" Study of Parity Violation in Neutron

Resonance Reactions in Nuclei

" vYasuyuki Ma,tsuda. | |

A dissertation submitted in pa,rtial fulfillment of
- the requirements for the degree of

: Doctor of Science

Department of Physics
Faculty of Science
- Kyoto University

E2EX



Abstract

~ In order to st'u.d'y,t’he origin of large enha,ncement_ of the parity violation effect
in neutron resonance aBSOrIStion reactions, the longitudinal asymmetries in p-wave
resonances have been measured for 12!Sb, 12355 and 27 at LANSCE in the énergy
region of 1eV to 350eV. | | '

We cenStl‘ucted "'a' polarized proton filter for polarizing the neutron beam, a
spin ﬁipper to.rever,se the direction of neutron spin-an(l a neutron detector which
'censisted of liquid scintillator arrays. A new compute1 code which uses multi-level
~formula to calculate the neutron cross sectlons and emplo;s response functions of
our experlmental appala,tus has been developed and. used for the analysis of the
-_e\penmental data. '

We have found that five of seventeen p-wave resonances in '?Sb, one of five
v_p-Wave‘ resonances in 1238b and seven of twenty p-wave resonances in '] have
asynunetries which have statistical signiﬁcance greater than 35. The signs of the
asymmetries have been found to be random. '

The expenment 'shows that the large enha,ncement of pauty violating effect is
not the phenomena only for few resonances but is a- p1evalent feature of p-wave
resonances. - ' '

Based on the statistical view of the compound nucleus, the weak matrix element
has been treated as a random variable according to a Gaussian distribution with
:the‘varia,nce M?. The weak spreading width I'yy = 27 M?/D, where D is the
level density of the nuclei, has been determined from the experimental values of
‘asymmetries. The obtained values of I'w for 1215 b, 12355 and 1277 are 6.45+272
10~7eV, 1.233180« 1077eV, and 2. 051292 x 10~ 7eV respectively. These values as well
as the ones obtamed from the. other TRIPLE data are cons1stent with each other,
and agree with estimated value based on the statistical view. This agreement as well
as observed randomness of the 51gns of asymmetnes makes the statlstlcal treatment

of weak matrix element convincing.
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Chapter 1
Introduction

- Parity is a discrete symmet'ry involving the spatial reflection of the coordinates
at the origin.b When the physical system is invariant under spatial réﬂeé:tion, parity
is conserved. | : |

Paiity conservation had been regarded as a universal law until mid-1950s. In
1957, Wu et al. found evidence of parity violation in 7 decay of 9Co[1]. Follow-
ing experilnents_ showed the fact that parity violation is a characteristic nature of
the weak interaction, while parity is conserved in the strong and electromagnetic
interactions. | _ | |

The weak interaction and thé electromagnetic intera.ction are unified in the “stan-
dard theory” and are described by the exchange of weak vector bosons, W#* and ZO,
and the photons. W#* carries the weak charged vcu}rrent, while Z° carries the weak
neutral current. | | |

Various experiments concerning leptonic and semi-leptonic weak interactions
have been carried .out,‘ and the standard model has been éonﬁrmed. On the other
ha;nd, the nature of the hadronic} weak interaction still remains obscure. The flavor
conserving (AS = 0) sector of the hadronic weak ihteraction is important for under-
standing the weak iﬁte_raction because the weak neutral current between quarks can
be studied only in this sector. The nucleon-nucleon interaction is the most suitable
channel to study it. Howeve‘r, it is not easy to carry out such experiments because
of the existence of strong interaction. o

| Since the C_ompton wavelength of the weak boson is extremely short compared to
the distance between nucleons, direct exchange of the weak boson beﬁween nucleons

is greatly suppressed. ‘Therefore the weak interaction between nucleons is mainly



represented in 'terms' of _excha_nge of mesons(, p, w) ,in which one meson-nucleon
vertex is weak and parity violating while the other vertex is stl'ongtand parity: con-
serving. In this view, the weak meson-nucleon-nucleon coupling constants represent
all of the characteristics of hadronic weak interaction. '

Theoretlcal ca,lculatlon of the weak couplmg constants on the basis of the stan-
‘da,rd the01y has been investigated by many theoreticians. Following the ploneenng
works by Michel[2], McKellar et al.[3] and Konuma et al.[4], the first comprehensive
calculation was done by Desplanques, Donoghue and Holstein (DDH) in 1980[5].
They pardmeterized 7 weak coupling constants and predicted the “best vallue”s».
Since then, several models [6][7][8][9][10] have been proposed.t'o calculate the weak
coupling constants in different a.pproac.hes.. Some of the results of these calculations

are-different from each other by one order of magnitude.

In order to study the hadronic weak interaction, several parity nonconserv-
ing(PNC) observables in hadronic reactions shown below have been measured ex-

pé.rimentally:'

) longltudmal asymmetry Ay which is the difference of the cross sectlons with
- incident pos1t1ve- and negative- helicity particles, dmded by the sum of the

cross sections.

e the asymmetry A, of the v-rays emitted in the radiative capture reaction with

respect to the spin of the incident particle.
e the circular polarization P, of the y-rays emitted from unpola.fized nuclei.

e the spin rotation d¢/ dz of the transversely polarized incident particle in the

~ target material.

Since the PNC observables in the nucleoh—nucleon. interactions can be calculated
directly in terms of weak coﬁpling consta.ntg such experiments giire the simplest Way
to study weak coupling constants. The PNC effect in the mwlebn—nucl'eon interaction
is observed by Lobashov et al. for the first time[11]. In this experiment P, in the
1.'i+-p — d + 7 reaction was measured. Potter et al. succeeded inAmeasurving Ap in

the proton-proton scattering reaction[12].



Table 1.1 summarizes recent experlmental results on A, A, and P, in nucleon—

nucleon 1nte1 actlons

Reaction channel - PNC observable Asymmetry Reference
‘ o Ap at 15MeV - (-1.74+0.8)x10~"" [13]
. . - Apat4bMeV  (—2.311+0.89)x1077 [14]
PHP=PHP 4 a4 45MeV  (—1504£022)x10~7  [15]
' - Ap at 800MeV - (424 £ 1.1)x1077 [16]
- A, with cold neutron —1.5+4. b)><10‘8 17
n.+P —d+y »P: with cold neutron " (1.8 £ 1.8) ><10' . %18} ,

Table '1.1.: Experimental results of PNC asymmetries in the N—N system

These asymmetries which are of the order of 1077, are consistentwith theoretical
calculations, but the accuracies of these results are not sufficient to discriminate

theoretical models

The study of the PNC effect in light nuclei has been made by several groilps.
Most of the experiments deal special tfansitions‘ involving close lying states which
are relatively isolated and have opposite parities and same spin. These states are
called parity doublets. The PNC interaction induces small parity‘admixture in the
pallty doublets, and the interference of the doublets produces PNC effects in the
transition from the doublets to its decaying state | ,

The advantage of such expeuments is in  the enhancement of PNC effects due
to small energy splitting of parity doublets and the cllﬁelellce of decay amplitudes.
I‘ypical enei’gy splitting is 5 ~ 500keV and \/F_}:'C/F—P\rc is of the order of 10 ~ 100,
where I'pc and I'pyc are parity conserving and parity nonconserving decay widths
respectitrely. The combined enhancement reaches about 103 so that PNC effects of
order of 10~ are observed. It is possible to calculate the weak eoupling constant
from: these.results, since only the doublet states and the state to which they decay
must be taken in to account i in these reactions. ' |

- Successful measurements of P, or A, with the nuclei 18 F(19][20], **F[21][22], and
L Ne[23] were carried out in this context. The experimental results are shown in
Table 1.2. |

-Concerning the weak interaction in heavy nuclei, Abov et al.[24] measured A,

in the radiative neutron capture reaction of 3C'd, and obtained as A, = (—4.1 £
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PNC observable = Asymmetlry ~ Relerence

P T ATE5R X107 19
BF - Py(1081keV) Ez.u: 5.7; x 104 %20]'
T 85L26) x10° I

PF A, (110keV) 5—6.812.1; X105 [zz
N P,(2780keV) (8L 14) x 107 23]

Table 1.2: -Experimenta,'l results of PNC asymmetries with light nuclei (see the text)

08) x 107* in 1964. Since then, several PNC measurements have been done with
heavSr nuclei. However the extraction of the weak coupling constant from these

experiments is difficult because structﬁres of heavy nuclei are so complica.ted that

In 1980s, new hght was shed on the study of parity \'1ola.t10n in heavy nuclei.
Alfimenkov et al. at Dubna[25] measured lOngitﬁclinal asymmetries on p-wave reso-
nances of several nuclei. They found a surprising large asymmetry at the 0.734-eV
p-wave resonance in '**La, that is, A = (7.3 £ 0.5) x 1072, A were also measured
for severa,l,o-ther nuclei, and found to be (0.45 £ 0.13) x 1072 for the 1.35-eV p-wave
resonance of 1'7Sn, (2.4 £ 0.4) x 1'0‘2 for the 0.88-eV- p'wa\e resonance of 8! Br,
and (—0.82 £ 0.22) x 10-2 for the 4. 53 eV p-wave resonance of M10Cd [25]. They
measuled the hehcﬂ;y dependence of the cross section by detecting transmitted neu-
trons (transmlssmn method). A KEK- I\yoto group measured Ap by means of the
detection of y-rays in radiative capture reactions (y-ray detection method) and aléo
by the transmiséioﬁ method. The.y obtained (9.5 :I:IO..3) x 1072 for the 0.734-eV
p-wave resenanee of 1 La[26] [27). The discrepancy between the Dubna result and
the KEK-Kyete result'wajs studie_d‘by Shimizu et aI.[28] by nlea.suriflg the angular
dependence of Ay with y-ray enefgy-threshold level of 1MeV. They found that
such angular dependence is consistent With zero within e\perimental errors, there-
fore the value obtained by the 4-ray detection method should be identical with the
value obtained by the transmission method. The results of KEK-Kyoto group were

confirmed by Bowman et al.[29] by the transmission method.

