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Abstract 

Parity nonconserving effect in neutron induced nuclear reactions has been inves­

tigated in low energy (n,-r) reactions for several p-wave compound resonances. Large 

asymmetries with respect to the incident neutron helicity (Ar. .-r) have been observed 

in p-wave resonance cross sections for several target nuclei. Obtained results are 

AL,-r = (9.8 ± 0.3)%, (2.1 ± 0.1)% and -(1.3~8:~)% for the targets of 
139 La( En = 0.734eV), 81 Br(En = 0.88el') and 111 Cd(En '-- 4.53cV), respectively. 

The phenomena arc 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 -r-rays have been measured, and found to be very small. 

The dependence of AL,-r on -r-ray energy has been measured for 139 La, and has been 

found to be independent of -r-ray energy within experimental errors. The results show 

that the large values of AL,-r are due to parity mixing in the entrance channel. 

The <7n • k-r correlation term for 139 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 n'flection. 

The parity violation has been established to be a nature of the weak interaction since it 

was introduced by Lee and Yang (I) in 1956, and it was observed experimentally by \\'u 

et al.<2> in 1957. In nucleon-nucleon (N-N) interactions where the strc•ng 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(~') t. The total 

amplitude {f) consists of parity-conserving (PC) part (fpc) and PNC part UPNc), 

f =fpc+ fPNC· (1- 1) 

The size of fPNC relatiYe to that of fpc is crudely given by the ratio of PC and ]>~(' 

light-meson-exchange potentials (lfpc and llpJ\'c) : 

"PNC G ? -7 QNN ::: ~"' Fm;, "'2 X 10 
' PC 

lfPNcl 
"' ' lfPcl 

(1- 2) 

where G F and mr. arc the Fermi coupling constant and the pion mass, respectively. The 

absolute square off is to be observed in experiments. 

1!12 
= lfPcl2 + 2Refpcf?Nc + lfPNcl2 

"'If Pcl 2 (1 + 2o:NN + aj.,,v) {1 - 3) 

Two types of experiments were suggested. The first one is the measurement of IJP\'cl2 

which is pure P:\C part. For example, search for violation of "absolute" selection rules 

which are imposed by parity-conservation belongs to this type. Tlw second one is the 

measurement of Refpcf'PNc which is an interference term. The mea~urement of P-odd 

correlation terms belongs to this type. Larger PNC effect is expec.tcd in the second­

type experiment since the PNC effect in the second-type experiment is the order of 

O:NN,...., 10-7 while that in the first-type is the order of aj.,N ,...., 10-14 • 

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

A ( ) _ a+(pp)- a-(pp) 
L pp - a+(pp) +a (pp)' (1- 4) 

where a+(pp) (a-(pp)) is the scattering cross section with incident positive- (negative­

) 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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incident energy AL(pp) 
[~feV] 

15 -(1.7 ± 0.8) X 10-' Los Alamos (4
) 

45 -(2.3 ± 0.8) X 10-7 SI::\ <5> 

45 -(1.3 ± 0.8) X 10-7 Berkeley (G) 

800 (2.4 ± 1.1 ± 0.1) X 10-7 Los Alamos (7) 

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

<'_...:peri mental results arc listed in Table 1-1. These results are consistent with theoretical 

<'Stimations. 

'I he first successful observation of large PNC effect in nuclear process was the 

measurement of left-right asymmetry of capture "(-rays from unpolarized 113Cd target 

indut<'d by transversely polarized incident thermal neutrons from a reactor in 1964 (8
). 

They measured a parity violating term A'Y in angular distribution of the capture "(-ray 

intensity given as 

(1- 5) 

\\.·here Pn and O'Yu. arc the incident neutron polarization and the angle between the 

direction of the incident neutron spin and the emitted ~,-ray momentum. The obtained 

\'alue is A.., -( 4.1 ± 0.8) x 10-4 • The large PNC effect arises from interference between 

parity favored transition {Ml) and parity-unfavored transition (El) in 114 Cd(l + ~ o+). 

A not her large PN C effect was found in the measurement of circular polarization of 1-ray 

(P..,) from unpolarized 114 Cd nuclei<9>. The obtained value is P.., = -(6.0 ± 1.5) X 10-4
• 

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 "(-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'Y are related to parity mixing 

in exit channel. 

In 1980, very large PKC effect caused by an interference between two opposite­

parity amplitudes in the entrance channel was observed in spin rotation angle of trans­

\'Crscly polarized thermal neutrons with respect to the beam axis on propagation through 
117 Sn (:! 1). The obtained \'alue is d¢/dz = (3.7 ± 0.3) X 10-5 radjcm. The spin rotation 

angle correspo11ds to the real part of the interference term between PC and P~C part 

of the amplitude. 
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transition value referc:ncc 
n + p-+ D(l +) + 1 A..,- (0.6 ± 2.1) X ]Q-• lQI 

18 F(o- - 1 +) 
P.., = -(1.30 ± 0.45) x 10-6 11 

P.., = -(0.5 ± 20) x I0-3 12: 
ts F( t- -+ t +) A..,= -(18 ± 9) X 10-5 13. 
41J(a- _ ~+) p'Y = (2.0 ± 0.4) X IQ-5 141 114 Cd(1 + -.. o+) A.., = -( 4.0 ± 0.8) X IQ-4 8 

118Sn(l+-+ o+) 
p'Y = -(6 ± 1.5) X IQ-4 9 
A..,= ( 4.4 ± 0.6) X 10-4 H• 

175 Ltt(~--+ t-) 
P.., = (8.5 ± 1.5) X 1Q-4 Hi 
p'Y = (5.5 ± 20) X lQ-5 1 i' 

t8o II !(8 --+ 6) P.., = -(2.4 ± o.3) x w-3 18 

181raa+- ~+) 
A'Y = -(1.7 ± 0.2) X IQ-3 Hl 
P..,- -(5.2 ± 0.5) x IQ-6 20 

Table. 1-2. PNC effects in nuclear "(-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 AL is given as 

(1 6) 

where 0'+ (0'- ) is the · f res res resonance cross sect10n or a radiative captlllre reaction with 

incident positive- (negati,·e-) helicity neutrons. We discuss the case of radiative capture 

reactions induced by epithermal neutrons. The total cross section O'tot consists of po­

tential scattering cross section (O'sc) and the radiative capture cross section (O'cap)· The 

value of O'sc is almost constant against En, while that of 0' varies withE Tl 
cap Jn· le O'cap 

consists of a number of compound resonances well separated from e1ach other. Most 

of them are s-wave resonances, and small p-wave resonances are also observed. \<\'hen 

w~ look at vicinity of a resonance, we can observe a component which changes slowly 

wtth En in addition to the component of the resonance. The slowly va.rying component 

is the sum of the contributions of tails of other resonances. The cross section for the 

narrow corn pound resonance is referred to as resonance cross section ( 0' res), and that 

of the slowly changing component as continuum cross section (O'con)· Very large AL 's 

have been observed only in p-wave resonances. The phenomena can bt~ explained by an 

interference between amplitudes of the p-wave resonance and the tail of a neighboring 

s-wave resonance (s-p mixing) (n). The interference term between tw·o opposite-parity 

amplitudes has a possibility of large contribution in low energy neut:ron capture reac­

tion cross section, since nucleons in the compound nucleus have mu,-h longer time to 
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. f d' . Tl . 1all P'\C effect 
interact with each other than 111 the case o trect processes. te sn · 

of~-~ intNaction may be accumulated or cancelled during the long life time of the 

compound state. In this case. it tends to be accumulated as discussed in §6. Another 

theoretical approach based on an S-matrix formalism is proposed in which the large 
· f 1 . l't d of p- and d-wavc resonances 

P!\C ~erect aris~s from an tntcr crencc >ctwcen amp 1 u es 

(p-d mixing) <23•
24

). 

The large PJ':C' !'ff<~ct in neutron-nucleus (n-A) interaction introduces a nt'W possi-

bility for tPsting the time-reversal invariance (TRI) (Z
3

-
29

l. 

The ('P \'io\ation was ohsNved in the decay of neutral K mesons by Christenson 

ct aJ.(30) in HlG1, but the origin of CP \'iolation still remains unknown. If the CPT 

theorem(:!!) is true, it implies that TRI is broken. Direct measurement ofT-violating 

effect is \'N~' importaut to study the origin of CP-\·iolation. since the theoretical pre­

diction of T-\'iolating effect in an observable is model dependent because of lack of the 

knowledge a bout the origin of CP-\·iolation <32l. ~ o finite T-\'iolating effect has been ob­

S<'ned so far in spite of a number of intensi\'e efforts. The experimental upper limits for 

T odd amplit udcs relative to T -cven amplitudes are"" 10-3 for strong, electromagnetic 

and \veak interactious. The difficulty of the experiments on the TRItest is due to the 

an ti-u nitarity ofT opera tor (33). Even if the interaction is THI, T-odd corrcla tion term 

may exist because of tlae cffcc~ of ftnal state interaction (FSI). \\'e must e\'aluate the 

fSJ effect and subtract it from the observed T-odd correlation term. The measurement 

of T-odd correlation term in nuclear /3-decay is a good example to see the problem of 

FSI effects. The T odd correlation term DJ · Pe X p,;/(Ee · Ev) in 
19 

N e -
19 

F + c+ + v 

was measured (34) where j, fit, jf
11

, Ec and £ 11 are unit vectors parallel to the nuclear 

spin of 19)\'c, momenta of the emitted positron and the neut rino, kinetic energies of 

the positron and the neutrino, respectively. The obtained result is D = ( 4 ± 8) X 10-
4

, 

while the contribution of FSI (D FSI) is"' 2.6 X 10-4 Pe/(Pe)mu• where (Pe)max is ~he 
maximum value of Pt (3$). The experimental sensitivity to T-violation is limited to a 

few times 10- 1 by the value of the contribution of the FSI effect. The FSI effect appears 

in all decay or reaction proce:;ses. But it does not exist when the system is static, or the 

process h, clastic scattering where momenta of incoming and outgoing particles are the 

same. In such ca!ic:>, there is no contribution of FSI effect to a T-odd correlation term, 

and a non-zero value ofT odd correla lion is equivalent to the existence ofT -violation. 

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

A non-zero value of an electric-dipole-moment (EDl>f) of a fermion 'iolatcs TRI 

and it is an obscr\'ahle in a static system. The measurement of the EDi>I of neutron 
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(dn) has provided the most reliable upper limit for THl. Hccent impro\'ement 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 ftcld induced b\· Lorentz 

transformation from the electric field which is applied to detect the LD::-.1. The upper 

limits dn = (0.6 ± 0.6) x 10-25 e ·em and dn = -(1.4 ± 0.6) x 10-2$c ·em ha\'e been 

obtained at ILL<36l and Leningrad<37l, respectively t. These results give upper limit 

of the order of 10-3 <32l for the strength of T-odd interaction rela(ive to that ofT-even 

interaction (gr ). 

All the TRI tests give upper limit for gy as the order of 10-3 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 inn-A interaction. But a sizable contribution of 

the weak interaction is contained in the vicinity of p-wave resonances where large P:\C 

effects are observed. Therefore, if we observe T-odd correlation terms in the vicinity 

of such p-wa,•e resonances, we can study T-violating effect in the weak interaction free 

from FSI. 

It is very important to study the reaction mechanism of p-wa\'e 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 AL. 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 (a101 ) is 

measured in the neutron transmission method. The other one is the measurement of 

helicity dependence of the cross section of neutron radiative captlllre reaction. Capture 

')-rays are measured in this method which is referred to as 1-ray detection method 

hereafter. The 1-ray detection method is more efficient than the neutron transmission 

method for the measurement of AL, since the 1-ray detection method is insensiti\·e to 

\·er~· large potential scattering cross section which sltows no large P:\C effect. 

t The latter one is interpreted as an upper limit of ldnl < 2.6 x 1Q-25 e- em at a 95% 

confidence level. 
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Th~ ')'-ray detl'ction method has further merit. In the neutron-transmission method, 

the capture cross section consists of only two terms, that is. a spin independent term 

and a helicily dl'pC'n<lent term (au . k
11

) where a 11 and ku are unit VC'Ctors parallel to 

neutron spin and neutron momentum, respectively. In the ')'-ray detection method, 

the diffl'rential capture cross section (acap(87 )) has more correlation terms <
39

) which 

depend on the neutron spin, the polar angle of the 1-ray momentum with respect to the 

ueam axis (8
7

) and the helicity of the 1-ray. Each correlation term is an interference 

term hf'tween two amplitudes. A different amplitude arises from a different reaction 

mC'ch;111ism. 'J herefore, the measurement of such terms enables us to understand the 

reaction m<:>chanism which is responsiule for the large P~C effect. 

