rots
22g was added to it, and the mixture was stirred for 12min at 70°C. Complexes of

CrY were produced in the reaction. The Cr¥ was used as free radicals for the dynamic

(=0 = 19)

where H,,, is a field perpendicular to . The absolute value of H, . is given as

polarization. The optimum density of Cr" was approximately one per 200 hydrogens. .
The proton polarization of about 90% was obtained at 0.5K". The neutron transmittance Hyot = E—H (3-2-13)
Tn

of the polarizer was measured by the liquid scintillator. A typical neutron polarization
Here we define n as

is shown in Fig. 3-2-3.

An NMR-coil was embedded in the filter material. The proton polarization in tany = = - H_H =2~ 14
the filter was measured by the NMR system every minute. The fluctuation of the - i
polarization was within a few percent for a few weeks, ‘ (08 B 0 b W b € LY B s o g B e e B+ gAY

as shown in Fig. 3-2-4.
The adiabatic condition is

The transversely polarized neutrons pass through an inhomogeneous magnetic field 8

which is superposition of fringing field of superconducting coils and longitudinal field Lok Ly 5% Rk Sk

of the 150G solenoid placed downstream the polarizer. The depolarization due to the
The neutron polarization at the target point was calculated by a numerical simulation

inhomogeneous magnetic field is discussed below.
based on the Larmor precession of the classical magnetic moment. As a result, the

We write the polar angle of magnetic field J with g
: respect to the beam axis as 6.

The 0y is given as depolarization due to the rotation of the magnetic field is calculated to be less than 1%
tatid H for E, < 10eV. (see Table 3-2-1)
anfy = }—{-/7 (3-2-9)

. - ) E.[eV] |positive helicity |negative helicity

where H | (H ) is perpendicular (parallel) component of (H) with respect to the beam 1 0.908 0.996

axis. If neu_t-rons do not move in the magnetic field, their spins precess about the . 3'990 s

direction of H with a Larmor frequency j 100 995 0.989

Table 3-2-1. The results of numerical simulation of neutron polarization at the
= N 2
Wn =y H) + HY, (3-2-10) target divided by the original polarization (p,). Small depolarizations are due
: = : : to the rotation of the magnetic field direction.
where 7y, is the gyromagnetic ratio of neutron. In this experiment, neutrons move along L

the beam axis. We denote the direction of neutron propagation as z-axis. On the

rest fram _ ' e R : i
e ; of ;wutrons whose velocity is vy, the magnetic field rotates with the angular §4 Experimental Procedure
velocity @y which is given as
In this section, the experimental procedures are described.
déy;
Oy = —=
S &
oOH aH
Ty il
= S Un
HE + HY L (3~-2-11)
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nucleus |[material [thickness areal density target

b [em] [x10*?nuclei/cm?] |temperature
Br CBry 3.0 2.9 room temp.
- CBry 5.0 5.2 room temp.
WN& metal 2.5 13.9 room temp.
mgd metal 0.7 1.8 room temp.
& d metal 1.15 0.68 room temp.
Sn metal 3.0 0.17 room temp.

R 77 metal 1.0 2.7 35K

metal [ 0.3 0.8 9K

Table 4-1-1. List of target materials. The areal densities of relevant isotopes
are shown,

§4-1 Measurement of Longitudinal Asymmetry

In this section, we describe the experimental procedure of the measurement of the
longitudinal asymmetry (A L,y) with low y-ray energy threshold in p-wave resonances for
the targets of 8 By, 9Np, 108 pg 1110y 1249, ang 1397, Experimental arrangement
and y-ray counters are shown in Fig. 4-1-1 and Fig. 4-1-2 (47) respectively. Target disks
of 2.5¢m in diameter were placed at 6.6m from the neutron source in a 506G solenoid

which holds the neutron spin direction, and were bombarded by longitudinally polarized
neutrons. The targets with natural abundance w
listed in Table 4-1-1,

ere used. Experimental conditions are

The lanthanum targets were cooled down to 35K using a helium refrigerator, and to

9K using a liquid helium cryostat, to reduce the Doppler broadening of the resonances

t0 0.008¢V and 0.004¢V, respectively. The energy spread due to Doppler broadening in

room temperature is 0.023eV which is wider than the half width of the p-wave resonance

139
of **La target at E, = 0.734eV. Other targets were used in room temperature since

the Doppler-broadenings are small enough compared with resonance widths.
The BaF, crystal was used as a 7-ray detector®¥). The BaF, crystal has v
attractive properties. Its radiation length is short (X, :
(p = 4.88¢/cm®). The light output of the cry
with NalI(Tl). The BaF,
length. The decay

arious
= 2.1em) and its density is high
stal amounts to ~ 1 /5 of that obtained
crystal has twolight emission peaks at 220 and 310nm in wave
constants for the two components are 0.6 and 620ns, respectivel

Hamamatsu R329QTE photomultiplier with CsTe photocathode was u 4

sed to detect only
the fast component of the £y

scintillation light with good timing characteristics. A quartz-

glass plate was used as a window for R329QTE so as to transmit the fast component
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of the light which is in the ultra violet region. The energy threshold was set at about
1MeV. The energy resolution was about 20% at E, ~ 1MeV.

Three v-ray counters were arranged to detect y-rays at 6., = 55.5°, 90° and 124.5°,
where g., is the averaged value of #., weighted by the absorption probability of y-rays
in BaF, crystals. In total, solid angle of 8, = 30° ~ 150° and ¢, = 0° ~ 360° which
is 85% of whole solid angle was covered. The thickness of the crystal in y-ray emission
direction was more than 6em.

A cylinder made of sintered B4C was inserted inside the solenoid to absorb scattered
neutrons from the target so that the scattered neutron does not produce capture y-rays
outside the target. The beam was collimated to a circle of 1.8¢cm in diameter. The
scintillator and PMT sets were magnetically shielded. They were covered with lead
and boric acid resin of 5em thick to reduce room background «-rays and neutrons,
respectively. The B4C filled the space between the counter box and the lead. The
counter box was made of iron to shield the PMT’s from external magnetic fields. A 2em
thick B4C covered the surface of the counter box to absorb neutrons coming from the

neutron source and other beam lines.

§4-2 Measurement of the Angular Distribution

The experimental procedure of the measurement of angular distribution of y-rays
from resonance for unpolarized incident neutrons (oU1P%/(4.)) is discussed in this sec-
tion.

The experimental arrangement is shown in Fig. 4-2-1. Unpolarized neutrons were
obtained by removing the neutron polarizer from the beam line. The beam size was
1.8¢m in diameter.

The oU%7°!(4.,) was measured for p-wave resonances for the targets of '**La and
81 Br and for an s-wave resonance of the target of 197 Ag. All the elements in the targets
had natural abundance. The lanthanum target was a metal column of 2.5¢m in diameter
and 3.0cm in height. Carbon tetrabromide of the same size was used as the bromine
target. The silver target was a thin self-supported foil of 50pum thick. The silver target
was used to check the detection system since the s-wave resonance of the target of 197 Ag
at E, = 16.30eV has a zero total angular momentum and must have a uniform angular
distribution.

A bismuth germanate (Bi3Ge3012:BGO) crystal of 5ema x 5em was used to detect
v-rays from the target with high detection efficiency. Its radiation length is very short
(Xo = l.1em) and its density is very high (p = 7.1g/cm3). The detection efficiency

17



is more important than the timing characteristics since the solid angle covered by the
crystal is small and the y-ray counting rate is low. The BGO crystal has a light emission
peak at 480nm in wave length and its decay constant is 300ns. The scintillation light
was detected by Hamamatsu H1161 photomultipliers. The detector set was magnetically
shielded by iron. The 5em thick lead shield was used to reduce the y-ray background.
The thickness of B,C for neutron shield was more than 2em. The energy threshold was
set to 1MeV. The y-ray intensity was measured at 8., = 35°, 50°, 70°, 90°, 110°, 130°

and 145°, The angular acceptance was +£4° in standard deviation.

§4-3 Measurement of I, Dependence of Longitudinal Asymmetry

The longitudinal asymmetry for the target of '3 La was measured as a function of
E. thresy where E. (jres is the threshold of y-ray energy 1. The schematic view of the
BGO counter is shown in Fig. 4-3-1. The target disk of 2.3¢m in diameter and 3.0cm in
thickness was placed at 6.75m from the neutron source in a 50G solenoid which holds
the neutron spin to longitudinal direction. The target was put in room temperature.
The beam was collimated to a circle of 2.0em in diameter.

The v-ray counter was designed for observation of the p-wave resonance of the
target of 19 La with a better absorption efficiency and a better energy resolution than
the BaF; counter described in §4-1. Bismuth germanate (BGO) crystal was used in this
measurement to provide better absorption efficiency for y-rays compared with BaF,
crystals of the same dimension. The dimension of the whole counter is important to
obtain better y-ray counting efficiency for true signal than that for room background,
since the counting rate for room background is proportional to the dimension of the
counter. The thickness of BGO crystal in the y-ray emission direction was more than
Gem.