This enormbusly large PNC effect can be explained by__the interference between

p-wave and neighboring s-wave resonances (“s-p mixing”) [30][31][32][33]. In this



model, the longltudlnal asymmetry Ay at p-Wave resonance 1s written as

AT =
el W

where I'y and I', are the neutron widths of s-wave and p-wave resonances and E,

and E, are corresponding resonance energies. ['p/; is the i)al'tial neutron width
for 1n01dent neutron which have total angular momenta j = 1/2. V,,, is the matrix
element of weak panty v101at1ng interaction between compound states Very small
energy sphttmg of two resonances (typically a few eV) and the large difference
of neutron widths (\/I‘—/?_ 103 ) give rise to the enhancement of the order of
10% ~ 108, This model predicts that the large PNC effect can be found commonly
in the neutrou absorption reactions in the resonance 'regions of compoundvnuclei,
and the signs of the é,symmetries will be random. ’

The interest in these parity violation measuremente has much increased because
of the predictions[31][34] in which time-reversal invariant (TRI) violation is also
enhanced et p-wave res'ovna,nces. Stodolsky[35] proposed three 0011ﬁgu1‘ati01ls of the
directions of the neutron spin and the target spin to search for P-odd T-odd terms
in neutron tra.nsmlssmn expenments "The advantage of the neutron transmlsswn
experiment is in the fact that we can study TRI violation free from: final state
interactions, because the incoming and outgoing particles are the same and have
the same momentum. | | |

The 0.734-eV resonance of '*°La, whlch has been found to have the largest asym-
metry, is considered to be suitable for the TRI expemnent Intensive expeumental
efforts to polarlze 13974 nuclei have been done. Recently Maekawa et al. [36] ob-
tained about 20% polanzatlon of 3%La in the Nd3* doped LaAlO3 c1ystal Further
improvements of the polarization have been tried in PSI[37].

In 1990, TRIPLE Collaboration measured asymmetries of p-wave resonances on
v232Th[3_8v] [39] and 28U [40] targets, and reported “sign effect” of the asymmetry. All
seven asymmetries in 232Th were positive, and three of four asymmetries in 2380 were
also positive. The tendeucy for the a,symmetries to have the same sign is hardly un-
derstandable from the view poiut of the s-p fniXiug_ model which is based on the sta-
tistical 'na._ture.of compeund nuclel. 4Alternaftive meCha.nismsb to explaﬁn the enhance-
ment of parity viole,tieu giving the same sign have been proposed(41][42][43][44](45].

For understanding of this problem, more experimental studies are required.
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An approach to study the nature of parity violation in p-wave resonances is
to measure the angular correlations of 7-rays with respect to the direction of spln
and momentum of the incident neutron[46][47]. Among them the_ correlation terms
correspondmg to (& - (k X L,,)) and (G, - k k. ) are imﬁortant where oy, is the spin
of 1nc1dent neutron, a,nd k, and k, denote the momentum of 1nc1dent neutron and
that of capture ~- 1ays respectively. ’ ,
~ The terms correspondmg to (&n- (L xky)) and (3,-E,) were studied by Matsuda et
al. at the 0.734-eV p-wave resonance for 13 La target[48][49]. From these terms, we
can extract the weak matrix element without ambiguity of the partia.l neutron width
of the p-wave resonance. The preliminary result [Vip] = 3. 3*%4meV is consistent
with the expected '\ra.lue from the s-p. mixing' model. The same type of experiments

were carried out also for '*Cd[50] and 7 Sn[51].

Another approach is a statistical treatment of asymmetries of p-wave resonances
based en the theory of compound nucleus.

From the wewpomt of the statistical model of the compound nucleus the weak
matrix elements are expected to be Gaussian random variables with zero mean.
Measulements of asymmetnes on many p-wave resonances of a nucleus give the
distribution of the weak matrix elements, from which the variance Qf,the distribution,
M?, can be extracted [52][53]. Then the weak spreading width Ty is defined as
T'w =27M?*/D, where D is the average level spacing of the compeund resonances.
Based on the s-p mixing modei, the value of 1"W can be 'estima.ted to be of the
order ef 10"7eV. More detailed studies have been done on the 1‘elat_ion betwee.n the
v_alue.of I'w or its masstdepeudenc‘e and the nature of parity violation in nuclei

[54][55][56](57][58].

Therefore, it is very important to measure asymmetries of many resonances of
various nuclei in the'Wide energy range with high statistics. Such experiments will
answer the question if large asynimetries are commonly-seen in p-wave resonances
with random signs as the s-p rllixing model predicts, or the “sign effect” is universal
phenomena, for various nuclei. From the measurement, the weak spreading width
T'w can be determined for differe'nt nuclei. The comparison betwéen'I‘w obtained
from various nuclei and estimated ones based on the s-p mixiug model is important

to know whether the model is appropriate to describe parity violation in compound



nuclei. The stu’dy of mass dependence of I'yy gives further information on parity
v1olat10n in nuclel The expeumental determination of 'y, is meaningful also for
theoretlcal studies on the determination of weak couphng constant. In addition,

such studles are important f01 foundation of the basis of iuture TRI tests.

The LANSCE fac1hty[59][60] provides a long neutron ﬂlght pa,th and a hlgh-
intensity pulsed neutron beam over wide energy range. We TRIPLE Collaboration,
took these a,dva,nfsages to measure PNC effects in many r_esona,nces of various nuclei
with high statistics. The pdla,rized;proton filter which provides the neutron polar-
ization of more than 80% in wide energy range[61], the high efficiency neutron spin
ﬂipper_[62] and the neutron detector which can handle the counfing rate of 500MHz
[63] were néwiy constructed for the experiment.

Using these épﬁarafﬁs we measured longitudinal asymmetries for the ***Th,
28y, 197 Ag, 1°9Ag 15Tn and 113Cd targets in 1993, and the 218p, 1238p, 1271,
181 13305, 196 P and 198 Pd targets in 1995. We chose nuclei in the mass regions
of A ~100 a.nd A ~230, in whlch we expected to find many p-wave resonances
because of large p-wave strength function[64]: The measurements in different mass
regions will give information regarding mass dependence of I'yy.

The analysis of the data 'réquires.ﬁtti_ng_ the obtained neutron spectra with high
accuracy. The analysis code which employs a multi-level cross section formula and
proper response function of our beam line was developed for this experiment.

In this'ps,per we describe the detailed experimental procedure; analysis of data,
and the results of the measurements on the talget of 121§D, 1238% and '?"] nuclei.
Then we dlSCllSS the statistical treatment of the parity violating asymmetries using
the data on '?'15b, 1225b and '?'I as well as other experimental data obtained by

TRIPLE Collaboration.

Thé theoretical explanation for enhs,ncement of parity violation is given in Chap-
ter 2. The experimenfal procedure is présented in Chapter 3. The framework of the
analysis is shown in Chapter 4. The analysis code déveloped for this 'eﬁcperiment is
descnbed also in Chapter 4. Chapte1 5 is devoted to the results of the expenment

and discussion. The conclusion is glven in Chapter 6.



Chapter 2
Theorétical- Framework |

| Thebtheoi'eti‘cal framework for this experiment is described in this chapter. In Sec-
tion 2.1, the origin of the,enha._ncemént of parity violation in | p-wave resonances is
explé.ined within the framework of the s-p mixing model. :In' Section 2.2, we intro-
duce the weak épreading width Ty which is related to the strength of the weak

interaction in nuclei.