The AL for the p-wave resonance of 139 La target at En = 0.734eV had been 

measur<•d by Dubna< 40•41 > and Kyoto KEK<42) groups. The Dubna group obtained 

AL - (7.3 ± 0.5)% using neutron-transmission method, while Kyoto-KEK group ob­

tained A1, = (!>.5 ± 0.3)% using ')'-ray detection method t. In general, the AL in ')'-ray 

detection method (AL,-y) is not equivalent to the AL in neutron-transmission method 

(AL,n) because of the correlation terms which depend on 8"1. The AL,"f is equivalent 

to At,ra only when the ')'-rays are detected in whole solid angle. Vanhoy et al.< 44> sug­

gested a possibility that the contribution of polariza:ion and angular correlation terms, 

especially 2nd order Legend rc term ( cos2 87 - 1 /3), explains the inconsistency between 

those two values, since the ' 1L,-y had been measured for incomplete solid angle around 

87 = !>0°. The determination of such correlation terms is very important to solve this 

discrepancy. 

ln this \vork, we have carried out a precise measurement of polarization and angular 

correlations in (7i, 1) reactions with improved equipment to investigate the PNC effect in 

n-A interactions. The AL,"'''s have been measured in p-wa,·e resonances for the targets 

of 81 Br(En = 0.88eV), 93 Xb(En = 35.9eV, En = 42.3el'), 108 Pd(En = 2.96e11), 
111 Cd(En = 4.53<1'), 124 Sn(En = 62.0eV) and 139La(En = 0.734eV). The experiment 

has b<>en ca rried out using a longitudinally polarized epithermal neutron beam from the 

spallation neutron source at 1\E I\. All the correlation coefficients have been d etermined 

for 139 l,a and 81 Br targets by measuring the angular distribution of the resonance cross 

section for unpolarized incident neutrons (a~:'~P"1 (87)) and the 8"~ dependence of the 

t Recently. Los Alamos group obtained the value of the AL which confirmed 1\\'oto-

I\EI\ group's resuJt( 43). -
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longitudinal asymmetry (aL."/(8...,.)). 

The AL,-y for the target of • J La has been measured as ,, function of 1 -ra~· cnNgy. If 

the AL,-y is independent of 1 ray energy, only the parity mixing in th·c entrance channel 

is responsible for the large value of AL,')" 

The parity-violating angular distribution of ')-rays with respect to the spin direc­

tion of incident neutrons which corresponds to the an · k7 correlation term has been 

measured where k-y is the unit vector parallel to ')'-ray momentum. The compound state 

is longitudinally polarized due to helicity dependence of the captur<· cross section. \\'c 

write the angular distribution of ')'-rays as 

(I - 7) 

where tlte a-y is the asymmetry of ')'-ray intensity with respect to the polarization of the 

compound state (forward-backward asymmetry). The a-y contains information of parity 

mixing in the exit channel. 

Dependence of AL,-y on En has also been studied by using cold targets in order to 

reduce a Doppler broadening which smears out the structure of Al.,-y· 

The formalism of correlation terms in (?"i, 1) reaction is gi,•en in §2. The exper· 

imental arrangement and characteristics of the counters arc described in §:J and §4. 

The method of data analysis and experimental results arc 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 Pl\C effects. We also point out 

a feasibility of TRI experiment to measure the P-odd T-odd trip!«' vector correlation 

term (an· (i X kn )) in total scattering amplitude by using neutron transmission method, 

where i is the unit vector parallel to target nuclear spin (45). 
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§2 Polarization and Angular Correlations I·n c- ) R . 
71, '"'r eactwn 

Tn this section tl 1 · · 
• ' IC pO anzatJOn and angular COrrcJat' . c- ) . . . lOllS Ill n, ,. reactwn cross 

scct10n arc> d1scusscd based on s-p n · .· (39) ( \ . 
, . · llXIng .'"\ppencl1x A). 
fhc ddferential cross S(•ction of rad· t'. . 

Ja )\:e capture reactJOn induced b_,. polarized 
ncu tron::. (a (a fc k. )) • . car u, n, a,.. ·.., IS gi\'Cil as 

( • . 1 ( acnpa .. ,k.,,a.,,k,.)-- ao+a k ·k + (k. • • • 1 
2 1 11 

I' (l2<7n · n X k,.) + OJ((k11 • k,Y- -) 
• • 3 

+a-t(k ... k ,.)(a ... (kn X k,.)) +as( a,.. k,)(an. k,.) 

wh<•rc a k d k. 

+aG(<7,. · k,.)(a11 • k .. ) 

+ao(<:r,. ·_k,.)((<:rn · ku)(k 11 • k,.)- ~a11 • k-,) 

+aga .. . k, + al0<7u . kn 

'" "' a-r an , ,. arc unit vectors parallel to t . 
. . neu ron spm, neutron mo t 

")-r<t: Spin and 1 rav mom" l( . men um. 
• • ..I um, respcctl\'clr. \\'hen tl . I . . 

, k ) . . te Clrcu ar polanzatwn f . 
, <7--,. ,. IS not obscr\'cd and the inc ide t o ')'-raJ 

n neutrons are longitudinally polarized. we write 

(2 - 2) 

:here Pn is lht• polarization of incident neutrons and 8 . tl I 
. . -yiS lepoarangleoftl · d 

-ra) momentum '''lth respect to tl b . le emlttc 
. lC cam axJs. Then we obtain 

(2- 3) 
8 

t - ' 

The a0 consists of s- and p-wave cross sections (ao - ao~ + aop)· The differential cross 

section of a p-wave resonance (ares(B-r)) in the vicinity of the p-wave resonance is 

" 1 ares(B,.) ex 1 + A1 cosO,.+ A3(cos· 8-y- 3) 

+ Pn(AIO+(Ag+ ~A1~)cos8,.+A11(cos~8..,- ~)). 
(2- 4) 

where A;= a;/aop t. If the 7-rays arc detected for the whole solid a.nglc, the resonance 

cross section (ares) is given as 

(2 - 5) 

In this case, only A 1o term remains, which is equivalent to the longitudinal asymmetry 

measured in neutron-transmission method (AL,n)· But if 7-rays are detected only for 

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

in the 7-ray detection method at the angle of B-y is given as 

( (8 ))Pn=+1 ( (8 ))Pn=-1 
a (8 ) - <7res "( - ares ,. 

L,")' ")' - (<:rres(B,.))Pn-+ 1 + (arcs(8-y))Pn--l 

2 ? 1 
A 10 + (Ag + 3'A12)cos8,. + A11 (cos· 8-y- 3) 

= ----------~---------------------- (2- 6) 

This quantity depends on 8-y and is not equivalent to the AL,n which is given as 

(a )P·=+1 _(a )P·=-1 
1 

_ re3 res _ A 
I /,,n- ( )Pn-+1 + ( )P,.--1 - lO· 

are~ are3 
(2- 7) 

There are two ways to determine the A 10 term in (n, 7) reaction:;. One is to measure 

aL,,.(8-y) in the whole solid angle. The other is to measure aL,-y(B..,.) at two B,.'s which 

satisfy cos2 8-y- 1/3 = 0. From Eq. (2-3), the resonance cross secii•ons are given as 

u..,( O,o) ex I+ A1 cos O,o + p,. (A 1o +(A, + ~A12) cos O,o) 

u,.,(• - O,o) ex 1- A I cos O,o + p,. (A 10 -(A, -'- ~At,)"'' O,o) ' 

t The A;'s are defined as Ai = aifao in Rcf.39. 

9 
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for O-ro= 54.7°, that is, cos2 O-ra- 1/3 = 0. The A10 term is obtained as 

(2 - 9) 

(2- 10) 

The symbol A1 ,..., is used to represent a longitudinal asymmetry measured under those 

conditions hcrc•aftcr. 

For determination of A;'s, we must measure not only the aL,...,(O...,) at various O...,'s 

hut also the 0..., dependence of the denominator ofEq. (2-6). The differential cross section 

of a resonancc for unpolarized incident neutrons (a~~P01(8...,)) is obtained substituting 

Pn = 0 in Eq. (2-..J) as 

(2- 11) 

Values of A;'s can be determined combining the experimental results of aL,...,(O...,) and 
aUnpo/(0 ) 

,.~, ..., . 
The forward-backward asymmetry (a..,) defined in Eq.(1-7) is discussed below. If 

we define the aFH as 

(2- 12) 

where 
a~~= (are,(0-y))Pn=+ 1 + (are4 (7r- O...,))P·=-l 

( 
2 1 2 

cx: 1 + A3 cos O...,- 3) + (A9 + JA12)Pn cos 8...,, 

a;!,= (ares(1r- O"r))P~=+ 1 + (ares(B-y))P .. =-1 (2- 13) 

( 
2 1 2 

ex: 1 + A3 cos 0...,- 3)- (Ag + 3A12)Pn cos 8-y, 

it is approximately equivalent to a-y if AL,...,a..., ~ 1. If the detection system is insensitive 

to A3 term or the A3 term is negligible, the aFB is almost equivalent to Ag. Therefore, 

the a.., is almost equivalent to Ag, since the .412 is negligibly small compared with .4
9 

(see Appcndix A). 

The ag has a dispersh·e En dependence (see §7), and so does the 

E!yot - a-r · (are,Jacap) as shown in Fig. 2-1. Therefore, a'"Y must be calculated in left­

or right-half side of the resonance. \\"e use a..,,< and a..,,> to represent the a"r calcu­

lated in left- and right hand side of the resonance. respectively. The a'"Y,<• a'"Y.> and 

10 

a..,,<> are calculated in the regions of Eo - f S Fn S Eo, Eo S En S Fo + r and 

Eo- r S En S Eo+ r. respectively, where the Eo is the resonance energy and the r is 

the resonance width. \\"e define the difference of a..,,< and a-y,> a!> 

(a..,)= 
a..,,<- a..,,> 

2 
(2 - 14) 

§3 Neutron Beam 

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

mal neutron beam. 

§3-1 S p alla tion Neutron Source 

The experiment has been carried out at the Polarized-Epithermal-Neutron (PE~) 

beam line of KEK-Neutron-Source (KENS). A pulsed 500MeV 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 20Jl z . The intensity of the proton beam is (5 f'V 15) X 1011 per bunch. !\eutrons 

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 shield(.'·d by a 4m thick 

biological shield made of iron and concrete. The size of the neutron beam was defined 

by a collimator em bedded 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 equivalen~ CA:MAC module). A 

sweep of the M CS was started by a pulse of the primary proton beam, and 1 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 pJroton beam. The 

beam size is 40nsec in F\VIIM which corresponds to 0.00017eV for l•eV neutrons when 

the flight pass length is 6 .6m. 

The dimension of the moderator is IO.Ocmw x lO.OcmH x 5.0cmT. The moderator's 

thickness of the beam line PEN is about 5.2cm which causes an energy spread of0.009eV 

in standard deviation for leV neutrons. 

The neutron intensity was measured using a 10 n loaded liquid scintillator (NE311A) 

placed at 9.4m from the neutron source. A typical intensity versus neutron energy is 
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shown in Fig. :J-1-3. The number of incident neutrons was monitored by counting 

capture ')'·rays from an annular indium foil placed at 4.5m from the neutron source on 

the beam axis <•7>. 

§3-2 Neutron Polarizer 

Incident n~utrons were transversely polarized upon transmission through a dynam­

ically polariz<'<l proton filter which was installed at 5.2m from the neutron source. A 

typical JH•utron polarization was approxjmately 70% for En "" leV. The neutron spin 

was rotat<'<l from transverse to longitudinal direction gradually following an adiabatic 

passage. 'J'h~ magnc•tic field was designed to rotate the neutron spin parallel and an­

tiparallcl to the beam axis (positive- and negati\·e-helicity). The helici ty of neutron was 

reversed every 2.5 or •1 uc. 