A typical pulse height spectrum for y-rays from *2C*(4.43MeV) of Am/Be radioac-
tive source obtained using this counter is shown in Fig. 4-3-2. The energy resolution
for 4.43-MeV q-rays was 13%. The pulse height spectrum for y-rays from La(n,v)
(En = 0.46 ~ 1.4¢V') obtained using the same counter is shown in Fig. 4-3-3. Bumps
are observed around 4.3 and 5MeV. The arrows in the figure indicate the energies
where single y-ray transitions are expected. The expected single 7-ray transitions are
listed in Table 4-3-1%5:%6) The E. jpres's were set to 1.1 +0.1, 3.2 + 0.2,4.2+0.2 and

I The E. thres is defined as the output pulse height of PMT which is not equivalent
to y-ray energy (E,) because of the contribution of compton scattering, single escape

and double escape peaks.
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E, spin/parity
[MeV] of final state
5.101 £ 0.005 4=
4.845 + 0.005 5~
4.416 + 0.005 4,57
4.390 + 0.005 4,5™

Table 4-3-1 The list of spin/parity of final state of relatively intense y-ray
transitions of 13% La(n, 7)14°La reported in Ref.55,56. The spin/parity of the

ground state of '%La is J™ = 37.

4.8+ 0.3 [MeV] T.
Two 7-ray counters were arranged to detect the y-rays for 8, = 20° ~ 70°,¢, =

0° ~ 360° and 110° ~ 160°, ¢., = 0° ~ 360°. In total, about 60% of whole solid angle is
covered. A cylinder of 0.8cm thick made of sintered B;C' was inserted inside the solenoid
to absorb scattered neutrons from the target. The PMT’s were magnetically shielded
by iron boxes. Lead walls of 5¢m thick covered the iron boxes to reduce background
~-rays coming from outside. B4C walls of 2¢m thick covered the lead walls to absorb
background neutrons coming from outside.

The sensitivity of the counter for the term of cos® 6, — 1/3 is important for the

determination of the value of A using Eq. (2-9). It was calculated as

/ e~ 4N /2860 (cos? § — }.)dg
Do 2 (4-3-1)

e~ {0 /Asco 4O
ges

The Qge¢ is the solid angle covered by scintillators. The £() is the length of BGO crystal
for the direction of 2. The Apgo is the mean free path of y-rays in BGO crystal. The
sensitivity depends on y-ray energy since the Apgo depends on y-ray energy. The value
of (4-3-1) was calculated by averaging in the region of y-ray energy of ~ 1 to ~ 5MeV.
Finally, the value of (4-3-1) is calculated to be 0.04.

§5 Data Analysis and Results
In this section, the method of data analysis and the experimental results are de-

scribed.

t The Q-value of ¥¥°La +n —° La is 5.2MeV.
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§5-1 Longitudinal Asymmetry
The longitudinal asymmetries (A7 ) and their 6., dependences (ar~(64), Eq. (2-6))

have been measured with low y-ray energy thresholds using the y-ray counter described
in §4-1. The ~-rays consisted of three components which have different origins. One
of them was the 4-ray coming from the resonance cross section (oyes). The second one
was the y-ray coming from the continuum cross section (0con). There were also y-rays
which did not come from the target. The component of y-rays coming from the ov.s was
obtained after subtracting the contribution of 0., and that of room background v-rays.
The contribution of o,,, has been evaluated by least y* fitting with a linear function
of 1/v, T where vy, is the velocity of incident neutron. The 7-ray counting rates are
plotted in Fig. 5-1-1 for the targets of lanthanum, carbon tetrabromide, cadmium, tin
niobium and palladium. In the case of cadmium target, the o.,n has a nonlinear 1/1.:.:
dependence because a large s-wave resonance of the target of 1'*Cd exists close to the
plotted region (at E, = 0.178¢V). A 3rd order polynomial of 1/v, has been used for
the evaluation of o,,, since it is the lowest order polynomial to reproduce the shape of
O
We write the vy-ray counting rates of whole BaF, counters after subtracting the
component of room background v-rays for incident positive- (negative-) helicity neutrons
as n¥ (n7). The nf consists of the contribution of ¢,,, and that of & ']E‘h iy
plotted in Fig. 5-1-2 where e
LA ey (5-1-1
ny +n, )
The ¢§°t’s devi h i
G
cant deviation has been found at p-wave resonances M e, etpen iy
s 2 of the targets of ¥ Nb(E, = 35.9¢V),
Nb(E, = 42.3¢V), 18 Pd(E, = 2.96eV) and *Sn(E, = 62.0eV),
We write the component of y-ray counting rates of whole BaF, counters which

come from o,,, for incident positive- (negative-) helicity neutrons as n™+ (n-=). The
nl* can be written as g i

nlt = COnt(1+ paAfS),
(5-1-2)

= gt -
ny” = CQy~(1 - paafs).

The Ci Z T i
is a common constant to n.?*. The Q is the geometrical acceptance of the counter

Tl!(’ pﬂ iS L}le illcident nc‘llt. 0 llz 1 [ T 1,"
. n Ola [ i i

i- .
The capture cross section obeys the 1/v, rule at zero-energy limit if no large res
nance exists. . 3
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from the "true” Ay 4 due to the multiple scattering effect discussed in the latter part of

this section. The n* and 7~ are the counter efficiencies. The superscripts & represent

the magnetic field direction of the solenoid. A small difference of photomultiplier gain

(< 10~?) was found for two magnetic field directions.
The small difference between nt and = was cancelled by the following proce-

dure. The proton polarization can be reversed by changing the microwave frequency in
the same magnetic field (Appendix B). We write the counting rate of y-rays with the
»reversed-polarizer” for incident positive- (negative-) helicity neutrons as Chogll § g B
The relation between neutron helicity and magnetic field is reversed in the measure-

ment with the "reversed- olarizer”. The f’E are given as
p v

art = COn~ (14 PaALS),
{ 5 1~ (1+ PnALy) (5-1-3)

ar= = COn*(1 - PALR):

The Py, is the incident neutron polarization with the” reversed-polarizer”. Here we write

ny and ng as

ny =nltalt
{ S e (5-1-4)
ny = ﬂ;_ﬁ’:r“.
If we define €z, ~ as,
ny —n
L (5-1-5)

€ =
Ly n; + ng 3

the 7% are cancelled in the €7 . The longitudinal asymmetry can be written using €r, ~

as
AVC €Ly 1

L™ (pn) Sk
1+ n\ 1+ ((Pn)) PaPn

(5-1-16)

i

where (pa) = (Pn + Pn)/2-
The longitudinal asymmetry obtained by Eq. (5-1-6) contains a multiple scattering

offect which comes from the finite thickness of the target. Some of incident neutrons

change their helicity states by elastic scattering, since the neutron momentum is changed
7. The neutron helicity is

lastic scattering

in elastic scattering but neutron spin direction is not changed

lost almost completely on scattering since the angular distribution of e

is uniform for low energy incident neutrons. If the scattered neutron is captured by

another nucleus, it decreases the helicity dependence of the y-ray counting rate. We

t The neutron spin is reversed by the incoherent scattering cross section. It becomes

important in the measurement of forward-backward asymmetry (see §5-3).
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write the number of captured neutrons due to the resonance cross section for incident
positive- (negative-) helicity neutrons as N* (N~). The N+ (N~) can be written as
the sum of N} (V) which represents the number of neutrons which are captured due
to the resonance cross section after being scattered elastically for i-times.

[e2]
Nt=) NE (5-1-7)
=0
The N*’s were calculated as functions of Az, by a numerical simulation (Appendix

D). If we define the "calculated”™ asymmetry as

Nt -N-
eal . = =
(Lc:ﬂr — N+ & N._ L] (5 1 8)
the "calculated” longitudinal asymmetry is given as

cal
At =32, (5-1-9)

The Ay . was determined so that A3/ reproduces AYS.

The E, dependence of ¢z -, for '* La target is shown in Fig. 5-1-3 together with
that of €§2! . The target was a 1.0cm-thick lanthanum metal disk of 2.5¢m in diameter
which was cooled down to 35K . The E, dependence of ¢y, -, is well reproduced by the
numerical simulation described above, assuming that the Ay . is independent of E.,.
The E, dependence of ¢y, - for the lanthanum target which was cooled down to 9K is
shown in Fig. 5-1-4. No significant E,, dependence of Ay, ., has been observed in either
case.

The obtained results of Ay, ., are listed in Table 5-1-1. The error of neutron polar-
ization (p,) is mainly due to the uncertainty in determination of p, using Eq. (3-2-8).
The statistical error of p,, is negligible (less than 0.1%). The error of Ag‘?; consists of
statistical error and the error of p,. Its main component is statistical error except for
the case of '3 La. The error of Az -, contains the uncertainty of correction of multiple
scattering effect (Eq. (5-1-9)) which is smaller than the statistical error and the error of
Pn. The asymmetries of continuum cross section with respect to the helicity of incident
neutrons (Af°}) are also listed. In all cases, the A°7’s are zero within experimental

errors. The value of Az 5 = 0.0 & 0.1% has been obtained for the s-wave resonance of
the target of 138 La at E, = 2.99¢V.