2.1  Enhancement Qf, the PNC Eﬂ'ect

‘ Largé p@rity violation'obsérVed in p-wave resonances is explained by interference
between the_p—wave' and s-wave resonances (s-p mixing model) [30][31][32] ‘The
longitudinal asymmetry P at a p-wave resonance is written as ’
Opt - Op
Opt + Op—

= E,—E,\T," ' 2.1)

P =

where a4 a,nd'qp_. are the neutron cross sections of the p-wave resonance for helicity
+ and — states of incident neutrons. I', and I, are the neutron widths of s-wave
and p-wave resonances. E, and E, are the resonance energies. Vi, = (U,|Hw|¥,)
is the matrix element of weak Hamiltonian Hy between compound states |¥ s) and
|¥,).  is defined as '

ez | Lop - (22)
Y Pop+ T |

‘where 1";,1 /2 and I'p3/9 are the partialhéutron widths for total angular momenta of
incident neutrons j = 1/2 and j = 3/2 respectively. For the nucleus Whose spin is
zero, x always eqvtia,l.s unity. ' |

" Two kinds of enhancement mechanisms are considered to contribute to large
magnitude of longitudinal asymmetries. One of them is the “dynamical enhancement

» and the other is the “structural enhancement”.

The “dynamical enhancement” originates in the statistical nature of the com-
pound nuclei. The wave function of a compound state |¥) can be represented by a

‘sum of many-particle excitation vstvates |'¢) in the nuclear shell model as
N . :
19) = ) ald), ' (2.3)
[ :

where the magnitude of coefficient ¢; is of the order of 1/v/N as a result of the
normalization of the wave function [¥). N is the number of the states contributing

to a compound state, and is estimated as

N~ Erspr.

R (2.4)




where D is the average level spacing between compound states. Lspr is the spreading
width of the compound state and is a,pprommately equal to the aver age level dlstance
between smgle-partlcle levels. Typlcal values of Ty, (~ 3 x 10%V) and D (~
3 x 10eV) make N to be the order of 10°.

‘The weak matrpc element V;, can be written as
Ve = (U|Hw|Y, ) .
= Zc*d (TﬁtlHWW o (2.5)

From the view point of the statlstlcal model of the compound nucleus [65] [66], the
matrix element (;|Hw|v;) is expected to be a random \a.nable accordmg to a
Gaussian -distribﬁtion with mean zero and variance (.Hn.r)z. If we assume the weak
Ha.ﬁiiltonian is a one-particle operator, the m,étr»ix elément has a non-zero value only
when ¢j differs from ; by the state of one particle, and has a zero value in other
case. Therefore the numbér of summation in Equation (2.5) is of the order of N,
not N2, - | | | | ' _
Since Vip 18 a»su.m of independent Gaussian-distributed 1‘andoin variables Whose
mean is zero, V;, also obeys a Gaussian distribution with mean zero. _Its variance

M? is given as

M? V2

V_= | Z(C d; (l(pleWI¢]))*(C:(ll<¢’k|H‘,‘/|'¢rl))

17kl

= (e o)

+ > (g c](ﬂl).lel'«b) V(i (| Hyw 4}
z;em# . _
o~ %%(Hw) xN, ' | - ' (2.6)

L xvE. 1)

The magni‘tude- of parity mixing between compbund states is given as

M (Hw) =~ o
_,D y T, x_\/ﬁ, . .(2.8)

L

M o~

where (Hw) /Ty is a typical magnitude of parity niixing between single particle
states.. This' ratio 18 a_pbfoximately_the same as the ratio of the parity violat-

ing potential between nucleons and the parity conserving pbtential in the nucleus.
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(Hw) /T spr is estimated to be of the order of 1077, Equation (2.8) shows that the
pafitymixi_ng between compound states is enhanced compared to the parity mix-
ing between single particle states by v/N. This enhancement is called “dynamical

enhdnc,ement”. A typical value of N, that is 10°, gix'éé. enhancement of 102 ~ 103,

- The other ‘enhancement fdgtbr, that is the “structural enhancement”, comes
from the ratio of the neutron widths of two compound states. Due to the centrifugal

barrier, the ﬁeutroh widths for s-wave and p?wave resonances are described as
T, kR, T,o(kRP, (2.9)

where k is the neutron momeunturn, and R is the radius of the nucleus. Therefore
thév “structural enhancement” is given as .
| r, 1 e
—_— - — v 2.10
I', kR . (2.10)
Typlcal values of R 10 fm and k ~ 1073~ fm give the enhancement of the
order of 10% ~ 103.

The remaining factor in Equation (2.1), .thai‘; is z, comes from the fact that only
the j = 1/2 amplitude contributes to thé longitudinal asymmetry[31]. It is necesé.ary
to determine z in oider to obtain the Wea.k matrix element V;,, for a speciﬁc pair of
s- and p-wave resonances. Flambaum et al. [46] and Vanhoy et al.[47] showed that =
can be determined from the measulement of the angular correlation of y-rays at the
pfwa,ve reson_ance with polauzed neutrons. Vanhoy et al.[67] showed that z can be
obtained also by studying the PNC éffect with a polarized target and unpolarized

neutrons.

As noted above, 'ﬂie determination of z is important for studying the weak
matrix element at a specific p-wdve resonance. However, from the view point of the
statiétical'model the vdriénce of the distribution of weak matrix elements M 2 or
the weak spreadlng width Ty deﬁned in followmg section is essentlal to investigate
the nature of the weak Hamiltonian in the compound nucleus. )

In }thlS experiment, we have determined I'yy by measuring asymrﬁetries in many
p-Wave resonances in various nudei in order to find the dependence of I'y upon the
nuclei. The method used to extract I'yy from the experimental data Wlll be given in

Sectlon 4 2.
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2.2 Weak Spreading Width

" The weak spreading Width' I'w is deﬁned as 'y ‘=‘27rM 2 / D where M? is the
variauCe of the Wea,k matrix elenlent described in Section 2.1, and D is the level
spa;cing. of conipound states. Using Equation (2.4) and (2.8), I'y is written as

27r——

D

~ 4(%)2~'x Do .. - (2.11)

I'w

As shoWn in lhis expression, ['w is related to' (Hw)/T ,,; , which is a typical mag-
mtude of parlty mlxmg between single partlcle states in nuclei. Therefore I'yy is
con31dered to express the strength of the weak Hamlltonlan in nuclei. In addition,
1t can be compared to the e\perlmental results obtamed for different nucle1 Since
Typr is a few time 106eV and (Hw) / Lopr is apploxlmately 1077, Ty is estlma.ted to
be about 10~7eV.. |

In 1991, Johnson et al. proposed a theoretical method to extract weak coupling
constants betweeu nlesonj and two nucleons from the value of I'w[54]. An advantage
of this apploach is in the fact that it is not necessary to calculate the specific wave
function of compound nuclei. Since then, a lot of theoretical efforts have been done
in this direction [55][56][57]. ) |

Auerbach and Vorov studied the mass dependence of I'y using a microscopic
statistical calculation of the weak interaction in nuclei[58] and found T'w to be
proporticnel to‘Al/ 3, They found also the fact that the dependence is sensitive to
the model applied to desCril)e the weak interaction' in nuclei. They showed l;hat if
the doorway-state approximation is used to calculate Tw instead of the model of
compound nucleus I'w is proportional to A instead of A3, They claimed that one-
body part and two-body part of the weak Hamlltonlan glve different contnbutlons
to the A dependence. - ' _ o

The experimental determination of I'w, in parl;'icula.r.the study of Iuass depen-

dence of I'y, is important to understand the weak interaction in nuclei.

12



Chapter 3
EXpevrirr-ivent"al | Procedure

The>present experimgnt wais pérfor_med at LANSCE with an intense pulsed neutron
beam. In order to mea,si,u‘e' longitudinal asymmet vies in many p-wave résonances, an
apparatus was developed and used for the experiment. The apparatus is made of a
polarized proton filter to polarize neutrons longitudinally, a neutron spin flipper to
rotate the direction of neutron spin by 180 degree, a neutron transmission detector
to detect transmitted neutrons efﬁciently, and others. The characteristics and the

performances of the apparatus are described in following sections.

13



3.1 Accelerator and Neutron Source

The.experiment was carried out at MLNSC (Manuel Lujan Jr. Neutron Scatter-
ing Center) in LANSCE (Los Alamos Neutron Science CEnter). MLNSC has twelve
flight paths which provide pulsed neutron beams in the energy range from 10~%eV to
104eV The pulsed b'eé,ms, dlong with the long flight path, makes possible to apply
the time-of-flight techmque to the measurement of the neutron ener gy.

The LANSCE accelerator complex[59][68] consists of a H~ ion source, a 800MeV
linec, a proton storage ring (PSR), and a spallation target. The pulsed neutron beam
‘used for this experiment is bprovid'ed from the spallation t:arget; A schematie view
of the eomplex is given in Figure 3.1. | |

The H™ ion beam is injected into the linac at 750keV. The beam is accelerated

“to 100MeV with 201MHz drift- tubes, and then to bOOMeV with coupled cavities of
805MHz |

20IMHz ~ 805MHz Kicker

R — Line A
- (750keV) Linac F . Linac >
‘ K - (100MeV) ~ (800MeV) \LincD
Chopper | - InJectlon chker
Stripper Magnet
» | Foil Stripper
H" Source :
” Spallation Target

- Figure 3.1: S(_:hema,_tic View of LANSCE accelerator complex

Thetime structure of the accelerated beam e01§sists of macro-pulses with a repeti-
tion rate of 120Hz. The typical width of aJ. macro-pulse is 625usec. Each macro-pulse
consists of 0. lnsec micro-pulses, which are sepa;rated from each other by about 5ns.
'There are apprommately 1 ~ 2 x 108 protons in a micro-pulse.