A dynamically po!ttrizcd proton filter (48- 53) was used to obtain the neutron polar­

ization (Appendix B). The neutron polarization was obtained from the spin dependence 

of 1'- n cross S<'Ction (SO-S:!). The numbers of spin-up and spin-down neutrons after 

transmission arc given as 

{ 

yl 
fl 

N~ 
(3-2-1) 

respectively, where n,, is the number density of protons, tis the thickness of the filter, Pr> 

is the proton polarization, aJ,t (aH) is the total cross section for parallel (anti-parallel) 

spin, and /\'~" is the number of incident neutrons. The neutron polarization Pn is given 

as 

(3- 2- 2) 

where 

!::.a = a IT _ aT J 
pn pn pn · (3- 2 - 3) 

The number of neutrons transmitted through polarized filter (1\·::ol) is 

\' f'ol _ y T + \' J 
n - 4 n ,~ n 

(3-2-4) 

where 

(3 - 2 - 5) 
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The number of neutrons transmitted through unpolariz<.'d filter(.\.~ "~ 01 ) is 

1\•Unpol _ Jl\'tn exp (-n a0 t) 
n - n P pn • 

(3- 2 - 6) 

The neutron transmittance of polarized filter (T/:01
) relative to that of utnpolarized filter 

(T:/npol) is 
rPol NPol n 
,; 

1 
= ,; 

1 
=cosh ( 

2
P pp.6.C1pnt). 

T npo N npo 
n n 

(3- 2- 7) 

Combining Eq. (3-2-2) and (3-2-7), the neutron polarization Pn is given as 

Pn = 
_ (T;/npol )2 

1 TPol 
n 

(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 En > 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 fi\!X density at the center of the filter was 2.5T with homogene·ity of 0.5 X 10-
4 

in a volume of 3cm diameter and 4cm height. The coils were desig;ned 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 3 IT e cryostat was 

a continuous-flow type and was installed at the center of the liquid helium container. 

The 3 He gas was pumped out by a Roots pump system (Alcatel RSV2000 + RSV350 

+ 2060H). The temperature of liquid 3 He 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 0.2cm3 ) with spacing of 0.2cm. This box was cooled by liquid 

3 He from outside through heat exchanging copper fins which were attached from inside 

and outside of the box. The box was filled with • II e 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 
3 He gas in 

the neutron flight path was negligible since the 3 II e gas pressure was less than 0.16Torr 

and the length of the flight path was 4cm. 

Microwave of 70GH z was supplied to the filter through the wave guide. The mi­

crowave was obtained by using a klystron (OKI-KA 701A). The microwave power was 

estimated to be about 35m1V at the filter. 
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The filtN material was cooked in chemical reaction. The 50cm3 eth~·lene-glycol 

was kept at the temperature of 70°C. Powder of potassium dichromate (J1'2Cr20i) of 

22g was added to it, and the mixture was stirred for 12min at ·;ooc. Complexes of 

Crv were produced in the reaction. The Cr\' was used as freE' radicals for the dynamic 

polarization. The optimum density of Cr\F was approximately one per 200 l1ydrogens. 

11te proton polarization of about 90% was obtained at 0.511·. The neutron transmittance 

of the polarizer was nwasured by the liquid scintillator. A typical neutron polarization 

is shown in Fig. 3-2-3. 

An :\,\IH-coil was embedded in the filter material. The proton polarization in 

the filter was measurC'd by the .t\11R system every minute. The fluctuation of the 

polarization was within a few percent for a few weeks. 

The transversely polarized neutrons pass through an inhomogeneous magnetic field 

which is superposition of fringing field of superconducting coils and longitudinal field 

of lit<' 150G solenoid placed downstream the polarizer. The depolarization due to the 

inhomogeneous magnetic field is discussed below. 

We write the polar angle of magnetic field jj with respect to the beam axis as 8s. 
The 811 is given as 

Ill. 
tan8H =­

fit/, (3- 2- 9) 

where Il1. (lit/) is perpendicular (parallel) component of (fi) with respect to the beam 

axis. If neutrons do not move in the magnetic field, their spins precess about the 
direction of 17 with a Larmor frequency 

(3- 2- 10) 

where In is the gyromagnetic ratio of neutron. lu this experiment, neutrons move along 

the b<.>am axis. \\'e denote the direction of neutron propagation as -- .· 0 h ... aXJs. n t e 
rest ~ram.e of neutrons whose velocity is vn, the magnetic field rotates with the angular 
veloc1tv (}H which is gi\'Cn as 

(3-2 -11 ) 

1-l 

In this case, neutron spins precess about the magnetic field Jl' given as 

H' = jj + J7 rot. (3 - 2- 12) 

where Hrot is a field perpendicular to ii. The absolute value of Hrc•t is given as 

Ou 
Hrot = -. 

"'n 
(3- 2- 13) 

Here we define 1J as 

Hrot iJH 
tan7J = -- = -. 

][ Wn 
(3- 2- 14) 

The neutron polarization becomes Pn cos 1J. The cos 1J is calculated from the actual field 

as shown in Fig. 3-2-4. 

The adiabatic condition is 

(3- 2- 15) 

The neutron polarization at the target point was calculated by a numerical simulation 

based on the Larmor precession of the classical magnetic moment. As a result, the 

depolarization due to the rotation of the magnetic field is calculated to be less than 1% 

for En~ 10eV. (see Table 3-2-1) 

En[eV] positive helicity negative helicity 
1 0.998 0.996 

10 0.990 0.991 
100 0.995 0.989 

Table 3-2-1. The results of numerical simulation of neutron polarization at the 

target divided by the original polarization (Pn)· Small depolarizations are due 

to the rotation of the magnetic field direction. 

§4 Experimental Procedure 

In this section, the experimental procedures are described. 
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§4-1 

nucleus material thickness areal density target 
[em] [X lOnnucleif em 2] temperature 

l!lflr CBr4 3.0 2.9 room temp. 
CBr4 5.0 5.2 room temp. 

!/J.Nb metal 2.5 13.9 room temp. 
IU6pd metal 0.7 1.8 room temp. 
IIICd metal 1.15 0.68 room temp. 
IHSn metal 3.0 0.17 room temp. 
tJll La metal 1.0 2.7 35]{ 

met a) 0.3 0.8 9]{ 

Table tl-1-1. List of target materials. The areal densities of relevant isotopes 
arc shown. 

Measurement of Longitudinal Asymmetry 

In this section, we describe the experimental procedure of the measurement of the 

longitudinal asymm<'try (AL,'"'f) with low ')'-ray energy tlneshold in p-wave resonances for 

the targets of81 Br, 93Xb IOBpd IIICd 124511 d 139£ E. . 
• ' , an a. xpenmentaJ arranuement 

and --r-r?y counters are shown in Fig. 4-1-1 and Firr 4-1-2 (47) respect' 1 T 
0

t d' k 
~:-· , 1ve y. arge JS ·s 

of 2.5cm in diameter were placed at 6.6m from the neutron source in a 50G solenoid 

which holds the neutron spin direction, and were bombarded by longitudina!Jy polarized 

neutrons. The targets ''ith natural abundance '''ere used. E · xperimental conditions are 
listed in Table 4-1-1. 

The lanthanum targets were cooled down to 35H using a 1 1· f · 
. . le Jum re ngerator and to 

91\ us1ng a liquid helium cryostat, to reduce the Doppler broaden· f th , 
wg o e resonances 

to 0.00 cl' and 0.00-1el', respectively. The energy spread due to Doppler broadening in 

room temperature is 0.023cif which is wider than the half width f th 
f 139 ° e p-wavc resonance 

o La target at En = 0.73-!eV. Other targets were used in room tempe t · 
ra ure s1nce 

the Doppler-b roadenings are small enough compared with resonance widths. 

The lJaF2 crystal was used as a 1-rav detector(S4) Th B l:"' • 
. · · e ar2 crystal has vanous 

attractive properties. lts radiation length is short (Xo = 2 lcm) d ·t d . . . 
_ 

3 
. · an I s ens1ty 1s lugh 

(p - 4.8 gfcm ). The l1ght output of the cn·stal amounts to 1/5 f 1 · 
, .· . . , · "' o t lat obtawed 
'

1 th .\a I( 11). The Ba r2 crystal has two light emission peaks at 220 a d 310 · 
n nm Jn wave 

IPngth. I'he decay constants for the two components are 0 6 d 620 . 
· an ns, respectively. 

Ilamamatsu R329QT£ photomultiplier with CsTc photocathode ,,.as d t d . 
. use o ctect onh· 

the fasl component of the scintillation lirrht with good timing cl t · · . 
o 1arac enstJcs. A quartz-

glass plate was used as a window for R329QTE t t · 
so as o ransmJt the fast component 
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of the light which is in the ultra violet region. The energy thre:;hold was set at about 

!MeV. The energy resolution was about 20% at E"'r,..., lMe\1. 

Three 1-ray counters were arranged to detect ')-rays at 8.., = 55.5°, 90° and 12•1.£)0
, 

where a"( is the averaged value of 0-y weighted by tlu· absorption probability of -y-rays 

in BaF2 crystals. In total, solid angle of 0"' = 30° ,..., 150° and ¢"'1 == 0° ,..., 3G0° which 

is 85% of whole solid angle was covered. The thickness of the cryste~ll in ')-ray emission 

direction was more than Gem. 

A cylinder made ofsintcred B 4C was inserted inside the solenoid to absorb scattered 

neutrons from the target so that the scattered neutron does not produce capt urc ')-rays 

outside the target. The beam ,.,..as collimated to a circle of 1.8cm in diameter. The 

scintillator and PMT sets were magnetically shielded. They were· covered with lead 

and boric acid resin of Scm thick to reduce room background ')'-rays and neutrons, 

respectively. The B 4 C filled the space between the counter box and the lead. The 

counter box was made of iron to shield the P?\fT's from external magnetic fields. A 2cm 

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 1·-rays 

from resonance for unpolarizcd incident neutrons (u~e~poi(O"')) is discussed in this sec­

tion. 

The experimental arrangement is shown in Fig. 4-2-1. Unpola,rized neutrons were 

obtained by removing the neutron polarizer from the beam line. The beam size was 

1.8cm in diameter. 

The u~~P01 (0'"'f) was measured for p-wave resonances for the t.argets of 139 La and 

81 Brand for an s-wave resonance of the target of 107 A g. All the clements in thP targets 

had natural abundance. The lanthanum target was a metal column of 2.5cm 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 50JLm thiock. The silver target 

was used to check the detection system since the s-wave resonance of the target of 107 Ag 

at En = l6.30eV has a zero total angular momentum and must have a uniform angular 

distribution. 

A bismuth germanate (Bi.JGe30 12 :DGO) crystal of 5cm</> Y Scm was used to detect 

')-rays from the target with high detection efficiency. Its radiation length is very short 

(X0 = l.lcm) and its density is very high (p = 7.lgfcm3 ). The detection efficiency 
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is more important than tlte timing characteristics since the solid angle covered by the 

crystal is small and the ")'-ray counting rate is low. The BGO crystal has a light emission 

peak at 4 Omn in \1.·ave l"nglh and its decay constant is 300ns. The scintillation light 

\\'as detected by IIamarnatsu JI1161 photomultipliers. The detector set was magnetically 

shielded by iron. The Scm thick lead shield was used to reduce the ")'-ray background. 

The thickness of JJ4C for neutron shield was more than 2cm. The energy threshold was 

set to lA!cV. The ")'-ray i11tensity was measured at B"f = 35°,50°, 70°,90°, l10°, 130° 

ancl 11.')0
• The angular acceptance was ±4° in standard de\'ialion. 

§4-3 Measurement of E..., Dependence of Longitudinal Asymmetry 

The longitudinal asymmetry for the target of 139 La was measured as a function of 

1..., thrr . ., where J:...,,tllrcs is the threshold of ")'-ray energy t. The schematic view of the 

BG'O counter is sltO\\'Jt in Fig. 4-3-l. The target disk of 2.3cm in diameter and 3.0cm in 

thickne~s was placed at G.75m from the neutron source in a SOC solenoid which holds 

the neutron spin to longitudinal direction . The target was put in room temperature. 