We write the y-ray counting rate for incident positive- (negative-) helicity neutrons
measured at a specific polar angle 8, after subtracting the component of room back-

ground 7-rays as n(8,) (n5(6,)). Corresponding to Eq. (5-1-1), we write the G}-ff.,,(s.,)
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con

‘. 'y
target En Pn ft;"? ‘;{;&T [‘%\T

ucens | 4 ﬁﬁ] 7| 1.8 ; 63 21202 |3cm thick |—0.05%0.04

Br |088 +2| 17401 [21£02 |5cm thick 0.04 + 0.03

62 ; 91401 | average | 0.02+0.02

- —0.05 £ 0.05
—9Np |359 |46%1 02x02 | 0305 \_ﬂ ?,;’,i 0.0;
23 |45+1|-00403 [-00£06 pdos&n.m
—Tospg (296 [61%2 | 0.1£0.1 | 02 i-ﬂ{.z | ~0.07£0.05
o (453 [63£2 |—(L1203) —0(;-1-8.1 013028
G, 162 |47£1|01x02 | 0220 [0.02£0.04

| ®La_[0.734 6T£2 | 81+02 |98+03

of Ay 4 for the p-wave yresonances of
The A% is the

incident

Table 5-1-1. The experimental values

i 63 cted value of AL
several target nuclei. The AL 3 1s uncorre

asymmetry of continuum Cross section with respect to the helicity of

neutrons.

as » nt(0,) —n5(01) (5-1-10)
€ (0) = nZ (64) + 13 (8+)

. ] . ] 1
es ( ~ - ) l m

fot (84)’s are plotted

The ay, (0,) was d f
of whole BaF; counters which come {rom ‘

ecific polar angle 6 (n}*(6~) and at*(6,)). In Fig. 5-1-5, the ¢ s
e of 139La target at three 6.'s. No signi ican

i scinity of the p-wave resonance BuiS
e em. The ag, ,(64)’s are plotted in Fig. 5-1-6 for

y d among th
e Rerien e Il cases, the ar (6+) has been found to be

the targets of 1*° La, 81 Br and 1'Cd. In a

independent of 6. within experimental errors.
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§5-2 Angular Distribution

T B -y .
he angular distribution of v-rays induced by unpolarized neutrons (cUnve!(g )
Eq. (2-11)) has been measured usin e i

distribution of the 7-ray countin
of the target.

g the y-ray counter described in §4-2. The angular
g rate contains several effects due to the finite thickness

tion in the target.

3) Capture of scattered neutrons by another nucleus

These effects can be calculated from th

e ¢ geometry of the target and the mean free

analysis has been carried out with several

The results of the measurement of a,ﬁ'}”‘“’(ﬂ

lines in the figure are the best fit curv
data after corrections

y) are plotted in Fig. 5-2-1. The solid

es obtained with Eq. 2-11 ’
are listed in Table 5.2.1, 9. (2-11). The numerical

The a O
resonance of the target of 744 a¢ o ngular distribution of the s-wave
n

16.30eV has been measured as a calibration

coefficients havye been obtained as listed i

fi
rom the results of a, ,(f.) and olnrel(g. ).

nucleus Enlev]

slé’a 0734 [-13%371 21423
m?Ar 0.88 =L7+27 | 3.0+41
g 16.30 |-0.7+ 20 =0.9+20

Table 5-2-1 The experimental valyes of A

1 and A,.
Y-Tay energy was set to ~ 1 Afel’. a- The energy thresholq for
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target Ey Ay As Aro Ag + : Ayz Ay
nucleus | [eV] [%] (%] (%] (% (%)
T, (0734 |-1.3+3.0 |2.1+24 [10.1+0.7 | 0112 [29+3.8

S1pr 088 |-1.7+30 [28+42 [224+07 |-05+1.2 |0.1+3.8

Table 5-2-2 The experimental values of A;’s. The energy threshold for y-ray
energy was set to ~ 1MeV.

§5-3 The E, Dependence of Longitudinal Asymmetry

The longitudinal asymmetry for the p-wave resonance of the target of '3 La at
E, = 0.734eV has been measured with different y-ray energy thresholds using the
v-ray counter described in §4-3.

The v-ray counting rates versus incident neutron energy are plotted in Fig. 5-3-1
for the p-wave resonance of the target of ' La with different y-ray energy thresholds
(E,,thres). The p-wave resonance has been clearly observed in each E., (nres. The Ap
was evaluated following the Eq. (2-9). The AL ,’s for several v-ray energy thresholds
are listed in Table 5-3-1 and plotted in Fig. 5-3-2, The error of E. ¢s,es is the accuracy
of threshold adjustment and gain adjustment of photomultiplier and amplifier for all
BGO counters. The error of neutron polarization (p,) is mainly due to the uncertainty
in determination of p, using Eq. (3-2-8). Statistical error of p, is negligible. The error
of Agg consists of statistical error and the error of p,,. Its main component is the error
of p, for the cases of E, nres = 1.1 and 3.2M eV, and is statistical error for the cases
of E, thres = 4.2 and 4.8MeV. The asymmetries of the continuum cross section with
respect to the helicity of incident neutrons (A§°%) are also listed in Table 5-3-1 and
found to be zero within experimental errors. The Ay, . is independent of E. ¢4re,s within
experimental errors. The longitudinal asymmetry for the s-wave resonance of the target
of 1* La at E,, = 2.99¢V have been found to be less than 0.3%.

The forward-backward asymmetry (a-) given by Eq. (1-7) has been measured. The
7-rays were detected at two angles (6, and 7 — 8,). Following notations in §5-1, the

y-ray counting rates are given as

8

nlt(6,) = Cen™ (1 + paAYS)(1 + pual€ cosé.,),
nit(r—6,) = CQpn* (14 p.ATS)(1 - pra¥C cosh,), e
4 = =
nl=(60,) = Crn~(1 = paAYS)( + paad€ cosd.),

| n5(x = 0,) = €O~ (1 = paAYE)(1 — paat® cost),
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E-r.lhrcs Pn A(f,,(:, AL,':- Aiﬁ:
[MeV] | [%] [%] (%] (%]
1.1+0.1 |63+£2 [724+0.2 [9.4£0.3 |—0.02 + 0.03
39402 |65+2 |7.1+0.2 [9.3+£0.2 | 0.04£0.04
42+02165+2 |7.74+0.5 [9.9+0.7 |-0.04£0.07
48+0.3 (672 |7.3+14 |9.5£1.9 0.22+0.18

Table 5-3-1. The experimental values of Ay, , for the p-wave resonance of the
target of 13 La at E, = 0.734eV obtained with several y-ray threshold energies
(E+thres)- The AYC is uncorrected value of Az 4. The A7 is the asymmetry
of continuum cross section with respect to the helicity of incident neutrons.
where Q5 and Qp are the geometrical acceptances of the counters at 6, and = — 65,
respectively. The a. with superscript "UC” is different from the "true” a, due to

multiple scattering effect discussed in the latter part of this section. If we define np

and npg as 2 ( i
ng =nlv (0, )nL " (r —05),
{ 5T (6y)n ¥ R
ng = nfy+(7" — 0,)n%(6),
the Qp(p) and nE f are cancelled in the quantity e, given as
ngp —nNg
€= ———. 5-3-3
= ( )
The aY€ is obtained from e, as
1
e e’* (5-3-4)

¥ Pﬂcosg’ifl-k\/l—e?r
The neutron polarization becomes (1 — 4Rincon/3) times of original polarization
due to the incoherent scattering cross section on every elastic scattering(®”), where
Rincoh = Oincon/(Tincoh + Ocon). The Ocon and Oincon are coherent- and incoherent-
scattering cross sections, respectively. Therefore, the polarization of incident neutrons
becomes p!, effectively where pl, is given as

3 2
Z N;(1- ZRinc)‘

e
pn_pﬂ Z,Nl- 1
i

T We assumed u§ = nﬁ for simplicity. The behaviors of nf and ng were confirmed to

(5-8—5)

be same within experimental errors where ?‘%(B) represent the % of the two counters.
In actual case, we cancelled the m? and 1;% using the results of the "reversed-polarizer”

measurement (see §5-1).
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where N; = (N} 4+ N;7)/2. The NF is given in Eq. (5-1-7). The a., is evaluated from
the following relation.

vc
a

Phls ™ = Py (5-3-6)

The obtained results of . <, @+,>, @4 <> and {a,) (see §2) are listed in Table 5-3-2
for the cases of E jhres = 1.1£0.1MeV and 4.8+0.3MeV. The main component of the
error is statistical error. In all cases, the forward-backward asymmetry of continuum
cross section has been found to be less than 0.3%. The (a,)’s for the s-wave resonance

of the target of '* La at E, = 2.99¢V have been observed to be less than 0.2%.