The H~ beam is deﬂected with a klcker magnet and an injection magnet to be
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transported to the PSR. The H~ ion is converted to H® by removing one electron
in the strong magnetic field of the strippér magnet. The H° beam is then converted
to the H* beam when it passes through a thin carbon foil. | |
At the injection, maéto-pulﬁes are chopped to produce 250ns pulses with 110ns
'intérmissiOnS.‘ S'ip,_c@»th'e circulation time of the beam in the PSR is 360ns, the
macro-pulse is wrapped around the PSR until the c.ompleté m'acro?pulse is stored
‘and a iﬁtenée pulséd beam is created. The accumuiated beajn is extractéd from the
PSR and guided to the target.system. .T-he time structure of the proton burst at the
target can be approximated by a Gaussian shape with standard deviation of 51nsec.

The average current of the beam is about 704 A on the target.

SOQMeV 70p.A proton beam :
Opper Target ' | Be-Ni reflector
Water Moderator  biological shi;]d
Liéuid Hy;‘lrogen Moderator beam line
LovyérlTat;get

Figure 3.2: Schematic view of LANSCE target system

.. Figufe 3.2 shows thé’_LANSCE targef system[69][70]. The LANSCE target sys-
tem cénsists of two thngstén targéts, ‘water moderators, liqujd hydrogén rﬁodera,tors,
a Be-Ni reflector, and a biological shield. _ | .

Two tungsten targ_eté are vertically separated from each other by l4cm along

the proton beam. The size of the upper target is 10cm in diameter and 7.25cm in
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length; the size of the lower target is 10cm in diameter and 27cm in length.

The targéts are bombarded with the pro’_con beam from the top. About 17
_neutrons é_u‘e producod per incidenf proton in the target due to the spailation process.
| - Four moderators are placed in “flux- trap” geometry around the void between
the split targets. In this configuration, the backgmunds of v- mys and high energy
neutrons in the seconda,ry neutron beamlines are much 1educed compared to the
conventlonal geometry, in which moderators are placed alound the target, at the
expense. of 15~20 % reduction of the neutron heam intensity. Each moderator
provides b_eoms for three flight paths, Three of the four moderators are light water
moderators, and the fourth moderator is a liqiﬁd hydrogen nioclerator_at temperature
of ~20K. 'The'wa.tei‘ moderators provide thermal and epithermal neutrons, whereas
the hquld hydrogen modelatm provides cold neutrons. A

The target and moderator are surrounded with the 1eﬂect01 which is made of
Ni and Be in order to send back escaping neutron to moderation process. Then the
reflector are surrounded with an iron-concrete biological shleld The outer radius of

the blologlcal shield is 4. 6m.
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3. 2 Beam Llne

Among twelve bea,m lines, The F hght Path 2 which is the longest beam line
providing eplthermal neutrons was used for the experiment. The beam line faces the
Wa.ter moderator. The intensity of neutrons at the beam hne has been measured[71]
Tt can be ertten as’ ‘ ‘

: AE, Y ‘
Q, ' 3.1

where AN is the number of neutrons with ene'rgies between E, and F, + AEFE, per

(5 8 x 10-3)

beam burst, 7 is the average proton current, e is the proton charge in coulomb, f is
ithe fraction of the rmoderator surface viewed by.the detector through the collimators,
v is the number of beam burst per second, and Q is the solid angle of the detector.

A schematic view of the bea‘lnline is shown in Figure 3.3. We installed a. beam
monitor; a neutron polafizer, a spin flipper, and a transmission target in the ER1
cave. We placed the neutron detector and related electronic modules in the 60m
hut. A schematic view of the ER1 cave is éhown‘in Figure 3.4. The air in the pipes
between the end of the ER1 cave and the 60m hut was exhausted in order to reduce

scattering loss of neutrons
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Data Acquisition |
- Room  «——]

—
———

- 60m hut \

>
IOm :

Figure 3 3: Schematic view of thht Path 2 beam hne thht Path 2 is the longest
bearn line of neutrons. ER1 cave _

18



Neutron Source

Cryostat_for Proton Filter

Polarized Proton Filter

rass Collimator (¢=8.0cm L=22.9cm)

e

\Background Filter Wheel

\.Spin Flipper

i \Brass Collimator (¢=9.8cm L=30.5cm)
. : \‘_ Transmission Target : :

Brass Collimator (¢=11.4cm L=40.6cfn)

Polyethylene Collimator (¢=11.4cm L=40.6cm)

NN

Figure 3.4: Schematic view of the ER1 cave
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3.3 Beam Monltor

The bea.m monitor, Wthh con31sted of 3He and *He ionization chambers[72],
was placed between the blologlcal shield and the neutron polanzer The size of each
chamber was 9. Ocm in width, 9.5cm in height, and 4.0cm in thickness (Flgure 3.5).
»The chambers had’ 1. 6mm thick alurmnum wmdows on the front and back. The
pressures of He and ‘He gases in the chambers were 1.01 x 10° Pa (760Torr).
Anode 6utput

HV Sﬁpply Insulating Rods

Anode Plate

9.5cm - +HV '
3He(or 4He) Gas

Pump-out Line

\ A
[y
A

g

9.0cm 4.0cm
FRONTVIEW . SDEVEW
- Figure 3.5: Ion chamber for heam monit.orihg
The 3He chamber is sensitive to neutrons due to the reaction
n+3 He —p+3H+ 0.7641‘-:'16‘/. - _ (3.2)

The ¢ cross section of this rea,ctlon is mversely proportional to the square root of the
neutlon energy. The absorptlon rate of the neut10n of 1eV in the chamber was
about 10%. On the other hand the *He chamber i 1s insensitive to neutrons.

Both of the 3He and 4He chambers were sensitive to 7-rays originated in Comp-
ton scattering on the aluminum windows and in helium gases.

Since the monith: counter was ‘pla,.cedv very close to the neutron source, count-
ing of ihdividué,l particle Waé irn'possible; Therefore the output DC currents from

the anodes of the chambers were measured. The current from each chamber was
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converted to pulses with a voltage-to-frequency converter. The output pulses were
transnutted to the data. acqulsltlon room, Whele the data acquisition system was

located. _
The neutron flux was obtained by subtracting the output of the *He chamber

from that of the 3I-I e chamber.

The ﬂuctua,tlons due to the change of magnetlc field and tempel atule were mea-

sured and found to be neghg1ble[72]
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3.4 Neutron Pola_rizer '

- Ttis essentla,l for the e\(penment to obtain the hlghly polarlzed neutron beam
in the wide energy range. The pola.nzed proton filter is the most suitable for this
purpose[73, 74, 75] On neutron-proton scattering, the cross section of the neutron
whose spin is parallel to proton spin is about 10 times as large as that of the neutron
whose spin is‘a,nti-pa,rallel, and is almost con_stant_ from 1eV to 1keV([76, 73, T7].
| | When the neutron passes through a polar.ized proton filter whose polarization is
fp, the total cross sectlon ai of the neutron Whose spln is par allel and antl parallel
is ertten as

0y =00 F [0, ' - (3.3)

where o9 is the total cross section for the unpolarized filter, and 0,; is called “the
polarization cross section”. The transmission of polarized neutron T, through po-

larized filter whose thickness is t and number density is n is given as
T:I: — eehait — e—naoteifpnapt‘ 4

= Tunpoleifpn&"t, ' . _ (34)

where Tu;z}oz = g~mo0t g the transmission through the unpolarized proton filter.