The beam was collimated to a circle of 2.0cm in diameter. 

lite ")-ray counter was designed for observation of the p-wave resonance of the 

target of 139 La with a better absorption efficiency and a better energy resolution than 

the JJaF2 counter described in §4-1. Bismuth germanate (BGO) crystal was used in this 

measurement to provide better absorption efficiency for ")'-rays compared with BaF2 

crystals of the same dimension. The dimension of the whole counter is important to 

obtain better ')-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 DCO crystal in the ")'-ray emission direction was more than 

Gem. 

A typical pulse height spectrum for ")'-rays from 12C•( 4.43Jf ell) of Am/ Be radioac­

tive source obtained using this counter is shown in Fig. 4·3·2. The energy resolution 

for 4..13-?\le\' 1 rays was 13%. The pulse height spectrum for ")'-rays from La(n, 1 ) 

(En = 0.·16 "' 1. It F) obtained using the same counter is shown in Fig. 4-3-3. Bumps 

arc obsen·ed around ·1.3 and 5.\/ eF. The arrows in the figure indicate the energies 

where single ")-ray transitions are expected. The expected single ")'-ray transitions are 

listed in Table •1-3-l(ss,SGJ. !'he E...,,thres·s were set to 1.1 ± 0.1, 3.2 ± 0.2, 4.2 ± 0.2 and 

t The E...,,thrc.• is dt•fincd as the output pulse height of P~lT which is not equivalent 

to ")-ray energy (E..,) because of the contribution of compton scattering, single escape 

and double escape peaks. 

1 

E..., spin/parity 
[Me\'] of final state 

5.101 ± 0.005 4-

4.845 ± 0.005 5-

4.416 ± 0.005 4,5-

4.390 ± 0.005 4,5-

Table 4-3-1 The list of spin/parity of final state of relatively intense ")'-ray 

transitions of 139 La( n, 1' )140 La reported in Ref.55, 56. The spi nt/ parity of the 

ground state of 140 La is Jtr = 3-. 

4.8 ± 0.3 [MeV] t. 
Two ")'-ray counters were arranged to detect the ")'-rays for B"f = 20° "' 70°, </>..., = 

oo "'360° and ll0°"' 160°,¢..., = oo "'360°. In total, about 60% of whole solid angle is 

covered. A cylinder of 0.8cm thick made of sintered B4C was inserted! inside the solenoid 

to absorb scattered neutrons from the target. The PMT's were magnetically shielded 

by iron boxes. Lead walls of Scm thick covered the iron boxes to reduce background 

1 -rays coming from outside. B 4C walls of 2cm thick covered the l·~ad walls to absorb 

background neutrons coming from outside. 

The sensitivity of the counter for the term of cos2 B"f- 1/3 iH important for the 

determination of the value of AL,"t using Eq. (2-9). It was calculalc·d as 

(4-3-1) 

The ndet is the solid angle covered by scintillators. The f(S1) is the length ofDGO crystal 

for the direction of n. The >.. 8 co is the mean free path of ")'- rays ilfl BGO crystal. The 

sensitivity depends on ")'-ray energy since the >..aco depends on ")'-my energy. The value 

of ( 4-3-1) was calculated by averaging in the region of ")'-ray energy of"' 1 to "' 5M e V. 

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 139 La+ n -+140 La is 5.2MeV. 
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§5-l Longitudinal Asymmetry 

The longitudinal asymmetries (AL."Y) and their B"Y dependences (aL.iB"Y), Eq. (2-G)) 

ha \'(' been measured with low 1-ray energy thresholds using the-y-ray counter described 

in §4-1. The -y-rays consisted of three components which have different origins. One 

of tlu~m was the-y-ray coming from the resonance cross section (ures)· The second one 

was the-y-ray corning from the continuum cross section (ucon)· There were also -y-rays 

which did not come from the target. fhe component of 1-rays coming from the O"res was 

obtained after subtract iug the contribu lion of O"con and that of room background -y-rays. 

Thl' contribution of CTcon has been evaluated by least :\.2 fitting with a linear function 

of 1/t·,. t wlu•re Vn is th(l ,·elocity of incident neutron. The 1-ray counting rates are 

plotted in Fig. 5-1-1 for the targets of lanthanum, carbon tetrabromide, cadmium, tin, 

niobium and palladium. In tlte case of cadmium target, the <fcon has a nonlinear 1/vn 

dep<'!Hiencc b<'cause a large s-wave resonance of the target of 113Cd exists close to the 

plotted region (at En= 0.178cV). A 3rd order polynomial of 1/vn has been used for 

the C!\'aluation of O"con. since it is the lowest order polynomial to reproduce the shape of 

<fco" · 

We write the ')'-ray counting rates of whole BaF2 counters after subtracting the 

component of room background 1·-rays for incident positi \'e- (negative-) helicity neutrons 

as n~ (n:;). Then; consists of the contribution of O"re! a.nd that of O"con· The €tot is L,-y 

plotted in Fig. 5 1-2 whNe 

(5- 1- 1) 

The £}0.~ 's deviate from zero systematically at p-wave resonances of the targets of 
139

/ a(En = 0.73-1c''), 81 Br(En = 0.88el') and 111 Cd(En = 4.53cV) while no signifi­

cant d cvia tion has been found at p- wave resonances of the targets of 93 N b( En = 35. 9e V), 
93 .\'b(En = 4:2.3t.V), 1081'd(En = 2.96cV) and 124 Sn(En = 62.0eV). 

\\'e write the component of [-ray counting rates of whole BaF2 counters which 

come from q,.(',, for incident positive- (negative-) helicity neutrons as n~+ (n~-). The 

n;± cttn be written as 

{ 
n~+ = Ci117+(1 + PnA~~), 
n~- - Cnry-(1- PnA~~). 

(5- 1- 2) 

The Cis a common constant ton;±. Then is the geometrical acceptance of the counter. 

The Pn is the incident neutron polarization. The AL,"Y with superscript'' UC'' is different 

t The capture cross section obeys the 1/t'n rule at zero-energy limit if no large reso­

nance ('Xists. 
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h 
" "A due to the multiple scattering effect discussed in the latter part of 

from t e true L.-r 
. . Th + d ,- are the counter efficiencies. The superscripts± represent 

th1s sectiOn. e fJ an ., . . . 
· fi ld d'rection of the solenoid. A small difference of photomulttplter gam 

the roagnet1c e 1 

( < 10-3) was found for two magnetic field directions. 

The small difference between fJ+ and fJ- was cancelled by tlw following proce-

Th 1 ·zatt'on can be reversed by changing the microv .. ·ave frequency in d ure. e proton po an . 

t . r: ld (Apt>endix B) We write the counting rate of -y-rays with the the same magne 1c 11e · 
"re\·ersed-polarizer'· for incident positive- (negative-) helicity neutrons as n~+ (n~-). 
The relation between neutron helicity and magnetic field is reversed in the mct~sure­

ment with the ., reversed-polarizer". The 11~± are given as 

{ 
n.~+ = CnTJ-(1 + PnA~~), 
n.~- = CnTJ+(1- iinA~~). 

(5-1-3) 

· · · 1 h " l polarizer" Here \'.C write The Pn is the incident neutron polanzat10n w1t l t e reverse< · · 

(5- 1 - 4) 

If we define f£1., as, 
1lt - 112 (5- 1- 5) 

(£.., = , 
'' n 1 + n2 

± 11 d · th £ The longitudinal asvmmetry can b(• written using £L,-y 
the fJ are cance e m e L,-r· • 

as 
A uc - (L,-r --r====1===7== 

L,-.,- (Pn) ( )2 
1 + 1 + ~~~} PnPn 

(5- 1 - 6) 

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

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

change their helicity states by elastic scattering, since the neutr?n momentum is cl~a~ge.d 
in elastic scattering but neutron spin direction is not changed T • The neutron heltclty IS 

lost almost completely on scattering since the angular distribution of elastic scattering 

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

another nucleus, it decreases the lwlicity dependence of the ')'-ray counting rate. \\"e 

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 

· · · · ]\'+ ( \'-) Th i\'+ (1\'-) can be written as positive- (negat1ve-) hehc1ty neutrons as • . e J 

the sum of N.+ (Ni-) which represents the number of neutrons which are captured due 

to the resonance cross section after being scattered elastically fori-times. 

(5- 1 - 7) 

The N,±'s were calculated as functions of AL,-r by a numerical simulation (Appendix 

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

N+ -N-
( ca I _ --:--:-:--­
L,-.,- N+ +N ' 

the "calculated" longitudinal asymmetry is given as 

(cal 
Acal _ L,..., 

L,-.,- Pn. 

1'he A 1,,..., was determined so that A£~~ reproduces A~~· 

(5- 1- 8) 

(5- 1- 9) 

The En dependence of f.L,..., for 139 La target is shown in Fig. 5-1-3 together with 

that of cL,~· The target was a l.Ocm-thick lanthanum metal disk of 2.5cm in diameter 

which was cooled down to 35A·. The En dependence of EL,-., is well reproduced by the 

numerical simulation described above, assuming that the AL,..., is independent of En· 

The En dependence of €£,-r for the lanthanum target which was cooled down to 9]( is 

shown in Fig. 5-1-4. l\o significant En dependence of AL,-., has been observed in either 

case 

The obtained results of AL,..., are listed in Table 5-1·1. The error of neutron polar­

ization (Pn) is mainly due to the uncertainty in determination of Pn using Eq. (3-2-8). 

The statistical error of Pn is negligible (less than 0.1%). The error of A~~ consists of 

statistical error and the error of Pn. Its main component is statistical error except for 

the case of 139 La. The error of AL,-r 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£':~'s are zero within experimental 

errors. The value of ,1£,-r = 0.0 ± 0.1% has been obtained for the s-wave resonance of 

tlw target of 138La at En= 2.99c\'. 

\\'e write the ')-ray counting rate for incident positive- (negative-) helicity neutrons 

measured at a. specific polar angle B-y after subtracting the component of room back­

ground ")'·rays as n~(B-r) (n_;(B..,)). Corresponding to Eq. (5-1-1), we write the c~.~(B--,) 
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\con 

AI,~ AL," 
I [,,..., 

target En Pn 
[%) [%) [%) 

nucleus [eV) [%) 3cm thick 1().05 ± 0.04 
1.& ± 0.2 '2.1 ± 0.2 

IllEr 0.88 69± 2 
2.1 ± 0.2 Scm thick 0.01±0.03 

69 ± 2 1.7 ± 0.1 0.02 ±. 0.02 2.1±0.1 average 

0.2± 0.2 0.3 ± 0.5 0.05 ± 0.05 
93 ]\' b 35.9 46 ± 1 o.o ± 0.6 -0.05 ± 0.0:) 

42.3 45 ± 1 0.0 ± 0.3 0.0~ ± 0.10 
lOS Pd 2.96 61 ± 2 0.1 ± 0.1 0.'2 ± 0.2 

0.07 ± 0.05 
utcd 4.53 G3 ± 2 (l.l+g:~) ( 1.3~~:4) 

0.13 ± 0.2:~ 
62 4.7 ± 1 0.1 ± 0.2 0.2 ± 0.4 

124Sn 
8.1 ± 0.2 9.8 ± 0.3 0.02 ± O.O..t 

13\ILa 0.734 G7 ± 2 

f A for the p-wave resonances of 
T bl 5 1-1 The experimental values o L.-r . 

a e - . 1 fA Tlle Aeon lS the 
1 . Tl Auc is uncorrected va \leo L.-r- L,.., 

several target nuc eL te L,-r . with respect to the helici ly of incident 
asymmetry of continuum cross sectwn 

neutrons. 

as n~(O-r)- n;(O-y) 
tot (0 ) - ) · 

€1.,,--, .., - 11 ~(0..,) + n--, (B..., 
(5-1-10) 

A 1)', rCJ)]·,\cing ""··ra~· counting ratf's 
. d . the same way as L -r . ' J 'fl· (B ) was d<'tcrnune 1n · d t 11e aL.-r -r ( r± and nr±) with those measure a· 
•h'chcomefrom theare$ n..., -r 

of whole BaF2 counters\\ 1 . _ ± ) 
1 

F' 
5

_1_5 the €tot (0..,)'1; arc plottNl 
l ll ( r±(B ) and nr (0...,) . n 1g. • L,-r 

a specific polar ang e u--, n..., -r .., tl B 's l\o significant 
e of t39 La target at nee •r · 

in the vicinity of the p-wa\·e resonanc 1 · ~~·g 5-1-G for 
Th (B )'s arc plotlet 1n I · 

b found among them. e aL.-r -r 
difference has een 1 (B ) has been found to be 

f
t39L s1B7• and liiCd. In all cases, t1e UL,-r -r 

the targets o a, 
independent of B..., within experimental errors. 
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§s-2 Angular Distribution 

The angular distribution of · d d 
1-rays Jn uce by unpolarized neutrons ( qUnpo/(0 ) 

Eq. (2-11)) has bee · re, -r , 

d
. . . n measured usmg the /-ray counter described in §4·2. The angular 
JstnbutJOn of the r . 