Exthres Oy, < Ay, > Uy <> (ay)
[MeV] (%] (%] (%] [%]

1.1+0.1 |-0.1+0.4 |-024+0.3 |[-0.2+0.2 |0.1+0.3

484+03 | 33+1.4 |—6.1+4.0 |—-1.8+2.7 |4.7+2.1

Table 5-3-2. The experimental values of the forward-backward asymretry for
the p-wave resonance of the target of 3 La at E,, = 0.734eV obtained with

low and high ~-ray threshold energies.

£6 Theoretical Interpretation

In this section, the mechanism which is responsible for a large PNC effect in n-A
interaction is discussed in the context of s-p mixing, since it is natural to assume that all
processes in this energy region can be described by the contributions of s- and p-wave
components of incident neutron f. It is assumed below that only an s-wave resonance
and a p-wave resonance exist in the energy region of our interest.

Total Hamiltonian of a compound nucleus consists of PC part (Hpc) and PNC part
(Hpnc). The s- and p-wave compound states represented by |s) and |p), respectively,
are mixed up by a small non-orthogonal component Hpyxe. The mixed states |s') and
|p') are given by

) = |o) - LTENCIR)

s (6-1)
") = |p) + Wb),

in the first order perturbation, where E, and E, are incident neutron energies at s- and

p-wave resonance centers, respectively.

T Another approach based on p-d mixing is also argued to explain the large PNC

effects(23:24)
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The value of Ajo(Az) in the p-wave resonance is given as (22:39),

2w g I‘;g
o e e I = 4 6—2
w6 1 ”P*\' e i

where W = i(s|Hpyc|p), and T} and I'y are neutron widths of s-wave and p-wave
resonances, respectively. The I‘;* is the partial neutron width of p-wave resonance of
7 = 1/2, where j is the total angular momentum of incident neutron. The Tp} is the sign
factor of the reduced T-matrix element (see Eq. (A-5) in Appendix A). Two kinds of
mechanisms are responsible for the large PNC effect. One is "dynamical enhancement”
(W/(E, — E,)), and the other is "structural enhancement” ( I'z/T3). The factor
\/]m is not responsible for the large PNC effect.

The "dynamical enhancement” arises from a statistical nature of compound state.
A typical time scale of a capture reaction through a compound state is fi/T’ ~ 10~ 4s
for I' ~ 0.1eV, while that of direct process is given by the time in which a neutron
passes through a nucleus, that is, 2R /v, ~ 1085 for E,, ~ 1€V, where R ~ 10fm is a
typical nuclear radius. The nucleons have much longer time to interact with each other
in the compound state than in the direct process. Small PNC effects of N-N interaction
are accumulated during the long life time as discussed below(*?). The s- and p-wave
compound states (|s) and |p)) can be expanded by a number of single particle-hole states

in nuclear shell model as
N N
=23 ails),  Ip) =D bild)). (6-3)

The magnitudes of the coefficients a; and b; are the order of 1//N because of the
normalization conditions of |s) and [p). If we write the scale of excitation energy of
single particle-hole states and the average level spacing of compound states as AE and

D, respectively, the number N is given as

AE
% (6~4)

If we use typical values of AE ~ 10%V and D ~ 10eV, we obtain N ~ 105. The

Ar

magnitude of PNC matrix element W in compound state is expressed as

W] = [(s|Hpnclp)| =

(Z ai¢i|Hpnel| Zbﬁb})
i J

=Y ajbi(¢ilHpncl|é))

]

° (6-5)
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It is natural to assume the signs of a; and b; appear at random. Therefore, the |[W| is

given as

(W] ~ l(ff};\rnc)i X« VN, (6-6)

and it leads to

w [W| |[(Hpwnc)| 1 [(Hpnc)|
~ i~ = .Nr —7
E,—E,| D JN AET 4Bl T (6-=1)
N

where the (Hpy¢) is the average value of the (¢;|Hpne|@:) . The factor [(Hpnc)/AE|
is a typical size of parity mixing in single particle states which is the same order as that
of N-N interaction (any). The small PNC effect in N-N interaction is accumulated up
to VN = 10? ~ 10° times.

The "structural enhancement” arises from the difference of the centrifugal potential
barrier between s- and p-wave incident neutrons. The s- and p-wave neutron widths
(T'y and I'7) are

10 K ity
(6 —8)

I% oc(ky BY,

and the structural enhancement factor is given as

%
M S 69
7 " E.R o=

In the energy region of leV, the neutron momentum k,, is ~ 2 x 10~* fm =1, If we use
a typical value of R ~ 10fm, we obtain ,/I'y /T3 ~ 103,

From these two mechanisms, the PNC effect in s-p mixing becomes 10° ~ 10° times

larger than in N-N interaction.
Here we discuss the remained factor | fI‘: 3 /Tp. The total angular momentum of

compound state J is the sum of the target nucleus spin I, the neutron spin & (s = %)

and the orbital angular momentum I (I = 0 or 1).
J=T+5+47 (6 - 10)

We sum these three vectors in the following order.

- —

J=T+3, J=58+1 (6 — 11)

The vector j is the total angular momentum of the incident neutron. The absolute value

of j is given as
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e ',

I=g for s-wave,
A

J=goryg for p-wave,

For simplicity, let us consider the case of I = 0. In this case, J is identical with 7,

and J is given as

J=9 == %— for s-wave,

b
Jims §= g Or 3 for p-wave.
The j = 3/2 component of p-wave does not interfere with s-wave component, since
its total angular momentum is different from that of s-wave component. It can be

generalized to the case of I # 0 and the factor : /[‘:* /Ty gives the interfering part out
of all p-wave contribution. We define z and iy as

a2 6% Ty
T =My T;:—, Y="1p3 s (6-12)

where I'} = I‘;;_ + F:;- The 7,;'s are sign factors (see Eq. (A-5) in Appendix A). The
absolute value of z cannot exceed unity because of the relation of 2z’ +y* = 1. The z
does not contribute to enlarge the PNC effect.

Explicit expressions of other correlation coefficients in the vicinity of the p-wave
resonance for a single y-ray transition are discussed below (see Ref.39 and Appendix
A). Intrinsic parities of the compound state and the final state are assumed to be the
same. The dominant parity-favored transition is M1 transition while the dominant
parity unfavored one is E1. The A,’s defined in §2 are given as

Iy Tan b
Ay ~ g, =) ffE(E“ - Ey) ;EJP(JJ@JUF)- (6 —13a)
> I |
A3 =3V10) €6 P(J0pji'2IF) {0 1 L (6 — 13b)
if 2 575
W __I? [T 11
Ag ~ =29, —— N rell 7—(En — E,)P sV = >
e PP(JuJs5511F), (6~ 13¢)
- w [r 13
Ay ~ ﬁyﬁ ITg'P(JsJ,§§2IF), (6 — 13d)
W I o 2 1 1
Ay ~ —367}15.;, “ENT. ;Ej{ij(JpJPJJ'lIF) i %- :3,: .
2

(6 —13¢)
30

in the vicinity of the p-wave resonance, where J,, J, and F are spins of the s-wave

resonance, p-wave resonance and final state, respectively. The Ty and Tgy are widths
]

- 39 . . -

of the M1 and E1 transitions, respectively. The 1, = +109 s a sign factor and we

define the £; and the function P as

-
o z for 1= gs (6 — 14)
y for  j=g,
! o 3 k j j,
P(JJ'j§'kIF) = (=) RS2 +1)(207 +11) { i }
o i (6 — 15)
Posthh- J

The A;’s are classified into two types of E,, dependence. The A3, Ayo, A11 and Ay, are
constant functions of E, in the vicinity of the p-wave resonance while the A; and Aq
change their signs at E,, = E,. The values of A;’s of the former type can be discussed
at E, = E, while those of the latter type must be discussed at E, = Ep & I'p/2. The
Ay contains no quantity which depends on the y-ray transition. Therefore the Al,o
is predicted to be independent of the y-ray transition. On the other hand, other A;’s
contain the quantities which depend on y-ray transitions, that is, the sign factor 1}?,. the
function P, the 9-j symbol and the factor m If a number of y-ray transitions
are detected without identification of individual y-ray transition (which is referred to
as "integrated vy-detection” below), the contributions of y-ray transitions cancel each
other since they have different signs and magnitudes, and the A;'s become very small
(except for Ayg).

In a measurement of single v-ray transition, large values of A;’s which depend on

— 10-2 ~ 102) ;
y-ray transitions can be observed if the size of the factor \/I'rr1 /TEy (= 10 10%) is

not very small.
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§7 Discussion

In this section, we discuss the properties of large PNC effect in (77, 7) reaction for
the p-wave resonance of the target of ¥ La(E, = 0.734¢V) and the origin of large
values of Az ., for p-wave resonances of several nuclei. We mention a PNC effect in exit

channel of the target of ' La in the latter part of this section.