Therefore the total transmlssmn Tpoz through the polarized filter is

'-Tpot = §(T+ +T—)
= Tun,wé(ef?""'f* + e Feneet)

= Tumparcosh(fpno,t), . (35)

and the polarization of the transmitted 'neutron fn ‘is,

Ty -T. '
fo = T++T —tanh fpnap)
T2
= ,|1- ;,"P‘” | (3.6)

pol
We used irradiated solid ammonia as filter material[61]. It has advantages over
other materials in dilution factor and hydrogen density.
~ The dynamic nuclear polarization (DNP) was used to polarize protons in the

material. - The DNP’»is the method to polarize nuclear spins by transferring the
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electron spm polarization to nuclei by means of microwave irradiation. Paramagnetlc
radicals necessary for the DNP process were doped by irradiation of the electron
beam of ~ 3 x 101 electrons/cm?. |
A side view of the cryostat is shown in Figure 3.6. The ﬁlter materials Wér_e
in the shape of beads of 1-2mm in diameter. These were packed in a cylindrical
~ disk of,80mfr_1 in dié,nieter and 13mm in thickness. The packing factor was 0.63.
The materials were cooled down to 1K in 4He bath. The cooling power of about
oW at 1K was obtained by pumping *He with the speed of 8200m®/h. The ‘He
’ r,eéervo'i'ri surrouhding the 1K bath contained the split-coil superébnducting magnet
which made 5Tesla field at the ﬁiter position. The field homogeneity was measured
“to be 1.3 x 10~* over a volume of 8cm in diameter and 2cm in length. The 140GHz
microwaves of 20mW /cm? were applied to the targéL ’
We obtained the protbn 1)01&1'izati6n of about 85%. The build-up. time of the
proton polarization was about minutes. , | o | |
~ The proton polanzatlon was monitored with a Q-meter, whose sugna,ls were taken
with a data acquisition system on Digital MicroVAX I The calibration of the NMR
system‘ was done by the transmission enhancement measurement. First we meé,s.ured
‘the effective thickness (not) of the proton filter by measuring the transmission of neu-
‘trons. Then we took the ratio Tpo1/Tynpot. It should be proportional to cosh( fyno,t)
(see Equation (3.5)). Since o, is 16.7mb[73], We4obtainec'l the proton polarization
The absoluté neutron polariZation was thémined» by means of the transmission
enhancement measurement with Equation (3.6). The neutron polarization was con-
firmed by the measurement of the known value of paiitjr violation effect at the

0.734-eV p-wave resonance of *°La.
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. _Figure. 3.6: Schematic view of the cryostat of the polarized proton filter
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3.5 Spin Flipper
In order to niea,sure_ longitudihai‘ asymmetries of pf'Wave'resonances, it is neces-
sary to reverse the direction of 1ongitudinally polarized neutron spin frequently and
efﬁcienﬂy. To satisfy this requifeﬁlent; the spin flipper was developed and used for
- our experiment[62]." | | | ' |
The spin flipper consists of eight concentric solenoidal coils of different lengths
and six paire of transirerse coils (Figure 3.7). In order to accommodate the stray field
f1.‘om' the neutron polarizer, the geometry of the solenoidal coils is not symmetric

with respect to the center of spin flipper.

Figure 3.7: Schematic cross sectional view of the spin flipper (drawn not to scale)

The solenoidal coils(shaded palts) produce a longitudinal field B, . The pairs of
transverse coils(hatched parts) produce a transverse field B,. In order to accommo-
date the stray field from the neutron polarizer the geometry of the solenmdal coils
is not symmetnc with respect to the center of spin flipper.

The solenoidal coils stayed on always, while the transverse coils was switched to
be 'either on of off, depending on the épin ﬂippei‘ state. When the transverse coils
were on, the spin ﬂ1ppe1 was in the “flip” state, and when they were off, the spin
ﬂ]pper was in “non- ﬂlp state. _ '

The solenoidal coils along the neutron beam produces longltudmal field B,,

“whose direction is reversed in the middle of the ﬂ1ppe1 On the central axis, B,

has the strength as

B C (e<-Lj2) |
B, ={ —Bsin(rz/L) (-L/2<z<L[2), = (3.7

—-B - (L)2<2)
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where B is about 100G, and L is about 2m.

,'The transverse coils produce the transverse field B, Whose_str'ength is,

0 - (z< —=LJ2) R ~
B, =< Becos(rz/L) (-L[2<z2<L/2), - (3.8)
B (A | |

Where B and L are the same as Equation (3.7)
" The spin flipper was in “fQip” state when transverse coils were. turned on and
smoothly changmg magnetlc field was produced a.long the heamline. In this case, the
neutron spi'n_folvlowed the magnetic field adiabatically, and the direction of spin was
rotated by 180 degrees as the neutron passed through the spin flipper (Figﬁre 38)
In case the spih flipper was in the “non-ﬂip” state, there was only the lo'n.gitudi'na.l
field. Therefore the» direction of neutron spin,didn’t change (Figure 3.9).
The efficiency of this spin reversal system was calculated[62], and found to be
more than 93% for the neutron energy between 1eV to 35‘0eV. |
- In order to minimize the effect of the gain drift of the detector, the spin states
were altemated every 10 seconds with the sequences as
N(O)—*F(+)—>F(+)—*N(0)—> F(—)—N(0)-N(0)—F(-),
where N(O) means the ‘non-flip” state, and F(+£) means the “fip” state The signs
show the dlrectlons of the transverse field. _
The currents in the solenmdal coils and the transverse coﬂs were monitored

during. the expenment
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Figure 3.8: Schematic representation of magnetic fields of the spin flipper in the
“flip” state. The arrows indicate the direction of spin as the neutron travels through
the spin flipper in the “flip” state. ‘ :

N
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Figure 3.9: Schematic representation of magnetic fields of the spin flipper in the
“non-flip” state. The arrows indicate the direction of spin as the neutron travels
through the spin flipper in the “non-flip” state.
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3.6 Neutron Counter

Neutrons transmitted through the target were detected with the neutron counter
placed at aboﬁt 56m awéy‘ from the neutron source. The neutron counter was

assembled with a scintillator chamber and 55 detectors as shown in Figure 3.10[63].

Scintillator Chamber

PMT

«———— 40cm ————»] 4cm

Figure 3.10: Neutron detector system (see the text)

The liquid scintillator doped with 8% °B .inv Weight was contained in an alu-
minum cylinder whose diameter was 43cm and depth was 4cm. The diameter of
the eﬁ'ectiVe area of the scintillator was 40cm. The séintiliator-was segmented to 55
hexagonal grids. A ‘i)hot01n111ti1)lier tube (PMT) was attached to each grid with a
cookie light guide. The segmented arrangement made possible to handle the instan-
taneous counting rate as high as 500MHz. |

Incident néutrons.iose the energy in the scintillator due to elastic scattering on
protons (thermalization), then are ca,ptﬁred by °B via following reaction

- n+°B S"Li* + a4+ 2.31MeV
l (39
A "Li +v(0.482MeV). ' _
The scintillation light pro.duced by the a—pé,rt‘icle, "Li, and 0.48MeV y-ray was
detected with Amperex XP2262B PMTs whose diameter were 2 inches. The HV
for the tubes were supplied from LeCroy1440 system controlled remotely. The bases

28



for the tubes were designed to minimize the saturation and baseline shift due to
very high oountmg rate attributed to the fast neutron burst. An air-duct pipe was
connected to each base in order to remove heat from the base.

‘The low-pass filters of 5ns were-connected between PMTs and discriminators
to improve the discrimin_,zition between neutron pulses and s‘i'hglé photo-electron
pulses. The ﬁltér had little effect on the néﬁtron pulse'but suppressed the single
photo-electron noise, because the width of neutron pulse was about 20 nsec whereas
the width of noise was about 3 nsec. The HV for the tubes were adjusted so that
the typical pulse height of signél'by neutron capture by °B was 40mV. The signals
tla,rger than 30mV were discriminated and‘convélrted to NIM pﬁlses whose widths
were 5 nsec. Then the pulses were transmitted to the data acquisition room where
data acqulsmon systems were located.

.The.neutlon which entered the scintillator needs _ﬁnife time to be captﬁred by
1083 This time is called the thermalization time. Since the cross section of neutron
capture by 1P i proportiondl to 1/v, where v, is the neutron velocity, the ther-

malization time A does not depend upon the neutron energy as seen in the following

equation - ,
| 1 _ | dNn(vn) . dNn('vn) dr o .
' - At T de At , (310)
x o(vy) vy : _ . (3.11)
- = const, : | ' (3.12)

where Ny (vn) 'den’Otes the number of neutron whose velocity is v,. z is the flight
length. The thermalization time was obtained by ‘comparin'g the transmission spec-
tra of several resonances observed with the '°B detector and those with a 6‘Lz'-‘gla.ss
detector which has 1o thermalization process[63]. The measured thermalization time
was about 410nsec independent of neutron energy. |

When the neutron,detector has finite dead time 7, the observed yield of neutron

Y is written as
Y = ReRr (3.13)

where R is the number of neutrons per second into the detector.

The dead time 7 has been extracted from observed yields with' different beam

29



intensities. The yields ¥; and Y; for different beam intensities are expressed as

_ 1/1 — CMle—CM;-rV .
Y, = CMe ™7, o (3.14)

where M, M, are the counting rates of the beam monitor, C is constant. The dead

time 7 has been derived from Equation (3.14) as

My 1 . YiM, M,
T = . In In

exp YiM,,
M- MY, My T My = My YoMy

). (3.15)

The dead. tlme T for the data obtained in 1995 has been found to be 13nsec.
Measured spectla ha,ve been couected by Equatlon (3.13).
The efficiency of the detector was obtained by comparing the efﬁc1ency of the

6 Li-glass detector whose efﬁc1ency was well known, and was found to be almost

100% [63]
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3.7 Data Acquisition System

A 'Digita,_l Micr'oVAX. 11 system running XSYS data acquisition (DAQ) package
on VMS opefation system were used for data acquisition. The MicroVAX II was con-
nectéd to MBD(Mu]ti Branch Driver), which communicated with CAMAC crates.
‘The data acquisition system were located in the data acqu131t10n room, Whlch was
about- 160m away from the neutlon counter

A 31gna.l synchronized with the 1n01dent proton burst was provided to the data
room. It was called the to pulse. The data acquisition process was initiated with

the to pulse.