!- ay countwg rate contains several effects due to the finite thick " 
of the target. nes., 

1) The at ten nation of the , b 
. /-ra) etween the reaction point and the counter. 

2) ~lie ~nhohmogeneous distribution of the reaction point due to the neutron attenua­
Jon 1 n t e target. 

3) Capture of scattered neutrons by another nucleus. 

These <'ffects can be c 1 1 d 
path of I rays in the t a ;u ate from the geometry of the target and the mean free 

,. I f arge CAtut). The analysis llas been carried out with I 
a ucs o ).tgt to evaluate the effect of E d d severa 

d "r epen ence of the ). Th . 
etermination of A a d 1 d tgt· e uncertamty in 

1 n ) 3 ue to the E-y dependence of). dd 
errors. Its size is comparable 'th 1 • tgt was a ed to experimental 

WJ t le SJZe of statistical error 
The results of the measurement of qUnpo/(0 ) . 

lines in the fi ur re, -r are plotted in Fig. 5-2-1. The solid 
g c arc tllC best fit curves obtained with E 

data after corrections arc listed . T bl q. (2-11). The numerical 
10 a e 5-2-1. The angula d' 'b . 

resonance of the target of I 07 A r Jstn utJOn of the s-wave 
. . 9 at En = 16.30eV has been . 

SJnce Jt must be uniform Tl b measured as a calibration 
. lc o served angular distribution . 

resonances of tlle targets of 139 L d 81 B . . s are unJform for p-wave 
a an r WJthm expe . a1 

coefficients have been obtai d I' . nment errors. All correlation 
nc as !Sled m Table 5 2 2 £ h 

from the results of a (0 ) d u I - - or t e targets of 139 La and 81 Br 
L,..., ...,. an q npo (0 ) , re, "r • 

target 
En[eV] At[%] nucleus A3[%] 

IJ9 La 0.7J.j 1.3 ± 3.1 
81 Br 2.1 ± 2.3 

101 Ag 
0.88 -1.7±2.7 3.0 ± 4.1 
16.30 -0.7 ± 2.0 0.9 ± 2.0 

Table 5-2-1 The experimental \'a]ues of Al 
..,, and A3. The energy threshold ror ,-ray energy was set to ......, LV e l'. I• 
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A to 
2 

target En At .,..\3 
A9 7%1·l12 .t\11 

nucleus [eV] [%] [%] [%] [%] 
139 La 0.734 -1.3 ± 3.0 2.1 ± 2.4 10.1 ± O.i 0.1 ± 1.2 2.9 ± 3.8 
81Br 0.88 -1.7 ± 3.0 2.8 ± 4.2 2.2 ± 0.7 -0.5 ± 1.2 0.1 ± 3.S 

Table 5-2-2 The experimental values of A, 's. The energy threshold for 1'-rll~' 

energy was set to "' 1}.[ c V. 

§5-3 The E.., Dependence of Longitudinal Asymmetry 

The longitudinal asymmetry for the p-wave resonance of the target of 13'~ La at 

En = 0.734eV has been measured with different ")-ray energy thresholds using the 

1-ray counter described in §4-3. 

The ")-ray counting rates versus incident neutron energy are plotted in Fig. 5·3·1 

for the p-waYe resonance of the target of 139 La with different ')'-ray energy thresholds 

(E"(,thres)· The p-wave resonance has been clearly observed in each E...,,thres· Th<> A1,,-y 

was evaluated following the Eq. (2-9). The AL,-y's for several ')'-ray energy thresholds 

are listed in Table 5-3-1 and plotted in Fig. 5-3-2. The error of E'"'r,t.'•res is the accuracy 

of threshold adjustment and gain adjustment of photomultiplier and amplifier for all 

EGO counters. The error of neutron polarization (Pn) is mainly due to the uncertainly 

in determination of Pn using Eq. (3-2-8). Statistical error of Pn is negligible. Th<' error 

of A~~ consists of statistical error and the error of Pn· Its main component is the error 

of Pn for the cases of E-y,thre, = 1.1 and 3.2MeV, and is statistical error for the cases 

of E...,.,thre" = 4.2 and 4.8.MeV. The asymmetries of the continuum cross section with 

respect to the helicity of incident neutrons {Ai~~) are also listed in Table 5-3 1 and 

found to be zero within experimental errors. The AL,-y is independe1nt of E"(,thres within 

experimental errors. The longitudinal asymmetry for the s-wave resonance of the target 

of 138 La at En = 2.99cV have been found to be less than 0.3%. 

The forward-backward asymmetry (a'Y) given by Eq. {1-7) has been measured. The 

')'-rays were detected at two angles (B...,. and 1r- B'Y). Following notations in §51, the 

1-ray counting rates are given as 

n~+(B...,.) = C!lF7]+(1 + PnA~~)(l + Pna~c cos B..,), 

n~+(rr- B-y)= CflB7]+(1 + PnA~~)(l- Pna~c cosB-y), 

n~-(8...,.) = C!LF7]-(l- PnA~~)(l + Pna~c cosB-y), 

n~-(rr- B-y)= CflB7]-(l- PnA~~)(l- Pna~c cos B..,):, 
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E-y,thres Pn A~; AL,-y Aeon 
L,-y 

[MeV] [%] [%] [%] [%] 
1.1 ± 0.1 63 ± 2 7.2 ± 0.2 9.4 ± 0.3 -0.02 ± 0.03 

3.2 ± 0.2 65 ± 2 7.1 ± 0.2 9.3 ± 0.2 0.04 ± 0.04 

4.2 ± 0.2 65 ± 2 7.7 ± 0.5 9.9 ± 0.7 -0.04 ± 0.07 

4.8 ± 0.3 67 ± 2 7.3 ± 1.4 9.5 ± 1.9 0.22 ± 0.18 

Table 5-3-1. The experimental values of AL,-y for the p-wave resonance of the 

target of 139 La at En= 0.734eV obtained with several 1-ray threshold energies 

(E-y,thres)· The A~~ is uncorrected value of AL,-y· The A~~ is the asymmetry 

of continuum cross section with respect to the helicity of incident neutrons. 

where flF and fls are the geometrical acceptances of the counters at 0..., and Tt - 8-y, 

respectively. The a..., with superscript "UC" is different from the "true" a-y due to 

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

and ns as 

{ 

nF = n;+(O...,)n~-(r.- 8...,), 

ns = n;+(r.- B...,)n~-(8...,), 

the nF(B) and ry± t are cancelled in the quantity f.-y given as 

The a~c is obtained from c-y as 

uc €-y 1 

a-y = Pn COS B..., 1 + .j1 _ €; · 

(5-3- 2) 

(5-3 - 3) 

(5-3- 4) 

The neutron polarization becomes (1 - 4Rincoh/3) times of original polarization 

due to the incoherent scattering cross section on every elastic scattering< 5 7
), where 

R;ncoh = (Jincoh/((Jincoh + (Jcoh) · The (Jcoh and (Jincoh are coherent- and incoherent-

scattering cross sections, respectively. Therefore, the polarization of incident neutrons 

becomes p~ effectively where p~ is given as 

"' 3 . U N;(1- 4Rinc)' 
I i 

Pn = Pn --=------...------LNi 
i 

(5 - 3- 5) 

t We assumed rt~ = rt~ for simplicity. The behaviors of rt~ and rt~ were confirmed to 

be same within experimental errors where 7Ji-(B) represent the ry± of the two counters. 

In actual case, we cancelled the rt~ and rt~ using the results of the "reYersed-polarizer" 

measurement (see §5-1). 
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where N; = (Nt + N1-)/2. The N1± is given in Eq. (5-1-7). The a-y is evaluated from 

the following relation. 

(5-3- 6) 

The obtained results of a7 ,<, a...,,>, a...,,<> and (a')) (see §2) are listed in Table 5-3-2 

for the cases of E-y,thres = 1.1 ±0.1M eV and 4.8±0.3111 eV. 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-y)'s for the s-wave resonance 

of the target of 138 La at En = 2.99eV have been observed to be less than 0.2%. 

§6 

E-y,thres a-y,< a-y,> a-y,<> (a-y) 
[MeV] [%] [%] [%] [%] 

1.1 ± 0.1 -0.1 ± 0.4 - 0.2 ± 0.3 - 0.2 ± 0.2 0.1 ± 0.3 
4.8 ± 0.3 3.3 ± 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 asymmetry for 

the p-wave resonance of the target of 139 La at En = 0.734eV obtaimed with 

low and high 1-ray threshold energies. 

Theoretical I nterp r etation 

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 b~· the contributions of s- and p-wave 

components of incident neutron t . 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 ofPC part (Hpc) a.nd PNC part 

(HPNc) . The s-and p-wave compound states represented by Is) and IP),, respectively, 

are mixed up by a small non-orthogonal component H PNC· The mixed states Is') and 

IP') are given by 

lis')= Is) - (s~~~~p) IP), 

IP') = IP) + (s': ~~I P) Is), 
p s 

(6- 1) 

in the first order perturbation, where Es and Ep 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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. . (2? 39) The value of A10(AL) in the p-wave resonance IS g1ven as •· , 

2W {!;" I r;, 
A 10 "' - E - E r~ 1lp! \I r.; ' 

p $ p ~ p 
(6- 2) 

where W = i(sjHp8 clp}, and r~ and r; are neutron widths of s-wave and p-wave 

resonances, respectively. The r;~ is the partial nc tron width of p-wave resonance of 

j = 1/2, where j is the total anguiar momentum of incident neutron. The 17p! 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" 

(H' /(Ep- £,)), and the other is "structural enhancement" ( Jr~ /f~). The factor 

.jl ;; /f~ 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 n;r "' 10-1<1 s 

for r "' O.le1f, while that of direct process is given by the time in which a neutron 

passes through a nucleus, that is, 2Rfvn"' 10-18s for En"' leF, where R"' lOjm 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 P!\C effects of !\-N interaction 

are accumulated during the long life time as discussed below<22). The s- and p-wave 

compound states (Is} and jp}) can be expanded by a number of single particle-hole stales 

in nuclear shell model as 

N N 

Is) = :L ail</>i}, IP) = :L bil<l>:). (6- 3) 

The magnitudes of the coefficients ai and bi are the order of lj..;Jif because of the 

normalization conditions of Is) and lp}. If we write the scale of excitation energy of 

single particle-hole states and the average level spacing of compound states as 6£ and 

D. r~pectively. the number N is given as 

6E 
N,...., D' (6- 4) 

If we use typical values of 6£"' 106eV and D ,...., lOell, we obtain N "' 105 . The 

magnitude of PXC matrix clement H' in compound state is expressed as 

IWI = l(si/I P.vciP)I = (L a;o;III PNcl L bioj} 
i 

= :LaibJ(o,II!p,vcl¢j) 
l,j 
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(6 - 5) 

It is natural to assume the signs of ai and bi appear at random. Therefore, the IH'I is 

given as 

(6- 6) 

and it leads to 

lV ,...., IWI,...., I(HPNc}l_1_ = l(HPNc}lv'N 
Ep- E, D VN 6E 6E ' 

(6- 7) 

N 

where the (H PNC) is the average value of the (</>dii PNcl<l>i) . The factor I(JJ PNC) / 6El 

is a typical size of parity mixing in single particle states which is the same: order as that 

of N-N interaction (aNN)· The small PNC effect in N-N interaction is accumulated up 

to .Jii = 102 
"' 103 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 

(r~ and r;) are 

{ 
r~ ex knR, 

r; cx (knR?, 

and the structural enhancement factor is given as 

(6- 8) 

(6- 9) 

In the energy region of 1e11, the neutron momentum kn is"' 2 x 10-4 fm:-1 • If we use 

a typical value of R"' lOjm, we obtain Jr~ /f~ "' 103 . 