We have studied properties of AL, in the p-wave resonance for the target of
19 La(E, = 0.734eV).

< E, dependence of Ay ., > The longitudinal asymmetry has been measured
with several y-ray energy thresholds. It has been found that the value of Ap ~ is inde-
pendent of y-ray energy within experimental errors. It implies that the large Ay, ., has
no immediate connection with the PNC effect of exit channels. It means that the large

value of Ay, ., is caused by entrance-channel parity-mixing between two opposite-parity
amplitudes.

< #, dependences > All the values of correlation coefficients (A;) which
appear in radiative capture reactions induced by longitudinally polarized incident neu-
trons have been determined in "integrated y-ray detection” by measuring the angular
dependence of longitudinal asymmetry (ar~(0), Eq. (2-6)) and angular distribution
of y-rays induced by unpolarized neutrons (ofnr°Y(@.,), Eq. (2-11)). The A;'s which
contain the exit-channel parity-mixing are very small in "integrated y-ray detection”,
since the contributions of many y-ray transitions cancel each other, The A;’s expect
for Ajo have been found to be zero within experimental errors in "integrated y-ray de-
tection”, while the A, term has a large value. The discrepancy between the results of
Kyoto-KEK group and Dubna group (see §1) cannot be explained by the contribution
of exit-channel parity-mixing.

< E, dependence of A; ., > It has been found that AL 4 is independent of
Ey within the resonance width in the case of lanthanum target, w
to 35K and 9K,

hich was cooled down
At these temperatures, we can avoid the effect of Doppler broadening

of the resonance. It is consistent with Eq. (6-2) which is based on s-p mixing scheme.

The results are also consistent with the p-d mixing scheme,

The large PNC effects are consistent with the theory based on the parity mixing
in entrance channel discussed in §6. It is important for the TRI expe
transmission method. If the large PNC effects are due to exit-

we must observe the contributions of individual ¥-Tay

riment in neutron
channel parity mixing,

transitions separately where large
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FSI effects contribute. -
The 6., dependences have been studied also for the p-wave resonance of the targe
o |

of 81 Br(E, = 0.88¢V) by "integrated y-ray detection” method. All the A;’s except for
A1 have been found to be zero within experimental errors, and the Ao term ha..t:*. a
large value. The 6., dependence of longitudinal asymmetry (az 4(65)) Itas been st-udled.
also for the p-wave resonance of the target of "' Cd(E, = 4.53¢V) by "integrated y-ray

detection” method, and no sizable 8., dependence has been observed.

The Ay - has been measured for p-wave resonances of the targets of 1By, 931?’2;,
108 pg 111 124§ and 13 La, by "integrated 4-ray detection™ method. We re-examine
the results of Az - in the framework of the parity-mixing between an s- and a p:wa\:fe
resonances. We do not discuss the cases of heavy nuclei here, since the level spacing is
too small to assume that the parity-mixing is caused by two separate resonances. In

order to discuss the origin of the large PNC effect, it is convenient to define a, 4 as

g Sty i (7 ~1)
anAdEp‘"E' 3

Resonance parameters are listed in Table 7-1 with experimental values of the Ay, , and
the calculated values of |ana|. The magnitudes of W are shown in the rightmost

column. They are obtained by substituting our experimental results into the following

relation.

|AL.1| = |IH"1 lanA\ - 2)

The values of |W| for the targets of ¥ La(E, = 0.734eV), 8 Br(E, = 0.88¢V) and
M1CJ(E, = 4.53¢V) are in the same order of magnitude, if we as:sume' |} = 1. The
|AL 4| is roughly proportional to |anal. The large PNC effects are mainly caused by
the large |anal. A pair of s- and p-wave resonances which are located closely does
not always cause a large PNC effect. No large PNC effect has been observed for'the
targets of 124Sn(E, = 62.0¢V), ®*Nb(E, = 35.9¢V) and BNY(E, = 42.3eV), since
their |an4|’s are very small compared with those of 139 La, 8! Br and “'C.d.

Very large enhancement of PNC effect seems to occur only when I'} is very sn.mll.
The fact that the large PNC effects are observed for only a few nuclei, can be explained
by the fact that the cross sections of the p-wave resonances with very small I.‘;‘s are
too small to be observed among a number of s-wave resonances whose cross sections are

very large unless the p-wave resonances are well-separated from other s-wave resonances,
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to be found. As the
— 9208 + 10eV and

The nucleus which has a well-separated p-wave resonance is rarely

gets of 1**La and 81 gr are Do

ated resonance is likely to be found i
wave resonance of the target of

that is, 7.8 £ 0.3eV 2,

average level spacings of the tar
94 + 15¢V, respectively, a well-separ

No PNC effect has been found in the case of the p-
108 pgd at E, = 2.96eV, in spite of the fact that ana is large,

— 33.10¢V is taken as the neighboring s-
9, while that of the neighboring

nnot interfere if their total

if the resonance at Ep wave resonance. The
total angular momentum of the p-wave resonance is 3/

s-wave resonance is 1/2. Two opposite-parity amplitudes ca

angular momenta are different.

portant when individual v-ray transitions are
eared in the Yintegrated y-ray detection”.
ains exit-channel parity-mixing, has

Parity-mixing in exit channels is im
observed separately. It is expected to be sm

The forward-backward asymmetry, which cont
13974 in the 4-ray energy region higher than 1.1 £

ed value is (ay) = 0.1 %
gher than 4.8+
7+2.1%. The

ion.

been measured for the target of

0.1MeV where many v-ray transitions contribute. The obtain

0.3%. On the other hand, the (a-) measured in the y-ray energy region hi
y one or two y-ray transitions are dominant, is (a,) = 4.
e of exit-channel parity-mixing in a single y-ray transit
f140La(4~ — 47),

0.3M ¢V, where onl

result suggests the existenc
If we assume that the (a,) is caused by a single y-ray transition o

the value of /Ian1/T'E1 s obtained from the following relation between Ajg and Ag
(see Eq. (6-2) and (6-13)). The +/T'ar1/T g i referred to as the exit-channel structural

enhancement factor.

Aglp = 1 r i1
{a~) . |Asl g, =E, 41, /2 ot L _;.1/5‘2 P(4411114)l
AL~ [Ar0lg, =E, lz| 21E; — Eo|l { T3 ¥ T 22 2

.38}

Substituting the experimental values, we obtain /Tan/TE1 ~ 5.6 £2.5 assuming
~-ray transition of 1%La(4™ — 57) contributes to the (a~), exit-

|z] = 1. But if another
factor should be different. Further study is necessary

channel structural enhancement

to examine the parity-mixing in exit channels.

In summary, the properties of large PNC effects in n-A interactions have been

studied in (i, 7) reactions for several nuclei. The phenomena can be explained by the

T Dy < 20€V for uranium and thorium.
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Resonance parameters and spins of compound states are listed

Table 7-1.

for p-wave resonances and their neighboring s-wave resonances. The nearest

oF +1
= @Iy 1he

5 ;
wave resonances from p-wave resonances are taken as neighboring s-wave

resonances. The g is the statistical weight factor given as g

T i . "
on width at ieV ifor s-wave neutrons

Tht

59,40
(59,40) | The values of |a, 4| calculated by substituting the resonance parameters

The values of A , are the experimental results

into Eq. (7-1) are shown.

obtained in this work. The values of || are shown in the rightmost column.



entrance channel. o s
They are very important candidates for the TRI test experiment
e :

from F'SI effect.

68 Future Prospects

In this section, we point out several possibilities of fu;:ther study of P:\‘tC sz:::
Feasibility of the TRI experiment by the measurement of tnpl.e \rectf)r correlatio
in neutron transmission is pointed out in the latter part of this sectu::n. 4

If the magnitude of nuclear weak matrix element |W/| is almost in the sa.me; 2rt:e
for all nuclei, we can predict the value of PNC effect. For exj.:ﬂple,. the A;jn zrtam
target of ¥ Nb(E, = 42.3eV) must be around a few times 107, It is v&:]ry m;p i
to study the magnitude of the nuclear weak matrix element for a nuzfx er of P SH
resonances in various nuclei and to confirm the assumption that t?xe tmagmtude 0 ‘nu::i e:
weak matrix element is almost in the same order for all nuclei . Very precise data
of neutron cross sections are necessary to predict the possibility of large PNCdeﬂ'e;:t
especially for small p-wave resonances, since large PNC effects have bee::l ::; s:nn a;'l
in p-wave resonances which are well-separated from other resonances an - :
neutron widths, The assignment of the total angular momentum and the orbital angular
momentum of incident neutrons are also necessary.