As mentioned in :Section 3.6, a‘,_typi_ca'l instantaneous counting rate of total 55
detector was as high as 500Miz. Such a high counting rate cannot be handled
with a conveﬁtioné,l multichannel scaler. The_réfore a transient digitizer was used to

accumulate data.

~ The NIM pulses from the transmission detectors were discriminated again at data
acquisition . room to resh'ape.the : pulses The 4output imlses from the discriminators
were fed to a linear - signal comblner In the linear combiner, each pulse was filtered
to be a broad Gaussian shaped pulse whose width was 100ns at the half maximum
point. The broadened pulses from 55 detectors were linearly summed to make a
analog signal Whoée \_?oltage was proportional to the counting rate of the transmission
detector. ' - ) ' '

The output was the;l fed to the transient digitizer. The transient digitizer had a
12-bit flush dnalog-tgidigita.l converter (FADC) to digitize the voltage with inter\}als
determined by an extémal clock. The sampling interval (“dweli time”) was chosen to
be either 100nsec, 200nsec, 500nsec or 14 depending on the region of neutron energies
to be measured. The dlgltlzed signals were added into an 8192-channel memory
module, and the hlstoglam of the countmg rate of the transmission detector as a
function of time from to pulse (TOF spectrum) was created in the memory module.

To eliminate noises and backgrounds, a fake pulse, t} pulsev was invoked 1 / 60
sec after the tg pulse, and the same measmement was repeated. The neutron corre-
sponding to this energy range (<0.06eV) was removed from the beam by the Cd foil
of 0.8mm thickness which was placed between the neutron polarizer and the spin

flipper. Therefore the output sighals had their origin in the 60Hz pickup noise and

31



the dark current nbise. ‘These digitized signals taken with t} pulses were subtracted

from the melnory_niodule.

Th_e signals of ld’ea_,rn' monitor counters were read by the CAMAC scalers. The
gates of CAMAC scalers were opened by the to pulse a,nd t) pulse. The number of
pulses with the to pulse was subtracted by those with the to pulse to remove the
60Hz plckup noise and the offset of the V-F conve1 ter. The obtained beam flux of

each beam pulse was recorded

After 200 beam pulses were accumulated the spin flipper state was changed in
the sequences descrlbed in Section 3.5. After one sequence was finished, the fluctu-
ation of beam ﬂux durmg that period was. checked. If the fluctuation was smaller
than 8%, the data Were labeled as “good” ‘The neutwn t1ansn11s51on spectlum was
transferred from memmy module to the data acquisition computer and stored in
the histogram on the computer. If the fluctuation was larger than 8%, the data
was labeled as “ba,d’l The spectfum was stored ln a different histogram en the
compute1 and was. not used for analyzing the asymmetries.

Other data such as NMR signals of the neutron polarizer, 1nd1v1dual counting
‘rates of neutron detect01s and currents in the coils of lhe spin flipper were monitored

and recorded.

A typical run consisted of 20 spin sequences It took about 30min. When 20
spm sequences were ﬁnlshed -all the histograms were sa,ved in the disk, and the next

run was started
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3.8 Data Taklng Wlth the Targets of Sb and [

- We obtalned the data of transm1ss1on w1th the Sb and I talget These targets
were placed at the end of the spin flipper.

As the Sb target, we used three disks with na,tlual abundance (57.3% 2*Sb and
42.7% 1238 b), each of which was 60mm thick and 104mm in diameter. Total weight
of the target was 10975g In order to reduce Dopple1 broadening of the resonances,
the targets were stored inside the target chiller which: cooled the target with liquid
nitrogen to 77K. | ' |

The data with the Sb target were taken for about six days. The data for 218
runs, each of which took about 30min to complete were accumulated with a dwell
time of 100nsec. In order to reduce systematic errors, the polarization direction of
proton filter was reversed by changing the frequency of the 111icfowa.x)es applied to
the proton filter. Almost half of the data were taken with the ’positive’ polarization
Aof proton filter, and the other half were taken with the negatlve polauzatlon

- An enriched *5b target(99 48% 1215b and 0.52% 1235b) was used for the sake
of the resonance 1dent1ﬁ<;a,t10n o_f the isotopes to which individual resonances cor-
respoﬁd. “The 1215 b target. consisted of metal powder packed in a small aluminum
cyliﬁder whose inner diameter was 88.9mm. The \x'eigllt of the target_waé 38.1951g.
Cai)ture 4-ray detectors were used for this measurement since the thickness of the

target was too small to identify p-wave resonances in the transmission experiment.

The 27] consisted of small pieceé pat:ked in the cylinder of which the diameter
was 114mm and length was 545mm. The weight of the target was 15562g. The data
were taken for about five days. The data for 185 runs were accumulated with a

- dwell time of 100nsec, and the data for 64 runs Weré accumulated with a dwell time
of 1000nsec. Al_rnost half of the data were taken with the 'positive’ polarization of

‘proton filter and the other half were taken with the 'negative’ polarization.
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3.9 ‘Mea'_surément of y-ray Background

‘In order to know the vy-ray background associated with the neutron beam, we
‘measured the ratio of the counting rates of the neutrbn detector with two absorbers
of the same material but of different thickness. They were placed between the
'_neutron polarlzer and the spm ﬂlpper The thickness of one of the foﬂs was as twice
as that of the other. . . | ‘

* If neutrons in the beam were absorbed cdmpletely on strong resonances (“black
reson'anc'e”u) in the absorber foil,I a,_ﬂ.the counts in the resonance regions were at-
tributed to the assbciated y-rays. The measurement was carried out with the ab-
sorbers of In, Ta, Co and Mn which have 'ma,ny black resonances for the neutron.

Table 3.1 shdw,s the list of the absorbers used for-the measurement of y-ray

background with their resonance energies and thickness.

Material =~ Thickness  Resonance energy

-~ (mm) (mm) (eV)

In 0127 0.254 1.46
' 43

o .| 104
Ta 127 254 ' 24.0
' ‘ -35.0

‘ : 35.9

Co 254  5.08 120.0

Mn 1524 3.048. ~ '3:’36.0,

Table 3.1: The resonance energies of absorber materials used for the study of y-ray
background. The thicknesses of the absorbels are also shown.

The counting rates on the black resonances with the two foils of the same material
are N,e~™* and N,e~?"°* respectively, where N, is the number of y-rays along the

beam and not is the attenuation ra.té of the y-rays with thinner absorber. Then N,

was derived from the observed values of N e and N,e 2" as
_{ —not _(N'ye-_-nat) | .
Ny = (Nye™) - (Wt (3.16)

By using different materials which have black resonances at different energies,

the energy dependence of 7-ray background was deduced. ‘The obtained background
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was normalized to the counting rate of the monitor counter. Then it was subtracted

from the data.
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Chapter 4
Analysis

In this chapter, we describe the procedure of the data analysis. The chapter is
diiﬁded t6 three sections. In the first section, the computer code developed for the
analysis is expla,ined. The formula for calculation of ’nehtrén resonance cross section
used in the code and the model describing the energy resolution of the beam line
are also given. The second section describes the likelihood analysis to determine the
weak spreading width from the experimental data. The third section is devoted to
the analysis of data. First, the spectroscopic study to determine resonance energies
and neutron widths of p-wave resonances are described. Then the analysis of the

parity violation effect in p-wave resonances of the %1 §b, 1235 and 7] target are

described.
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4.1 Fitting Code |
411 General Des‘(_:rip't'i'on of the Code

In order to study pa,rity violation effects in p-wave resonances; it is necessary
to fit the spectra with high 'a,‘ccura;cy.'v Since the experiment was carried out in the
' energy region where 'mé.ny neutron ‘resona,nces exist é,nd interfere with each other, the
precise multi-level ca,lculétion of the cross section must be done. The instrumehtal
response function which describes the enéfgy resolution of the MLNSC facility and
~ the TRIPLE detection system must also be émpldyed in the fitting code, because
the observed spectra are often strongly influenced by such instrumental broadening
effects. | | , :

In order to satisfy these requiremeﬂts, a new analytical computer code, FITXS
has been devéloped and used for the analyses of the data. FITXS allows us to
specify the region of the spectrum to be fitted and to extract the best values of
fitting parameters by fitting the spectrum with “modified Marquardt” method|78],
- which is a standard algorithm for solving non-li_rvlea‘r \2 minimiiation problems.