From these two mechanisms, the PNC effect in s-p mixing becomes 105 "' 106 times 

larger than in N-N interaction. 

Here we discuss the remained factor Jr;;/f~. The total angular momentum of 

compound state J is the sum of the target nucleus spin f, the neutron spins (s = ~) 
and the orbital angular momentum f (l = 0 or 1). 

(6- 10) 

We sum these three vectors in the following order. 

(6- 11) 

The vector] is the total angular momentum of the incident neutron. The a,bsolute value 

of j is given as 
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. 1 
J = 2" for s-wave, 
. 1 3 

J = 2" or 2" for p-wave. 

For simplicity, let us consider the case of I= 0. In this case, lis identical with J, 
and J is given as 

J . 1 
= J = 2" for s-wavc, 

J . 1 3 = J = 2 or 2 for p-wave. 

The j = 3/2 component of p-wave does not interfere with s-wavc component, since 

its total angular momentum is different from that of s-wavc component. It can be 

generalized to the case of I f. 0 and the factor Jr;! /f~ gives the interfering part out 

of all p-wave contribution. We define x and y as 

~
n 

X = TJ 1. 11 - n p~ ( 
P2 , ::~ - .,p~ r; , 6 - 12) 

where rn = rn + rn Tl • · r 
P Pt P~ · 1e T}pj s are stgn 1actors (see Eq. (A-5) in Appendix A). The 

absolute value of x cannot exceed unity because of the relation of x2 + y2 = 1. The x 

does not contribute to enlarge the PXC effect. 

Explicit exp~cssions of other correlation coefficients in the vicinity of the p-wave 

resonance for a smglc 1-ray transition are discussed below (sec Rej.39 and Appendix 

A). Intrinsic parities of the compound state and the final st t d a e are assume to be the 
same. The dominant parity-favored transition is M1 transt'tt'on while the dominant 
parity unfavorcd one is E1 The A ·'s defined in §2 · · • are gtven as 

A 1 r~ rMl 1 
1 ,..., TJ..., (Ep- E3) r; rEl (En- Ep) I; (jP(J~Jp2jll F), 

) 

(6- 13a) 

A3 = 3v'IO.l: (1(pP(JpJpjj'2IF) { ~ t t}, 
JJ' 2 j j' 

(6-13b) 

W rnffi 
Ag ""-27]..., (E - E r~ r~ rMl (En- Ep)P(JIJJ3~~1IF) 

P 3 p El 2 2 ' (6- 13c) 

rn TV ~n 13 
All"" v3y E E r~P(JsJp--2lF) 

p- IJ p 22 , (6- 13d) 

Al2 ""-361].., E W {f;;; ~ ( ·( ·· P(J J . ''!IF) { 2 1 
P-Es V f;; ~ 1 1 P p)) 1 t 

JJ' 1 j t}' j' 

(6- 13e) 
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in the vicinity of the p-waYe resonance, where J3, Jp and F arc spins of the s-wave 

resonance, p-wave resonance and final state, respectively. The r Ml and r El are widths 

of the Ml and E1 transitions, respectively. The TJ..., = ±1 <39) is a sign factor and we 

define the (j and the function P as 

for 

for 

. 1 
J = 2' 
. 3 

J = 2' 

P(JJ'jj'kiF) = (-1)J+J'+i'+I+F%J(2J + 1)(2J' + 1) {; j, ~} 

(6- 14) 

X {; J, ; } . (6- 15) 

The A;'s are classified into two types of En dependence. The A3, A1o, An and A12 are 

constant functions of En in the vicinity of the p-wave resonance while the A1 and Ag 

change their signs at En = Ep. The Yalues of A;'s of the former type can be discussed 

at En = Ep while those of the latter type must be discussed at En = Ep ± r p/2. The 

A 10 contains no quantity which depends on the 1-ray transition. Therefore the A1o 

is predicted to be independent of the 1-ray transition. On the other hand, other A;'s 

contain the quantities which depend on 1 -ray transitions, that is, the sign factor TJ...,, the 

function P, the 9-j symbol and the factor y'r1111 /f£1 . If a number of 1-ray transitions 

are detected without identification of individual 1-ray transition (which is referred to 

as "integrated 1-detection" below), the contributions of 1-ray transitioms cancel each 

other since they have different signs and magnitudes, and the A; 's become very small 

(except for A1o). 

In a measurement of single 1-ray transition, large values of A;'s which depend on 

1-ray transitions can be observed if the size of the factor y'r 1111 /f e 1 ( = 10-2 ,..., 102 ) is 

not very small. 
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§7 Discussion 

In this section, we discuss the properties of large P);" C effect in ( ii, 1) reaction for 

the p wave resonance of the target of 139 La(En = 0.734ell) and the origin of large 

values of AL,..., for p-wave resonances of several nuclei. " 'e mention a Pl\C effect in exit 

channel of the target of 139 La in the latter part of this section. 

We have stud icc! prOJH'rties of A L,-y m the p· wave resonance for the target of 

Ll9 f~a(J~n- 0.73·1d'). 

< lj..., dependence of .tiL,..,> The longitudinal asymmetry has been measured 

with sevcral')-ra) energy thresholds. It has been found that the value of AL,-r is inde­

rwndent of {-ray energy within experimental errors. It implies that the large AL,-r has 

11o immediate connection with the PNC effect of exit channels. It means that the large 

\"<due of ,1/ .-r is caused b) entrance-channel parity-mixing between two opposite-parity 

amplitudes. 

< O.., dependences > All the values of correlation coefficients (Ai) ,.,:hich 

appear in radiative capture reactions induced by longitudinally polarized incident neu­

trons have been determined in "integrated 1-ray detection"' by measuring the angular 

dependence of longitudinal asymmetry (aL,...,(B-y), Eq. (2-6)) and angular distribution 

of {-rays induced ln· unpolarized neutrons (aUnpoi(B ) Eq (2 11)) Th A ' 1 · h • res -y • • • • e 1 S w llC 

contain the exit-channel parity-mixing are very small in "integrated {-ray detection" . , 
swcc the contributions of many 1 ray transitions cancel each other. The Ai's expect 

for A1o have been found to be zero within experimental errors in ·· integrated {-ray de­

tection'', while the A to term ltas a large value. The discrepancy between the results of 

I-.:yoto-1\.CK group and Dubna group (see §1) cannot be explained by the contribution 

of exit-channel parity-mixing. 

< En dependence of AL,-r > It has been found that AL,-y is independent of 

Fn within the resonance width in the case of lanthanum target '"hich 1 d d , ' was coo e own 

to 35A" and 91\. 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 · · h 
, S-p mixmg SC erne. 
fhe results are also consistent with the p-d mixing scheme. 

fhe large Pi\C effects are consistent with the theory based on tlle ·1 · · . . pan y mJxJUg 
Ill entrance channel dbcus~ed in §6. It is im1>ortant for the Tl)l . · · \ expcnment tn neutron 
transmission method. It the large P);"C effects are due to exit-cha 1 · · · · nne panty mtxmg, 
we must observe the contributions of individual')-rav transitions separat 1 1 1 . e y w 1ere arge 
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FSI effects contribute. 

The B..., dependences have been studied also for the p wave resonance of the taq;et 

of 81 Br(En = 0.88el') by "integrated 1-ray detection" method. All th·~ ,.\i 's except for 

A
10 

have been found to be zero within experimental errors, and the .t\10 term has a 

large value. The B..., dependence of longitudinal asymmetry (aL,...,(B...,)) has been studied 

also for the p-wavercsonance of the target of 111 Cd(En = ·1.53eV) by "int<'grated 1-ray 

detection" method, and no sizable B-y dependence has been observed. 

The AL has been measured for p-wave resonances of the targc1Ls of 
81 Dr, 93 N b. ,-y 

JOS Pd, 111Cd, 124Sn and 139 La, by "integrated r--ray detection'' method. \\c re-examine 

the results of AL,-r in the framework of the parity-mixing between an s- and a p wave 

resonances. We do not discuss the cases of hea,·y 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 P?\C effect, it is convenient to define anA as 

(7- 1) 

Resonance parameters are listed in Table 7-1 with experimental values of the A,,,..., and 

the calculated values of lanAI· The magnitudes of xW are shown in the rightmost 

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

relation. 

(7 - 2) 

The values of IWI for the targets of 139 La( En = 0.734eF), 81 Br(En -= 0.88cY) and 

111 Cd(En = 4.53eV) are in the same order of magnitude, if we as:sumc lxl = 1. The 

IAL,-rl is roughly proportional to lo:nA 1- The large PNC effects am mainly caused by 

the large lanAI· A pair of s- and p-wave resonances which are located closely docs 

not always cause a large P!\C effect. Ko large PXC effect has been observed for the 

targets of 124 Sn(En = 62.0cV), 93 Nb(En = 35.9eV) and 93 Nb(E'n = 42.3cV), since 

. . . 1 } f139L Slfl d lliCd their lanA I s are very small compared w1t 1 t tose o a, r an . 

Very large enhancement of PNC effect seems to occur only when I'~ is very small. 

The fact that the large P:'\C effects are observed for only a few nucllei, can be explained 

by the fact that the cross sections of the p-wave resonances with Yery small I'~ 's arc 

too small to be observed among a number of s-wave resonances whose cross sections arc 

very large unless the p-wave resonances are well-separated from others-wave resonances. 
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The nucleus which has a well-separated p-wa,·e resonance is rarely to be found. As the 

average level spacings of the targets of 139 La and 
81 

Br are Do = 208 ± lOeV and 

!)1 ± 15d', respectively. a well-separated resonance is likely to be found t · 
No PNC effect has been found in the case of the p-wave resonance of the target of 

108 
Pd at En -= 2.!)6c\f. in spite of the fact that OnA is large, that is. 7.8 ± 0.3eV-

1

, 

if the rcsouauce at En = 33.10cF is taken as the neighboring s-wa,•e resonance. The 

total angular momentum of the p-wave resonance is 3/2, while that. of the neighboring 

s wave rC'sonanre is 1 /'2. Two opposite parity amplitudes cannot interfere if their total 

angular momenta arc different. 

Parity-mixing in exit channels is important when individual "(-ray transitions are 

observC'd separately. It is expected to be smeared in the "integrated "(-ray detection" . 

The forward-backward asymmetry, which contains exit-channel parity-mixing, has 

been measured for the target of 139 La in the "(-ray energy region higher than 1.1 ± 
0.1 M c\' where many "(-ray transitions contribute. The obtained value is (a...,) = 0.1 ± 
0 3%. On the other hand. the (a..,) measured in the "(-ray energy region higher than 4.8± 

0.3.\J r V, where only one or two 1-ray transitions are dominant, is (a") = 4. 7 ±2.1 %. The 

result suggests the existence of exit-channel parity-mixing in a single "(-ray transition. 

If we assume that the (a..,.) is caused by a single 1-ray transition of 
140 

La( 4- - 4-), 

the value of Jl'Mdl'Et is obtained from the following relation between A 10 and A9 

(sec Eq. (G-2) and (G 13)). The JrAil/f£1 is referred to as the exit-channel structural 

enhancement factor. 

IAgiEn=E,±rp/2 

lt1IOI£n-Ep 

Substituting the experimental values, we obtain JrM1/f£1 "' 5.6 ± 2.5 assuming 

lrl = I. But if another 1-ray transition of 140 La(4--. s-) contributes to the (a..,.), exit­

channel structural enhancement factor should be different. Further study is necessary 

to examine the parity-mixing in exit channels. 

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

studied in (1i, 1) reactions for several nuclei. The phenomena can be explained by the 

t Do ~ 20d' for uranium and thorium. 
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interference between two opposite parity amplitudes of compound resonances in the 

entrance channel. 

They are \'cry iPlportant candidates for the TRI test experiment which are free 

from FSI effect. 