For further understanding of the reaction mechanism which is responsible for la-rge
PNC effects, we can study exit-channel parity-mixing by measuring the correlation
coefficients given in §2 for individual y-ray transitions. The precise measurement of
them enables us to predict the values of PNC effects based on s-p mixing scheme, and
to check the consistency of the predicted values. Here we discuss the case of the p-
wave resonance of '3 La at B, = 0.734eV. The Ay30. - l::,, term corresponds to the
circular polarization of the emitted vy-rays induced by unpolarized incident neutrons

(P,) through the relation Py = A330,¢5/0cap. The Ay is related to Ag as

Ag

11 =1}
=2 = _P(J,J,==1IF), (8
Ais ( 22

' ist i - ron capture reaction. In

t In heavy nuclei, many p-wave resonances exist in slow-neutron cap il
this case, we cannot apply the two level approximation since the resonances are locat
s . - -

too close to each other. We can extract the nuclear matrix element applying a statistical

: 61,62
procedure even in such cases(f1:62),
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for single y-ray transitions (Appendix A). If we substitute Jo=4, 1T =7/2 F = 4,

and (a,) = 4.7+ 2.1%, we obtain |.41:,IE_=E,£FP,;. = 38 £ 17%.

Another interesting
observable is the As0, (K X l‘cn,) term 1

y Which is the analyzing power for transversely
polarized incident neutrons on the resonance. Its value for the p-wa

target of 3 La can be evaluated by

Ll iy r
(A'.’)E..:EF = - f‘% F‘Z—:'ET:%—(H(]lQ\SOI - 007395\[{), (8 - 2)
P “s

for the y-ray transition of "0La(4~ — 4-). We obtain

ve resonance of the

42|, _p, ~ 96 + 43%, (3=3)
assuming [z| = 1 (Appendix A). More intense neutron beam is necessary for the pre-
cise measurement of these observables. The improvement of e

nergy resolution of y-ray
detector is also desirable.

The neutron transmission method is one of the best way to search for T-v

iolating
effects, as we can observe T-v

iolating effects in the weak interaction free from FSI.
Bunakov, Gudkov and Yamaguchi suggested the enhancement mechanism of PNC of.

fect is also applicable to T-violating effect (32:60.23)  Wo mention a feasibility of TRI

experiment in neutron transmission method below. Interaction between low
cident neutrons and nuclej is described using forward scatter
be written in the form

energy in-
ing amplitude f which can

j=A'+B’a-,,.i+C’an-i+D'cr,,—(fxﬁu). (8 —4)

In this case, propagation of incident neutrons through material can be described in the
context of neutron optics. The incoming neutron spin state (U;)
another one (Uy) which is given as

is transformed into

; 2%
Us =6U;, 6= ¢in-1)oz =14 —pf -

4 e ;" +(hkﬂ)2pj' (8 - 5)
after the propagation of length 2z in material, where p is the number density of nuclei.
The ¢ is

5=A+Ban-i+caa-12n+Da.,-(f><f<,,), (8 -6)

fp

-even T-odd. We cannot test TRI in this observable since FSI is too large.
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where A = exp(iZA')cosb, B = iexp (iZA")B' Z(sin b)/b,
C = iexp(iZA)C'Z(sinb)/b, D = iexp(iZA")D'Z(sinb)/b, Z = 27pz/(hks) and
b= Z|B'+C'. A relation D' =0 = D =10 holds and it is equivalent to
D # 0 — D' # 0. Therefore a non-zero value of D which is to be observed in the
experiment is an unambiguous evidence of the existence of T-odd correlation term D’.
In the measurement, we must choose an observable in which no FSI effect is included.
Two candidates have been suggested. One is the spin detailed balance with a polarized
target(*®) and the other is the equality of analyzing power and polarization with a po-
larized target*?), The necessary devices for these experiments are (1) neutron polarizer
(2) polarized target and (3) neutron spin analyzer. We already mentioned a neutron
polarizer. The polarized ®He is a candidate for the neutron spin analyzer. The tech-
nique to polarize * I e gas is an established one (63), Recently, high polarization of *He
in 6 ~ 9atm has been reported (®4), In addition, it can also be used as a detector of slow
neutrons. But the technique to polarize nuclei (lanthanum etc.) is not yet established.

Dynamic nuclear polarization has been studied for lanthanum trifluoride single
crystals in which neodymium ions are diluted (Lay—5Nd;F5(%*)). Approximately 1% of
139 .4 polarization was obtained for z = 0.08% 9.

The neutron spin rotates due to pseudomagnetic field®® on propagating through
a polarized target. If the incident neutron spin rotates on transmission through target
material, experimental efficiency for oy, - (I x ky) term is suppressed. The pseudomag-
netic rotation can be cancelled by applying a magnetic field antiparallel to the pseu-
domagnetic field in a spin frozen polarized target. But the coupling energy between
nuclear quadrupole moment of ** La and electric field gradient of lanthanum trifluoride
crystal causes the overlapping of the levels due to Zeeman splitting in the cancellation
field (< 2kG) 7, and vector polarization decreases. We must overcome the problem.
Single crystals of La; O3, LaAlO3, Lay O3S, K Br etc. have high symmetries and the
quadrupole couplings are diagonalized about their c-axes. Currently, the g-factors of
neodymium ions diluted in these crystals are being studied.

An experimental accuracy of 1072 to 1072 is expected for the size of P-odd T-odd
amplitude relative to P-odd T-even one, if we can polarize *° La nuclei more than 20%.
The accuracy can be improved up to 10~* with higher nuclear polarization, precise

control of magnetic field and more intense neutron beam.
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Appendix A. Correlation Coefficients in (n,7) Cross Section

The correlation coefficients which appear in (i, J) reaction cross section are dis-
cussed (see Eq. (2-1) for definition). Their explicit expressions in the experiment in
which incident neutrons are longitudinally polarized and the helicity of y-rays is not
observed are described in the former part of this section. Other important correlation
terms are described in the latter part of this section.

I the incident neutrons are longitudinally polarized and the helicity of y-ray is not
observed in Eq. (2-1), we obtain,

1 4 e g iy
Ucﬂp(g“f) — 5 (00 + a; kn . k-'- - Ga((kn . k*)- — §)

-

+ Ggay ¢ k-p + @100y - l.(l'l

< %7 Lo 1 B ol i x 1 =
o a‘ll((an £ k-y)(k'v = kn) . §o'n ' kn) + “l?((an : kn(ku 2 k";} o 50“ 2 k‘y)) y

(A—=1)
where o, -k, = p,, k, - l:c.* = cos f,. It leads to
Ocap(f+) = %(ao + ay cos 0., + as(cos® 6., — %)
+ Pn (ﬂlu + (ag + galz)cos 0 + ayy(cos® 6., — %)))
(A—2)

The explicit expressions of the correlation coefficients in the case of single y-ray transi-
tion to a definite final state are given below. Intrinsic parity of the final state is assumed
to be the same as that of the compound state. The dominant parity favored transition

is M1 transition while the dominant parity unfavored one is E1.

ao= ) [Vi(L)I* + 3 [Va(Jpi) (A - 3a)
J‘ J’J
a1 =2Re 3 Vi(J)Vi(J, j)P(J,J,%jl!F) (A - 3b)
‘IOJPJ-

a3 =Re Y 3VI0Va(J,5)V5 (o5 P(J,JL55'21F) { (A - 3¢)

it it

N O N
Lo e p
R L ey
s

# N 11
&= —QRE(E Vi(J3)V3 (JD)P(JJ}5 511 F)

0
. D 1"2(JpJ')"T(JLJ")P(JpJ;.J'J"UF)G{1
T ily 5 1

}) (A - 3d)
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an = Re Y ( (J,,,-)v3 (J.) + Va(Ja) Ve (Jps -)) V3P(J,J 5521}“)
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The I, J,, Jp and F are spins of target nucleus, s-wave resonance, p-wave resonance and
final state, respectively. The j is the total angular momentum of the incident neutron
defined by Eq. (6-11) (j = % or %) The V;'s are the invariant amplitudes defined as

1 V3 T,Ax(1 +a)

e BT AR A—4a
i=-373 i ( )
E“ = E’ + §ra
Va(j) = S L8 Bl (A — 4b)
— 0k 2 ol é
B %1“,,
) TWAEi(1+ 8) (A 40)
’3 ! g - . 3
2k 2
(B =+ %I‘,,)(E,. —E 4 %r,)
] 1 V3 W Ar(14 v
Vi(j) = % 7 p(J) an( ) (A - 4d)
(E.—E, + -r,)(E - E,+ 1‘,,)
where
{ips— s F“(En)9 (A =3 5“’)

Tp(3) = pj\/ T35(En), (A — 5b)
Amien) = Myy/Tmaen)- (A - 5¢)

The a, F and v represent the contribution of far s-wave resonances. They are zero if
only one s-wave resonance contributes. Corresponding diagrams are shown in Fig. A -
1. The n’s are the phase factors and almost equal to +1 in the low energy neutron
capture reaction®®. The T, and T,(j) are the reduced T-matrix elements for s-wave
resonance and p-wave resonance, respectively, The Ay and Apy are the reduced T-
matrix elements for parity-favored and parity-unfavored y-ray trausitions, respectively.
The E, is the incident neutron energy. The E, and E, are the resonance energies of

s- and p-wave resonances. The I'y and T', are the resonance widths of s- and p-wave
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resonances, The I'} and I'} are the neutron widths of s- and p-wave resonances. The
I'ary and I'gy are widths of parity-favored and parity-unfavored 4-ray transitions. The
function P is defined by Eq. (6-15). Substituting the invariant amplitudes (V;'s) into
Eq. (A-3), the explicit expressions of correlation coefficients are obtained. We discuss

the size of each coefficient relative to the p-wave resonance cross section I,

a.
A= — (A-6)

ag,,
The agy is given as agp = Ejllf’g(Jpj)P. This definition is useful only in the vicinity
of the p-wave resonance. If we go far from the p-wave resonance, the denominator in
Eq. (A-6) becomes too small and the resonance cannot be observed in the experiment.