FITXS has sevefa,l advantagéé over PVIO which wa.s; previously used to analyze
“the da.ta[39][40][79][80], First, in FITXS the multi-level Reich-Moore formul.a{ [81]
described at Seét.ionv4.1.2 is émploye_d to derive the neutron cross section; whereas in
the old code, the single-level Breit-Wigner formula is used. The use of Reich-Moore

- formula in FITXS not only improves the accuracy of fitting but also makes possible
to fit small p-Waves _near strong s-waves which can not be fitted in PVIO. Secondly,
_ FITXS are made use of a p1'oper response function which integrates resonance broad-
ening due to the Dbppl'er eﬁeéf, the time étructilre of neutron beam, the response
of detector system and the éiect’rpnic devices, whereas in PVIO only the Doppler
broadening effect is taken into account as an approximatiqﬁ. The fitting i“s improved
by a proper treatment 6f thé response function; in particular in higher energy region,

| where the in'trinsit':'.width is small compared to the response Wi.dth._ Therefore the
values of parity violation obtained with PVIO must. be re-analyzed using FITXS.
| The fitting function of FITXS involves many parameters including the resonance
parameters of the target nucleus and of contaminated nuclei, a.btixldance and radius
of each nucleus and parameters describing the response function, Properties of the

target and bea,m- such as thickness of the target and beamline length, and param-
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eters on the background are also included. In addition, asymmetry parameters on
p-wave resonances are included for analyses of parity violation. | }

Since all the parametels listed above are variable in FIT X8, it can be used not
only for extracting asymmetries, but as a versatile program for many aspects of
analysis of data, such as determination of the neutlon ﬂlght length study of the

response functlon, and spectroscopic study of resonances in neutron reactions. -
4.1.2 Reich-Moore Fo’rmaliSm

The Reich-Moore formula[81] is a general multi-level formula to express the
fission, radiative capture and scattering cross sections in neutron reactions. All
the interferences between the resonance scattering amplitudes and the underlying
potential sca,ttering amplitude are taken into account. |

When ﬁss1on cross section is negligible, the s-wave scattenng cross section o°(E)

is glven as a functlon of neutron ener gy E

. Eare | o 24f (E). : |
o(E) = Y aXxlgy|l — e ¥R [1+“’—J—] (4.1
where
S ~)

(B) = 2 ,

fJ( ) ; Els__E_ zFf}/Z
where J is the total angular momenta of resonances, k is the incident neutron wave
number and X = 1/k, R is the potential scattering radius of target nucleus. g;

is the statistical weight factor given by g; = where [ is the spin of target

S _2J41
2(21+1)°
nucleus. E,, E3, E} are resonance energy, gamma width, neutron width of s-wave
resonance respectively. The summation at Equation (4.2) is carried out over only
s-wave resonances with the same angular momentum J.
The s-wave radiative-capture cross section is given as
Refj( E .

=i E)l” (43)

ag(E _ 24 x’gs

where f; is the same as defined at Equation (4.2).
This formula is widely used in spectroscopic studies of the neutron reactions such

as the ENDF-VI evaluation in BNL([82] and the JENDL-3 evaluation in JAERI[83).
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4.1.3 Fitting Function of FITXS
The ﬁttir_ig ﬁmcfion of FITXS is written as - | |
Y(t) = Y()®R()+ B(), @
lwhe'ré ¢ is the flight t_imé of the neutron, Yp(?) is the yield with infinite energy
resolution, R(t) is a instrumental response function and B(t) is the background. ®
represents the convolution operation.

| Yo-(t) for transmission measurement is given by
Yo(t) = F(t)e~mer® | (4.5)

where F(t) is the neutron Beam flux, n is the target thickness, op(t) is the total
‘cross section bfoadened By the Doppier effect. ”

The Doppler bfoadened. total cross section is falculated as a convolution of the
cross section o(v) which is calculated using Reich-Moore formula with the Doppler
broa.deﬁing function D(v) as

M .
kT d, (_4'.6)

where M is the target mass, k is the Boltzmann constant, and T is the effectiye

op(v) = o(v)® D(v) = / : o(v — )
temperature of the target. ‘

After the convolution above is carried .out, the Doppler broadened cross section
is converted to a function of t. The yield Yo(t) is é.alc11latecl by Equation (4.5). Then
the second convolution with the response function R(t) is performed to make the
fitting function. | |

Two convolutions involved in calculating the fitting function do not commute
and cannot be performed analytically. These convolu(:ions are imméi‘ically carried
out using the Fast Fourier Transform (FFT) tecﬁnique. ‘Spacing of grids on which
the convolution is _perﬁormed are determined to be smaller than .a'ny of 1/20 of the
width of the Doppler broading function, 1/10 of the neutron width of the resonance
and 1/20 of the width of response function, so that the e.rro.rvdue to the convolution

is negligible.
4.1.4 Response Function

- The energy resolution of the neutron beam at LANSCE was studied by Koehler
in 1994[84]. Further study on Flight Path 2 was made by Yi-Fen et al.[85], where

39



comparison between experimental data and Monte-Carlo simulations of neutron
moderation processes were made. We applied the extended version of the model
to the response function AR(t) in FITXS. o |

“The response function R(i) is expressed hy a convolution of four response func-
tions. - o

R(t) = RPSR(t) ® Rmod(t) ® Rdet(t) ) Rmst( ) B (4 7)

_Where RPSR(t) represents the b1oa,demng due to the time structure of the proton
pulse from the PSR, R4(t) represents the time structure of neutron beam due to
the moderation process in thetarget system, Rge:(t) rep_resénts the response function
of the detecter -and R;,:(t) represents the response function of the electronics. Each
response function is explessed by a Gaussian fg(t:0), a exponentlal function fg(t; T)

.or their convolutlon Here fg(i o) is defined as

. . . ]. 2 79 .2 .
. = —t2/20°
feltio) = \/-?;a_e > (4.8)
And fg(t;7) is defined as |
) falt 7= Levaqn, 6

‘where 6() is a step function, that is f(t) =1fort >0 and B(t) =0fort< 0

As we noted in Sectlon 3. 1 the proton pulse from the PSR has finite Wldth and

its shape is apprommated with a Gaussian as
Rpsa(t) = folt;C), o (4.10)
and Standard deviation of the distribution ( is independent of the neutron energy.

The value { = 51nsec is used for the analysis of data.

The time structure of neutron beam is not symmetric, but it has a low-energy
tail due to th_e moderation process in the neutron source. This asymmetric shape is

represented by a convolution of a Gaussian with two exponential terms

fa(t;n) ® (falt;m) + efa(t; )
= fee(t;n,n) + efer(tin, m2), ‘(4-11)

Rmod (t)

I

where 7 represents the Gaussian broadening in the moderation process in target

system, whereas 73 and 7; represents exponential tails. ¢ stands for the ratio of the
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strengths of two exponential'pa,rts. The function fgg(t;n.7) are defined as

Jos(tsnT) = foltm) @ fe(57)
= [ falt—sin)fslsirds

_ %et/”‘nzﬂrz (1_ fofZ).  (412)

Z is given by Z = (n /7‘ —t/n)/V2. fe,.f(Z) is the error functlon defined as

Jers(2) = f et (4.13)

The standard dev1at10n of Ga,ussm,n and expornential palametels which are writ-
ten as 0, 71, T2 respectwely in Equatlon (4.11) depend ou the neutlon energy. These

parameters are determined experimentally.

As showx_l in Section 3.6, the neutron entered '°B doped scintiﬂator needs finite
thermaliza,tion time before detection. The time spread due to the thefmalization in
the scintilla,tb_r is wriﬁ_ten as o | A o _
o Raa(t) = fo(t V), | (4.14)
where /\ = 41.0nsec is independent of neutron energy .

The response functlon of electlomcs Rmst(t) comes from bloademng of the pulse
in the analog filter inserted in front of the transient digitizer (see Section 3.7). The
shape of the output current of the linear combiner is approximated by a Gaussian
distributi’en. | -
' Rinalt) = fa(t;€), ENCAL)
where the standard devia.tion &= 46nsec is independent of neutron energy.

First, the Gaussian part of the response function in Equation (4.7) is combined.
Then R(t) is caleﬁlated as | ' ‘ |

R(t) = Rpsp(t)® Rmoa(t) ® Ruet(t) ® Rina(t) -
= fa(t;0) ® falt;n) ® (fa(tim) + ef(tim2)) © fo(t; A) ® fo(t: §)
= foltin) @ (fa(tim) + efult; 1)) © fa(t )
= fGEE(t K, T1, )+efGEE(t Ky Ta, A),y v | - (4.16)
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where «? = C+n? 4+ fers(tis,T, }) is defined as;

| fGEE(t; K, = folt;6) ® fe(t;7) @ fe(t;A)
| | = / / Je(t — v —w; k) fe(v; T)fE (w; \)dvdw

e [ )

t/'r+n2/2‘r (1 —ferf(Z ) ] - (4.17)

where Zy = (k/A —t/k)/v/2 and Z, = ‘(h,‘/T - t/r:)/ﬁ

As seen in Equation’ (4.16), the response function ‘R(t) is pa.ra.lﬁeterized with
seven parameters. . . V _ ‘

Three of them, { = 51nseé & = 46nsec and A = 410nsec are ali‘eady determined
and they are independent of the neutron energy. The vther parameters, 7, 1, 72 and
€ are determined by comparing the results of Monte-Uarlo simulation of the spectra
and experimental data(85] and also by fitting experimental data with the FITXS
code at.several neutron energies. € is assumed to be independent of the neutron

energy. We have obtained

0.65 x E-%®sec

17 =
no= 0.99x E7¥psec | (4.18)
Ty = 3.90 x E7%®psec

e = 0.2

where E is the neﬁtrbn energy in eV.