§8 Future Prospects 

In this section, we point out several possibilities of further study of PNC effects. 

feasibility of the TRI experiment by tlte measurement of triple vector correlation term 

in n<!ntron transmission is pointed out in the latter part of this section. 

If th4" magnitude of nuclear weak matrix element !WI is almost in the same order 

for all nuclei, we can predict the value of PNC effect. For example, the AL,-y for the 

targ<'t of 93 Nb(En = 42.3eV) must be around a few times 10-3
. It is very important 

to study the magnitude of the nuclear weak matrix element for a number of p-wave 

resonances in various nuclei and to confirm the assumption that the magnitude of nuclear 

w<'ak matrix clement is almost in the same order for all nuclei t . Very precise data 

of neutron cross sections arc necessary to predict the possibility of large PNC effect 

especially for small p-wavc resonances, since large PNC effects have been found only 

in p-wave resonances which arc well-separated from other resonances and have small 

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 large 

PI\C effects, we can study exit-channel parity-mixing by measuring the correlation 

coefficients given in §2 for individual 1-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 139 La at En = 0.734elf. The A13 a-y · k"Y term corresponds to the 

circular polarization of the emitted 1-rays induced by unpolarized incident neutrons 

(P"Y) through the relation P,. = A130'ru/O'ca.p· The A13 is related to A9 as 

(8- 1) 

t In heavy nuclei, many p-wave resonances exist in slow-neutron capture reaction. In 

this case, we cannot apply the two level approximation since the resonances are located 

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

procedure even in such cases<61 •62>. 

3G 

for single 1-ray transitions (.\ppendix A). If we sub~titute J = • I _ -;·> I ' 
3 'i, - I -, ' = <j 

and (a,.) = 4.i ± 2.1 %, we obtain 14 j 3S -('; ' 
. • • · IJ En=E,.±I',/~ =- ± l1 %. Another interesting 

observable JS the A.,a . (k x k ) t t ·l · h · 
. . . - n n ,. erm , '' uc IS the analyzing power for trans,·erselv 

polanzed tnc1dent neutrons on the resonance. Its value for tlte . 
139 p-wa.ve resonance of tlte 

target of La can be evaluated by 

(A2)E =E = _ ~ rr;;: rp ( 
• p y ~V ~ Ep _ Es o.1250x- o.07395y), {S - 2) 

for the 1-ray transition of 140 La(4- _...A-) \\' bt · " ·• . co aut 

(8- 3) 

a~suming lxl = 1 (Appendix A). }.fore intense neutron beam is nc!cessary for the pre-

d
clse m~urement of these observables. The improvement of energy resolution of /-ray 
etector 1s also desirable. 

The neutron transmissio tl d · 
n me lO IS one of the best way to s<•arch for T-\'iolating 

effects, as we can observe T -violating effects in the weak interaction free from FSI 
Bunakov, Gudkov and Yama 1 · ' · 

. . guc u suggested the enhancement me·chanism of P.\'C' e>f-
fect IS also applicable to T-violating effect {32,60,23) \u t' r .•. 

. . . · ·ve men 1011 a Jeas1b1hty of TRI 
e~penment m neutron transmission method below. Interaction bet,•.:een low <'nergy in-

belden~ neut.rons and nuclei is described using forward scattering amplitude f which can 
e wntten m the form 

J = A'+ B' an . i + C' an . f + D' O'n . (f x kn ). (8- 4) 

In this case, propagation of incident neutrons through mate . 1 I d . 
na can >c escnbcd in the 

con text of neutron opt' Tl · . 
ICS. le mcomwg neutron spin state (Ui) is transformed into 

another one (UJ) which is given as 

Uf = 8Ui, 8 = e i(n-1)pz' n = 1 + 2r. }' 
(hkn)2 p · (8- 5) 

after the propagation of length z in material where p is th b d . 
The l is ' e num er enslty of nuclei. 

8 = A+ Bau . f +Can. kn + Dau . (I X k. ) 
--~--------------------- 0 ' 

(8 - G) 
P-even T-odd. W 

e 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(sinb)/b, 

C = ie.xp(iZA')C'Z(sinb)/b, D = iexp(iZA')D'Z(sinb)/b, Z = 2r.pzf(hhn) and 

b = z Ill'+ C'l· A relation D' = 0 -+ D = 0 holds and it is equivalent to 

D 1: 0 - D' 1: 0. Therefore a non-zero value of D which is to be observed in the 

~xpcriment is an unambiguous evidence of the existence of T-odd correlation term D'. 

In the nwasurement, 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(n) and the other is the equality of analyzing power and polarization with a po­

larized targetC29). Tlte necessary devices for these experiments are (1) neutron polarizer 

(2) polarized target and (3) neutron spin analyzer. \\"e already mentioned a neutron 

polarizer. The polarized 3 II c is a candidate for the neutron spin analyzer. The tech­

ntque to polarize 3 11 e gas is an established one (63). Recently, high polarization of 
3 Il e 

in 6,....., 9atm has been reported (64). ln addition, it can also be used as a detector of slow 

ncu trans. 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 arc diluted (Lat-riYdxF3(Gs)). Approximately 1% of 

1 '19 La polarization was obtained for x = 0.08% ( 45
). 

The neutron spin rotates due to pseudomagnetic field(GG) on propagating through 

a polarized target. If the incident neutron spin rotates on transmission through target 

material, experimental efficiency for CTn • (i x kn) 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 139 La and electric field gradient of lanthanum trifluoride 

cr~·stal causes the overlapping of the levels due to Zeeman splitting in the cancellation 

fic•ld ($ 2kG) (67), and vector polarization decreases. We must overcome the problem. 

Single crystals of La20 3, LaA/03, La202S, A. Br etc. have high symmetries and the 

quadrupole couplings are diagonalizcd about their c-axes. Currently, the g-factors of 

neodymium ions diluted in these crystals are being studied. 

An experimental accuracy of 10-2 to 10-3 is expected for the size of P-odd T-odd 

amplitude relative toP-odd T-even one, if we can polarize 139 La nuclei more than 20%. 

fhe accuracy can be improved up to 10-4 with higher nuclear polarization, precise 

control of magnetic field and more intense neutron beam. 
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Appendix A. Correlation Coefficients in (n,1) Cross Section 

The correlation coefficients which appcar in (ri, ')) r<'action cross section arc dis­

cussed (sec Eq. (2-1) for definition). Their explicit expressions in ·thc experiment in 

which incident neu trans are longi t udina!Jy polarized and the hclici ty of ')-rays is not 

observed arc described in the former part of this section. Other important correlation 

terms are described in the latter part of this section. 

If the incident neutrons are longitudinally polarized and the hel icity of ')-ray is not 

observed in Eq. (2-1 ), we obtain, 

(B ) 1 ( - - - - ') 1 
<Tcap ..., = 2 ao + a1k., · k..., + a3((k., · k-,.)·- J) 

+ Qg<Tn • k..., + aJo<Tu. kn 
• - - 1 -+ an((un · k-,)(k-, · k,.) - 3<Tn • k,1 ) + a12((un · kn(k., · k.y) 

where <Tn · kn = Pn, kn · k-, = cos 0-,. It leads to 

(A- 2) 

The explicit expressions of the correlation coefficients in the case of sin~le 1 . ray transi­

tion to a definite final state arc given below. Intrinsic parity of the final state is assumed 

to be the same as that of the compound state. The dominant parity fa,ored transition 

is 111 transition while the dominant parity unfa,·ored one is El. 

(A- 3a) 

(A 3o) 

(A- 3c) 

1 } ' J ) (.4- 3d) 
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4
10 

= -2Re 2:: ( \~(J, = J., ~ }l'j( J,) + V,(J,)l';(J, = J., ~)) (A- 3e) 

4
11 

= Rc I:J( v,(J,, ~)l'j(J,) + v,(J,)l';(J,, ~)) v'3P(J,J,H2IF) 
J.J,. 

(A - 3!) 

(A- 3g) 

ThC' I, J.,, Jp and F arc 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 in\'ariant amplitudes defined as 

where 

1 J3 T.,AMt(1 +a) 
2k 2 i ) 

En- Es + 2r., 
1 J3 Tp(j)A El 

1'2 (j) = -2k 2 i 
En- Ep + 2rP 

, 1 J3 T., W A Et ( 1 + (J) 
l ·3 = - 2k 2 i i ) 

(En- Ep + 2fp)(En- Es + 2r.,) 

1 J3 Tp(j)W Aut(1 + 1) 
l'4(j)--; -2k 2 i i ) 

(En- E.,+ 
2

rs)(En- Ep + 2fp) 

T_, = T!sVf~(En), 

Tp(j) = 1JpJJr~i(En), 

AMt(El) = ?J-yJrui(El)· 

(A- 4a) 

(A- 4b) 

(A- 4c) 

(A - 4d) 

(A- 5a) 

(A- Sb) 

(A - 5c) 

The a, (J and 1 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 7J'S are the phase factors and almost equal to ±1 in the low energy neutron 

capture reaction(39). The T., and Tp(j) are the reduced T-matrix elements for s-wave 

resonance and p-wave resonance, respectively. The A,\11 and A£1 are the reduced T­

matrix elements for parity-fa,·orcd and parity-unfavored ')'-ray transitions, respectively. 

The En is the incident neutron energy. The Es and Ep are the resonance energies of 

s-and p-wave resonances. The fs and fp arc the resonance widths of s-and p-wave 

resonances. The r~ and r~ arc the neutron widths of s- and p-wavc re~onanC<'S. The 

fut and rEI are widths of parity-fa\'Ored and parity-unfa,·orcd ')-ray transitions. The 

function P is defined by Eq. (6-15). Substituting the invariant amplitudes (F; 's) into 

Eq. (A-3), the explicit expressions of correlation coefficients arc obtained. \\'e discuss 

the size of each coefficient rclati,·e to the p-wave resonance cross section t 

a; 
A;=­

aop 
(A- 6) 

The aop is given as aop = 2:3 IF2 (Jpj)l2 . This definition is useful Clnly in the \'icinity 

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 obscn·ed in the experiment. 

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

obtain 

1 
At = Ti-r ? 

(E - E )2 + r; n s 
4 

(A Ia) 

(A- 7b) 

(A- 7c) 

(A- 7d) 

(A- 7e) 

t t}. 
j j' 

(A- 7 f) 

t The A, 's are defined as A, = a,fao in Ref.39. 
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Typically, 
f8,fp~Ep-Es, 

rr;3 y r; ~ 10' 

;riii"' 10_, - 10
2

• 

(A- 8) 

Therefore we can rewrite the expressions in the vicinity of the p-wave resonance (En ""' 

l~p) as Eq. (6-13). We can omit A12 since its contribution is f~/f~(,..., 10-6 ) times 

smaller compared with that of A 9 . 

We discuss the case of the p-wave resonance of the target of 139 La at En = 0. 734e V 

h<>low (see Fig. A-2). \\'c take the s-wave resonance at En = -48.63eV as the neigh­

boring s-wave resonance since it is the nearest to the p-wave resonance. The ground 

state of 139 La has I" = 7 j2+ and neutron orbital angular momentum is l = 1. The 

dominant 1-ray transition near Q-value is the transition into the state of p1r = 4- of 
140 La (55 •56). Therefore the allowed 1-ray transition is M1 and forbidden one is El. 

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

relations. 

1 
At "'T/-y( -0.1250x + 0.1479y) (Ep _ Es) 

A3 = 3Vi0(0.1029xy- 0.0174y2) 

w r~ {r;;: 
A9,..., -2 x ( -0.1250)77..,. (Ep _ Es)2 r; y ~(En- Ep) 

H' ~n Ato"' -2x , ~ 
Ep- E6 rP 

lV ~n Au "'VJ( -0.5636y) E _ E r~ 
p $ p 

(A- 8a) 

(A- 8b) 

(A- 8c) 

(A- Sd) 

(A- 8e) 

0 ther important correlation coefficients are a2 and a13 corresponding to 

CTn • (k .. X k..,.) and a..,. · k-y, respectively (see Eq. (2-1)). The a2 corresponds to the 

analyzing power for transvt>rscly polarized incident neu trans, while a 13 corresponds to 

the circular polarization of emitted 1-rays induced by unpolarized incident neutrons 

(P'~). Their explicit expression are given as 

a2 = -2Im L l 'i (J5 )l"2• (Jpj){JiP(Jsip~jliF), 
J,Jpi 

(A- 9a) 
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(A- 9b) 

,.,•here 

{ 

1, 

{Ji = -~ 
2' 

. 1 
) = -, 

2 
. 3 
) = 2' 

(A- 10) 

If we divide them by aop, we obtain 

The following relations are important. 