If we assume that only one s-wave resonance exist close to the p-wave resonance, we

obtain
1 I? Tam 3% 5 NI e
Ay =, r, 1/ Tor (Bn = Ep)(Bu— E) + =72) 3 6P(Judy5511F)
(En— E,)? + 4
(A —Ta)
I e
Ay=38V10) &€ P(Tplpjg'2IF) 0 & & (A - 7b)
i 2 g 3
P8 D
Ag = —21, e "“ (En = E,)P(J,J,%%HFJ
(Ex—E,)* + Lot
o 0 4
+6(Ey, — E,)P—le&{,-,P(JPJ,jj'UF) 1 L} )
S e -
Ji ¥ (e
(A = T7¢)
W I r
Ao = -2z r2 1/1‘ ((E ~ BN+ (B~ E,,)-i"—‘) (A - 7d)
(Bs— BNt ==
W 2 13
Ay = V3y = ((E =B+ (I ,,) ) P(J,Jp==2IF).
VR 39
(En — Eg)* + == 7
(A - Te)
204 bownd
w [T
Ayr = =367, = 11(5 E)ZEJEJ JJPJJIIF){I ;— %}
(En - E,)* + T" 1 : i
(A-1f)

T The A;’s are defined as A; = a;/ap in Ref.39.
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Typically,
( T, Tp < Ey—E,,
s 3
~ 107,
4 1"" (A-8)
Fan -2 2
— =~ 107° ~ 10°.
Te1

Therefore we can rewrite the expressions in the vicinity of the p-wave resonance (E, ~
E,) as Eq. (6-13). We can omit A, since its contribution is I'}/T%(~ 107%) times
smaller compared with that of Ag.

We discuss the case of the p-wave resonance of the target of 13 La at E,, = 0.734eV
below (see Fig. A-2). We take the s-wave resonance at E, = —48.63¢V as the neigh-
boring s-wave resonance since it is the nearest to the p-wave resonance. The ground
state of ' La has I™ = 7/2% and neutron orbital angular momentum is I = 1. The
dominant v-ray transition near Q-value is the transition into the state of F'™ = 4~ of
140 1,4 (55,56)  Therefore the allowed 5-ray transition is M1 and forbidden one is E1.
Substituting I = 7/2, J, = 4, J, = 4 and F = 4 into Eq. (A-T), we obtain the following

relations.
1 I'? Tan
Ay ~ 1,(=0.1250z + 0.1479 1/—‘ (F.—F
1 ﬂ'r( y) (Ep = Es) Frpl FEI 8 P)

(A —8a)

Az = 3v/10(0.10292y — 0.0174y?) (A — 8b)
Ag ~ —2 X (-0.1250)1;.,(EP - %‘_ Can (E _E) (A 8¢)
Ao ~ —Qzﬁ % (A - 8d)
Ay ~ \/5(—0.5636;;)% -{,;,’;— (A - 8e)

Other important correlation coefficients are a; and ag3 corresponding to
on * (ky X k4) and o, - k., respectively (see Eq. (2-1)). The a» corresponds to the
analyzing power for transversely polarized incident neutrons, while a;3 corresponds to
the circular polarization of emitted y-rays induced by unpolarized incident neutrons

(P,). Their explicit expression are given as

= =2Im ) Vi(J,)V5(Jp5)B;P(Js J,, SJLIF), (A - 9a)
Jidpi
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a3 = 2Re (Z Va(J:)Va (Js) + Zi-'g(J,,j)I’;(Jpj)) , (A - 9b)
J; Jp i

where

S
11 J=_.?
2 —_—
B L et i (A-10)
_§1 J_§

If we divide them by agp, We obtain

| Bt W T g Pp Iy )
= = !/_..’1} E,— E,)— —(En— Ep)
A? L= T~ r: FEI (Ep e 53)2 ( ) Fp(
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x Y &iBiP(JeJp5ilIF),
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(A—-1la)
W Ta T
~ Ea (A —11b)
Ala 21??(-8:?'_ E’)z rE I-m( )
The following relations are important.
""" —-P(J.J, ——~1.TF) (A - 12a)

Tar %
(A2)E.=E, = 1}1..,‘\/ PE: E E ZE,B P(J,J, ;IIF)

Substituting I = 7/2, J, = 4, J, = 4and F = 4 into Eq. (A-12), we obtain the following

(A - 12b)

relations.

i"li_omo (A - 13a)

fl"‘ /1‘;\41 4 |2
= o e 012507 = 04 395
(A2)E\=E, = —Th 4 Ter Ep - Ea( . )

(A — 13b)
The P,, which is usually measured in the experiment, is given as
1 DO U (A - 14)
cap

when the y-rays are detected for whole angle and incident neutron are unpolarized.
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Appendix B. Dynamic Polarization

"Dynamic Polarization” is a well established met hod to obtain a high vector nuclear
polarization by pumping nuclear spins in a material applying microwave which resonates
paramagnetic centers. An overview of the principle of dynamic polarization is discussed

in this section. We write spins of electron and nucleus as s and I, respectively.
For simplicity, we discuss only the system which consists of paramagnetic centers

and one kind of nuclei of J = 1/2. The total hamiltonian of the spin system in a
magnetic field is given as

-H=-Haz ‘l‘-HSz +}Iaa+!fff+HaI+HRF| (B_I)

where the spin-lattice interaction is ignored. The first

and second terms represent the
Zeeman energy

terms of electron and nucleus, respectively. The third, fourth and fifth

terms represent §pin-spin interactions between electrons, nuclei

and electron-nucleus,
respectively.

The last term is a possible effect of oscillating magnetic field of the applied

ave. We discuss the simplest case of that only one electro
included. The hamiltonian of this system is giv

microw n and one proton are
en as

H:Hz-f-}'f,;-}-H,,, (B - 2a)
Hz = H,, +H;z+H,;+HRF. (B - 2b)

The Hz is diagonal when we take the state vector of this system as

[s:,I.) with the
quantization axis which is parallel to the direction of the applied magn

etic field. When
we denote magnetic substates of £1/2 as +, each state satisfies the following relations,

Hz|+-)=(E, + Ep)|+ =),

Hzl++) = (B, - Ep)| + +),
H-Z,__)zc"Es‘{‘E!)’_'_)? (3‘3)
Hez| - +) = (=B, - E})| - F)

Off-diagonal components are included in }f
perturbation as

s1- They can be evaluated in the first order
Ia)=l‘-+)+€.l__)r

B) =]~=)+¢ ~+),

e) = | ++) + €[ 4 -), =4
d) = [+ =) + ¢+ +)
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When H,; is assumed to be the dipole interaction as

W5er 3(s - x)(1-r) o
Hyy = r; (s-l— 3 ) ( )
the ¢ is given as .
E Eisinf?cosﬁ?e"“", (B —-6)
4r°H

where the I7 is the magnitude of external magnetic field, and # and ¢ are spherical angles
of the vector r which connects the electron and proton. Transitions of |a) « |¢) and
|b) « |d) are allowed transitions. When the microwaveis applied at vy(= 2E,/h), strong
electron spin resonance (ESR) is observed. Transitions of |a) « |d) and |b) « |c) are
forbidden transitions. The microwave of v = vy + Av(= 2(E, + Eg)/h) induces a weak
electron spin resonance corresponding to the forbidden transition. The probability of the
forbidden transition is known to be 4 |¢|* times that of allowed transition by evaluating
a matrix element of Hpp between two admixed states(4?). Therefore, the absorption of
the applied microwave power behaves as schematically shown in Fig. B-2 z:xgains.t the
frequency. (But the ESR peaks of the forbidden transitions are not observed in ord.ma.ry
experiment since they are |¢|* times that of the allowed transition.) The pop.uia.uorla of
the states |a), |b), |c), |d) obey the Boltzmann distribution when no microwave is applied.