(A- 12b) 

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

relations. 

A9 = 0.1250 (A- 13a) 
At3 

( A?)£ -E = -7] rr; rr;;: r P ( -0.1250x- 0.07395y) 
- n- P 'Yy r;Y 'f;; Ep- £ 6 

(A- 13b) 

The P-y, which is usually measured in the experiment, is given as 

(A- 14) 

when the 1 -rays are detected for whole angle and incident neutron .arc unpolarized. 

47 



Appendix B. Dynamic Polarization 

"Drnamic Polarization" is a well established method to obtain a high ,·ector nuclear 

polarization by pumping nuclear spins in a material applying microwave which resonates 

paramagnetic centers. An O\'eniew of the principle of dynamic polarization is discussed 

iu this section. We write spins of electron and nucleus as 5 and I. respectively. 

For simplicity, we discuss only the system which consists of paramagnetic centers 

and one kind of nuclei of J - 1/2 Th t 1 h · · 
- · e ota am1ltoman of the spin system in a 

rnagnelic field is given as 

(B- 1) 

:'·here the spin latt.icc interaction is ignored. The first and second terms represent the 
'I eeman energv terms f 1 t d 

• 
0 e ec ron an nucleus, respecti\'ely. The third, fourth and fifth 

terms ~cpresent spin-spin interactions between electrons, nuclei and electron-nucleus 
rcspectn·clr The last te n ·- 'bl rr ' 

• • • • 
1 

• r 1 1 ~ a poss1 e euect of oscillating magnetic field of the applied 

nlJCro'' ave. \\ e dJscuss the simplest case of that only one electron and one proton are 

included. The hamiltonian of this system is given as 

JI = ][ Z + Ilsl + Ilss
1 

ll Z = Il~z +1hz + llsr + lf RF· 

(B- 2a) 

(B- 2b) 

The If z is diagonal when we take the state vector of th' I 
. . . . IS system as Sz, Iz) with the 

quantJzatJOn axJs whJch is parallel to the d' t' f 1 . 
. l . Jrec Jon o t le applied magnetic field. When 

we < enotc magnct1c s b t t f ± / 
u s a cs o 1 2 as±, each state satisfies the foJlo,ving relations. 

lfz/ + -} = (E~ + Er)/ + -), 
Ilz/ + +} = (E~- E1 )1 + +}. 

Ifzl- -) = (-E$ + £ 1)1- -), 

liz/-+)= (-Es- E 1)/- +) . 

(B- 3) 

Off diagonal components are included in Jl Th b 
perturbation as ~I· ey can e C\'aluated in the first order 

Ia) = 1- +} + ~: · 1- -), 

/b)= 1- -) + (1- +). 

/c)== I++)+ (. I+-). 

jd) = I+-)+ E/ + +). 

(B- 4) 

\\'hen H~1 is as~umed to be the dipole interaction as 

the ( is given as 

h
2

"'fe"YI ( 3(s · r)(I · r)) 
IlsJ= 3 s·I- ., . 

r r· 

3 hie ~ 
€ = --

3
-sinOcosoe-• • 

4r H 

(IJ- 5) 

(JJ- G) 

where the II is the magnitude of external magnetic field, and() and¢ alre spherical angles 

of the vector r which connects the electron and proton. Transitions of Ia) ..-. lc} and 

lb} ..... I d) are allowed transitions. When the microwave is applied at ''o( = 2E$/ h), strong 

electron spin resonance (ESR) is observed. Transitions of Ia) +-+ lei) and lb} ..... lc} are 

forbidden transitions. The microwave of v = vo ± ~v(= 2(£~ ± Es),lh) induces a weak 

electron spin resonance corresponding to the forbidden transition. The probability of the 

forbidden transition is known to be 41£12 times that of allowed transition by evaluating 

a matrix element of HnF between two admixed states<49>. Tl1ereforP, the absorption of 

the applied microwave power behaves as schematically shown in Fig. B-2 against the 

frequency. (But the ESR peaks of the forbidden transitions arc not observed in ordinary 

experiment since they are l€1 2 times that of the allowed transition.) The population of 

the states Ia), lb), !c), ld) obey the Boltzmann distribution when no microwa\'e is applied. 

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

J 

L mNm 
1 m=-J 

p= J J 

L Nm 
m=-J 

(B- 7) 

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

mh"'fllo 
Nm <X e k1' (B- 8) 

where the Ho is the magnitude of the applied magnetic field. The polarization pis given 

as 

2J + 1 (2J + 1 11Ho) 1 ( 1 flllo) 
P = 2J coth 2J kT - 2J coth 2J k~r . (B- 9) 

The polarization of a free electron is -99.75% with a 25kG magnetic field at 0.5/{ while 

the polarization of a proton is only 0.51 %. 
For a dynamic polarization, a microwave is applied at v = vo :!:: ~~~- Let us consider 

the case of 11 = v0 - ~v. If no microwave is applied, the electron-proton system stays 
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in the lowest energy state, namely Ia), with a large probability which is determined by 

thermal equilibrium. The microwave induces the forbidden transition between lb) .... lc). 

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 mscc, 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 

lb)-. lc)-+ Ia). 

Tlte interaction which is responsible for the double spin-flip transition is the dipole in­

teraction included in J/81• The probability of the forbidden transition is proportional to 

1£12 ex r-6 . Therefore only tlte neighboring nuclei around a radical electron are polar­

ized through this mechanism. The nuclear polarization is transferred to remote nuclei 

through spin spin coupling (I:iJ~). 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. 

\\'hen a microwave frequency is set at 11 = v0 + ~11, the net transition of 

Ja)-+ jd) __. jb). 

is enhanced. Then a negath·e nuclear polarization is obtained. Therefore the nuclear 

polarization curve against the microwave frequency is dispersh·e shape as shown in 

Fig. D-2. Doth 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 Transrnission 

We describe T-violating observables in low-energy neutron tra.nsmission experi­

ment, below <28
•
29

). We write the scattering amplitude for forward scattering as 

f =A'+ B'un · i + C'un · i + D'un ·(I X k11 ). (C- 1) 

The incoming neutron spin state represented by U; is transformed into U 1 given as 

u, = 6U;, 

6 = ei(n-1)pz 

' 

(C- 2) 

after the propagation of length z in a material whose number density is p. The 6 is 

given as 

where 

A 

B 

c 

D 

z 
b 

(C- 3) 

= eiZA' cos b 
' 

- . iZA'B'sinbZ - te T" , 
-. iZA'c,sinbz 
- tC 0" , 

- . iZA'D'sinbZ - te ......,;-- , 
27r 

= fif;PZ ' 

= ZIB'+C'I. 

The most important point is that (D' = 0-+ D = 0). It is equivalent to (D f; 0-+ 

D' ':fi 0). Therefore a non-zero value of D which is to be observed in experiment is an 

unambiguous evidence of the existence ofT-odd correlation term D'. 

We assume the Un, i and kn are perpendicular to each other and u
11
ffx, i jjy and 

kn//z. When we define 

(C- 4) 

the 6 can be written as 

(C- 5) 
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The analyzing power and polarization vector in this process, which are represented by 

A and P, respective)~·. arc given as 

A= Tr(ot u .. o) = 4ReA "E- 2iE" x E, 

P := Tr(u 11 ot 6) = 4ReA *E + 2iE* x E. 

Thc:rcforc, the following relations arc obtained. 

(C- 6a) 

(C- 6b) 

A+ P = 8RcA"E S (~:~: ~) (C-Ia) 
Rek"C 

A- P = -4iE" x E = 4 (=~:~:g) (C- 7b) 
ImB"D 

The> (A+ P)y, {A- P )x and (A- P )z arc 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 toT-violation. 

\\'c usc Prob(i - j) to represent the expectation \'alue of the transmitted neutron 

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

P1·ob( t __. j) - Tr( 1 + (au )jot 1 + (a" )i 6) 
2 2 

I.J-o .. 1-o = . I) , ... q- + • .. IEI2 
2 2 

The Oij and C1;k arc given as follows. 

(i = j) 

(i 'f j) 

(if ijk is an even permutation of 123) 

(if ijl> is an odd permutation of 123) 

(otherwise) 

(C- 8) 

\\'e find several observables which are proportional to D among the following observ­

ables. 

( Imc~n) P1·ob( +i __. -i)-Frob( -i __. +i) = -2i(E· x E)i = .J Imn·c 
hnfl· D 

(C- 9a) 

(

lmA·B) 
f>rob(+i- +i)- f>rob(-i- -i) = ·IRcA"E, = 4 ImA"D 

ImA·C 
(C- 9b) 
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Those arc Prob( +x- -x)- Prob( -x __. +x). Prob( +y- +y)- J•l·ob( -y- - y) and 

Prob( +=- -z)- Prob( -:; __. +z). 

Appendix D. Numerical Simulation 

Numbers of neutrons which are captured by the resonance cro:>ss section for two 

helicities ex±) consist of s.= which are numbers of neutrons captur('(} by the resonance 

cross section after being scattered elastically fori times. The !1'( depend on the energy 

of incident neutrons, so do x=. 
00 

x±(En) -= 2:: X,±( En) (D-1 ) 
i=O 

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

include the effect of Doppler broadening as a spreading of resonance '"·idth. The N, 's 

were calculated as 

where 

and 

-1-
:!: 1- 1 da sc • - 0' ;:es ± £( - rf ) X c-nuiOI 7'12 n--K.(£2 E . f12 n .. )--{1- c"OIOI r2, 2 ) dQ , "' , • - ± ' 

(jtot 

2 0' tot 

: incident neutron energy, 

incident neutron polarization. 

longitudinal asymmetry, 

total cross section, 
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0' on 

n 

s 

scattering cross section, 

continuum cross section, 

resonance cross section, 

number density of target nuclei, 

target volume, 

intersection between target volume and incident beam, 

cross section of V, 

cross section of Va, 

target thickness for the neutron which is scattered at the point r 
and propagated parallel to n . 

The function n. is unity only when arguments are allowed in elastic scattering kine­

matically, otherwise it is zero. The fl, !11 , fl2 , ... are unit vector variables which run 

over whole solid angle. The fl12 is the solid angle of the volume d3 r 2 seen from the 

r· 

0res 

tot 
£:y 

Eo 
... 

En 

Fig. 2-1 The En dependence of E!,01 =a..,· (O're~/O'cop) in the vicinity of the p-wave 

resonance is shown. The Eo and r are the resonance energy and the resonance width 

of the resonance, respectively. 
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Fig. 3-1-1 The neutron source complex at I<EI< is schematically shown. A uranium 

target of 7.8cmw X 5.7crnJf X 3.0cmT is sandwiched with two moderators. One is a 
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provides cold neutrons. Our beam line is on the level of the former one. 
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Fig. 3-1-3 Neutron intensity at PEN beam line upstream the polarized proton 

filter versus incident neutron energy. The intensity of the primary proton beam was 

7 x 1011 [protonfpulse] x 20[pulsefsec]. 
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Fig. 3-2-1 The arrangement of the dynamically polarized proton filter as a neutron­

spin polarizer. 
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conductor between the ethylene glycol layer and the box. The walls of the box were 

grooved and formed into fms. The depths of the grooves are from 0.5 to lcm. The 
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Fig. 4-3-2 A typical pulse height spectrum for 1-rays from 12 C•( 4.43M el') of 

Am/ Be radioactive source obtained with the EGO counter. The horizontal ax.is is 

scaled by fully absorbed 1-ray energy. The energy resolution was was 13% in F\Vlll\1 

for 4.43M eV 1-rays. 
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Fig. 4-3-3 Typical pulse height spectrum for 1-rays from La(n, 1) (En = 0.46"' 

1.4eV) obtained with BGO counter. The horizontal axis is scaled by fully absorbed 

1-ray energy. The labels show the spin/parity of the final stat(~ of expected 1-ray 

transitions. 
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