The polarization p of a particle whose spin is J is given as

J

z mN o,
e
S E
> M

m=—J

o (B-17)

where N,, is the population of a magnetic substate. The population is given as

mhyHg
Nnoxe KI | (B-8)

where the Hj is the magnitude of the applied magnetic field. The polarization p is given

2J +1 2J +1puHy\ 1 1 uho ) B-9)
P=— coth( 27 kT ‘2.1””’ oF kT (

as

The polarization of a free electron is -99.75% with a 25kG magnetic field at 0.5K while
the polarization of a proton is only 0.51%. .
For a dynamic polarization, a microwave is applied at v = v 4: Av. Let us consider

the case of ¥ = vy — Av. If no microwave is applied, the electron-proton system stays
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in the lowest energy state, namely |a), with a large probability which is determined by
thermal equilibrium. The microwave induces the forbidden transition between |b) < |c).
The double spin-flip transition pushes up the state to higher energy state. The electron
spin is flipped to the original spin direction through a spin-lattice relaxation typically
within the time of the order of msec, while proton spin is flipped very slowly within the
time of the order of sec. The large difference between these two relaxation times causes

a net transition of

[b) = lc) — |a).

The interaction which is responsible for the double spin-flip transition is the dipole in-
teraction included in H,;. The probability of the forbidden transition is proportional to
|£|2 o« % Therefore only the neighboring nuclei around a radical electron are polar-
ized through this mechanism. The nuclear polarization is transferred to remote nuclei
through spin-spin coupling (Ii!;:':). This mechanism is referred to as "spin diffusion”.
The characteristic time for spin diffusion is order of sec. The "spin diffusion” works
well when two nuclear spins have an identical magnetic moment and the magnitudes of
spin. Finally we can obtain a very high polarization in a material uniformly.

When a microwave frequency is set at ¥ = vy + Av, the net transition of
|a) — |d) — |b).

is enhanced. Then a negative nuclear polarization is obtained. Therefore the nuclear
polarization curve against the microwave frequency is dispersive shape as shown in
Fig. B-2. Both positive- and negative-nuclear polarization can be obtained by choosing

the microwave frequency with a fixed magnetic field.
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Appendix C. Time Reversal Invariance in Neutron Transmission

We describe T-violating observables in low-energy neutron transmission experi-

(28,

ment, below (8:29) We write the scattering amplitude for forward scattering as

f=A"+B'ay -1+ Clop -1+ D'ay, - (I x ky). (C-1)
The incoming neutron spin state represented by U; is transformed into Uy given as

Uy = 8U;,
5= e:‘{n—l)pz,
n=1+ il off (&)
T R YR \&=2)
after the propagation of length z in a material whose number density is p. The 6 is

given as

§ = A+ Boy -1+ Coy -kn+ Doy - (I x k), (C-3)

where

= e'%4A" cos b,

= jeiZ4’ B'—b—Si“bz :
v il BITED

— jeiZA CJTZ .

e ptnty

N O 8 o

27
= FECP%
b =Z|B'+C'|.
The most important point is that (D' = 0 — D = 0). It is equivalent to (D # 0 —
D' # 0). Therefore a non-zero value of D which is to be observed in experiment is an

unambiguous evidence of the existence of T-odd correlation term D’.

We assume the oy, I and k,, are perpendicular to each other and ow//x,1//y and
Kn//z. When we define

E = Bi+Ck, +DixKk,

B
=3By, (C - 4)
&
the § can be written as
6=A+o0, E. (C -5)
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The analyzing power and polarization vector in this process, which are represented by

A and P, respectively, are given as

A= Tr(é'ia,,é) = 4ReA"E - 2iE" x E, (C - 6a)
P = Tr(0,616) = 4ReA*E + 2iE" X E. (C - 6b)
Therefore, the following relations are obtained.
ReA* B
A+ P =8ReA"E =8| ReA"D (C = T7a)
ReA*C
ImC=D
A-P=—-4E"xE=4| -ImB"C (C - 7b)
ImB*D

The (A +P)y, (A~-P)xand (A —P), are proportional to D which signals T-violation.
It is natural to assume that the magnitude of A is biggest among those of A, B, C and
D. The (A + P)y is expected to be the biggest T-violating observable among them.
In a similar way, we can find other observables which are sensitive to T-violation.
We use Prob(i — j) to represent the expectation value of the transmitted neutron

polarization in the direction j with 100% polarized incident neutrons in the direction i.

Prob(i — j) = Tr(] + ga")jﬁf] + (au)i‘s)

2
+6| i éf'
——14]* o= B
E‘H H
+ ReA™(Ei + Bj) +i"——"L_F{E, + ReE{E; + ¢;; "ImA"E

(C-8)
The &;; and €, are given as follows,
1 1=7
bis = { (i=j)
0 (1#J)

1 (if ijk is an even permutation of 123)

€k = ¢ —1 (if ijk is an odd permutation of 123)
0 (otherwise)
We find several observables which are proportional to D among the following observ-
ables.
ImC*D
Prob(+1 — —i) = Prob(—i — +i) = —2i(E* x E); = 4 (ImB“C' (C - 9a)
ImB*D
ImA*B
Prob(+i — +i) = Prob(—i — —i) = 4ReA"E; = 4 | ImA*D (C - 9b)
ImA~C
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Those are Prob(+z — —z) — Prob(—z — +z), Prob(+y — +y) — Prob(—y — —y) and
Prob(+z — —z) — Prob(—z — +2).

Appendix D. Numerical Simulation

Numbers of neutrons which are captured by the resonance cross section for two
helicities (N *) consist of N* which are numbers of neutrons captured by the resonance
cross section after being scattered elastically for i times. The N depend on the energy

of incident neutrons, so do N,
(=]
N*(E,) = ) Ni(En) (D-1)
1=0

The E, dependence of resonance cross section obtained in experiment was used to

include the effect of Doppler broadening as a spreading of resonance width. The N;'s

were calculated as

d*r s . dox o +
Fii — TGSy o =R a e T 1= ot
N§(ER) /dQ v B e n—a —;——am( e )
d*rq 4 dos, ¥

Ties ne 34 '1
f\-’i’:(En) = /dEI/dQ1 o <5 e~ Moty 0, (El,rmk Ql)_r( g E AP })’

Tiot
d>*r d®r, do
NE(E, )_/dEQ/dE,/dQ / 1/ e=nohin 2t

d:

K(E1, Ea; kn, T10)

( 1 — eh? ﬁ“ !.'{r'i,if-;))’

do
noislfialy S22 (B Q
b n——hk\ L2, 'n;"'l?! J)
dgz ( atot

D - 2)
where

Utﬂéf = Os¢c + Ocon + Urd':es}

0y = 0ro(1 £ paAL),

I

|

»

]
l l;u

Jv

L)

I
':""; -~
L L]
]
2|

and
o : incident neutron energy,
Pn : incident neutron polarization,
AL : longitudinal asymmetry,

Ot : total cross section,
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L2 Y2

Tae : scattering cross section,

Ocon ¢ continuum cross section, e "J
Tres ! resonance cross section,

n : number density of target nuclei,

4 : target volume, Ores ‘

Ve : intersection between target volume and incident beam,

S : cross section of V,

Sga : cross section of Vg,

(7, Q) : target thickness for the neutron which is scattered at the point 7

and propagated parallel to () .
The function x is unity only when arguments are allowed in elastic scattering kine- .

matically, otherwise it is zero. The §, (;, €,, ... are unit vector variables which run

over whole solid angle. The Q,, is the solid angle of the volume d*r, seen from the

Eo En

point 7.

tot

En

Fig. 2-1 The E, dependence of €.° = a., - (0res/0cap) in the vicinity of the p-wave
resonance is shown. The Ej and T are the resonance energy and the resonance width

of the resonance, respectively.
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Fig. 3-2.2 The configuration of the copper box cavity containing five layers of
ethylene glycol (CrY). The box is helium tight and filled with liquid * He for heat
conductor between the ethylene glycol layer and the box. The walls of the box were
grooved and formed into fins. The depths of the grooves are from 0.5 to lem. The
thickness of the fins is around 0.03¢m and the gap between the fins is 0.03em. The

bottom of the box is immersed in a liquid *He bath.
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Fig. 4-1-2 Arrangement of BaF, v-ray counter for the measurement of the Ay, .
and the ag ,(8). (a)Target, (b) BaF, crystals, (¢)UV sensitive photomultipliers, (d)50G
solenoid, (e)B4C (neutron absorber), (f)sintered B4C' (neutron absorber), (g) B4C (neu-
tron absorber), (h)boric acid resin (neutron absorber), (i)iron (magnetic shield), (j)u
metal (magnetic shield), (k)lead (y-ray absorber). A cross section of counter configura-
tion seen from down stream on the beam line is shown in the right hand side. The BaF

crystals are arranged to detect y-rays at 6., = 55°, 90° and 125°. The DalF; crystals

cover 85% of 47 steradians in total.
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Fig. 4-2-1 The schematic view of experimental arrangement of aUnPol(§. ) measure-

ment. (a)Target, (b)BGO crystals, (c)photomultipliers, (d)!°B loaded liquid scintilla-

tor, (e,f)B4C (neutron absorber), (g)lead, (h)iron (magnetic shield).
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Fig. A-2. The reaction of 1 La(i1,7) is illustrated,
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proton are illustrated.

Fig. B-2. The ESR and NMR curves versus the frequency of the applied microwave.
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