Contributions of thcsé paranie’ters to the broadening of the resonance shape as
well as Doppler broédening are shown in Figure 4.1. Dopplér ])todclening is dominant
in low energy region. In high energy region, exponential tails due to the moderations
(r; and 7'2) and the thelmahzatlon time in the detector (\) contribute dominantly

to the broademng Thus observed resonance shape becomes asymmetric.
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Figure 4.1: Full widths at half maximum of the broadening which contribute to
the response shape. Doppler broadening effect (D), exponential tails due to the
moderations (7, and 7;), and thermalization time in the transmission detector ()
are plotted as a function of the resonance energy. The calculation has been done for
121G at target temperature of 100K, and the neutron flight length of 56m.
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4.2 Likelihood Analysis
4.2.1 Principle of Maximum L}ikelihood.Method

~ The maximum likelihood method is a powefful tool for finding the best value
of an unknown pa,rameter It has been applled to extr act the value of T’y from the
expenmental data. '

Suppose the plobablllty density function of a va,nable p is written as y(plm) with

a par ameter m. If we measure p with a given value of m, the probability to obtain
a measured value p; within the range [a,b] is given by the integral [* y(p;|m)dp;.

Then we estimate the value of the unknown parameter m from the measured

value p,g . If we write the function L(m) as
L(m) = Li(m) = y(pilm). O (419)

the best value of m is given by the value Wthh maximizes L(m). L(m) is called the
.hl\ehhood function of m.
When a series of 1ndependent measurements of p are done, the joint plobablhty

densﬂ;y for obtammg a particular set of p;’s is glven as
y(pw-mlm =Hy pilm o (420
Thefefore the likelihood function >L(m) is given by
L(m) = [T Li(m), - o (4.21)

where L ( ) is given in Equa,tioh (4.19). |
' The error of the best value of m is represented by the region [m._, m+] Where m_

a,nd my satisfy the equatlon

1n(]2(znnj))) % B " | (4.22)

If L(m) is a Gaussmn distribution, the error agrees with the root mean square

deviation of the distribution.

4.2.2» Likelihood Function of I'yy

- In Equatlon (2. 1) we tool\ account of only single s- wave resonance to 1nterfere

with a p-wave resonance. In general, the longltudmal asymmetry of y-th p-wave
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resonance is written by the sum of the contributions from many s-wave resonances.

; . 2%;& ' Fu
= Y2l e (or J, =
P” ; Eu - Ep, Fﬂ, T# ( (?1 “) .
' = Z Aun‘/uuxm‘ . (423)
| 2 [T,
where A, = E—_E— o : . (4.24)
' v Hp [z v
| : Fu1/2 | )
T, = —_— . 4.25
g Tuja+Tuspe (425)

The summation in Equation (4.25) is carried ouf over only s-wave resonances which
h_avé the same spin J'as that of the p-wave resonauce. For nuclei of which spins are
zero, z always éqauls unit&. ‘ ‘

As shown in Section 2.1,>the weak matrix elément Vi ol)ej's a Gaussian dis-
tribution with mean zel'o; and its variance M? = (T'yD/27) is common for all p.
This means all the probability distribution fuﬁcﬁons of the asymmetries for p-wave
resonances have common parameter I'yy. As described in Section 4.2.1, we can in-
terpfet this probabilify distribution fﬁnction as the likelihood function L,(T'w) with
the measured value of F,. Since V,,,’s are independent random variables, the values
of P,’s are independent of each other. Therefore the likelihood function L(I'w) with
‘the observed asymmetries over many resonances of the same nﬁéleus is given by the
product of individual likelihood f'unctibn. L,(Tw) as shown in Equation (4.21).

: Siﬁce the spins of p-wave resonances are unknown in most nuclei and «’s are
unknown except for a few p-wave resonances, the likelihood function L,(T'w) is
complicated function. Bowman et al.[53] f-ormulatede‘,_(I‘;.pv)’s according to different
_amouﬁts 6f our knowledge of spvinsk and z’s of p-wave resonances. These fbrmula,s
have been applied to the analysis of the data. | _

For nuclei of which spins are not zero, the likelihood functibn of 'y with mea-
sured asymmetry P, + o, for p-th p-wa,w}e resonance is given as following.
In the case thé,t we know the spin of p-wave resonance and the value of .m“,

Lu(l"w) is written as

- 1 - ‘
- L,(T = A e >MPAuzitel : 4.26
w(Tw) 2T M? A2z + o2 (4.26)
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where M? = TwD/2r. A% is defined as
A —Z 2 211 (for J l=‘J) . '(4.27)
E,—E, —-E, )] T, I B
where the summation is carried out over all s-wave resonances which have the same

spin J as that of the p-wave resonance.

In the case that the value of z, is unknown, "L,,(l‘ w) is written as

: T S ' ©_1 P2
Lu(Tw) = % /0 /2 (_a2siﬁ26’a+ cosza'ﬁwM2A:sin2 8+ o2 e’ FW) *, ,
. , _ _ p R YTy
: : (4.28)
where z, = sinf is. expressed in the polar coordinate. The « is. the pa.rzimeter to
replesent the square root of the ratio of the p-wave stlength functlon of j = 3/2
channel and that of j = 1/2 channel. .

In the case that the spln of the p- Wave resonance as well as vu are unknown, the
likelihood function is more comphcated The weak matrix element may be different
for J = I & 1/2 states because of the difference of level spacing, whereas the weak
spreading width FW is considered to be mdependent of J. Thus Mj; is defined as

M? =TwD;/2n, where D is the average level spacing for resonances which have

spin J. L#(l"w) is written as

L(I‘ =y /"’2(’ e
- w) —‘: J—I:{:l/2PJ a?sin20 + cos?0

1 _1 p2
L : e 2 AJJA“sin 6+o} do
/2r M3 A%sin® 0 + o2 :

- 1 ——;} - .
+ X p e "¢, (4.29)
J=Iz3/2 \[2m0, -
where p; denotes the probability of the p-Wave resonance to have spin of J. py is
estimated by the formula given by Gilbert et al[86] with the parameters determined
by Egidy et al for many nuclei[87]. V o .
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4.3 Analysis of Data
4.3.1 Determination of Resonance Energies

The time-of-flight(TOF) technique has been applied to convert the TOF chan-
nels to the corresponding neutron energies. 'The time-of-flight ¢, energy E, and flight

length L of the neutron are related as.

.E = -;-mnvi
1 L2 ._
VE = toVE+ |20, O (431)

‘where m, is the mass of ne.utroﬁ, v, is the veloéity of neutron, and tg is the tinﬁng
-offset of the transient digitizer.

" Land to have been determined by plotting t\/E versus V' E for known resonances
‘and applying the linear fit to the data. The linear fit, gives ty and L. Typical data
used for fitting are given in Figure 4.2. The arrival times have been determined by
ﬁttlng the spectra with the analysis code described in Section 4. 1. The resonance
energies obtained in previous spectl‘oscoplc studies[64] were used for the analysis.
Uncertainties of resonance energies and fitting errors of resonance channels account
for the errors of the da,ta, points. L = (56 829+0.030)m and #; = (3935.0+144.6)nsec

have been obtained usmg the t1a.nsm1s31on data on 1218b, 1835 and 127].

4.3.2 Determmatlon of Neutron Wldths of p-wave Reso-
nances

The neutron widths of p-wave resonances have been deduced by fitting the
observed data of transmission to the calculated neutron 'trans1nission spectra using
the FITXS program described in Section 4.1. Since the data for both helicity states
have been summed up, the obtained widths have not been affected by possible
longitudinal asymmetries on the resonances.

Only the resonance energies and the neutron widths have been variables for
fitting data. The TOF parameters and the parameters of the response function

have been determined independently. As the radiative widths on p-wave resonances,
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Figure 4.2: Determination of L and to using known resouances. tV'E are plotted
versus V E, where E is the neutron energy and ¢ is the arrival time of neutron.

the typical value obtained from the compilation by Mughabghab et al.[64] has Been
adopted. ‘ ' '

The enelgles and the neutron widths have been detelnlmed by means of this

~method. Some of these resonances have been found in this O\pemnent for the first
time. '

Figure 4.3 shows the tra.nsmlssmn spectlum for the 1218b target in the energy
region of 90.1eV to 94.0eV, as well as a curve fitted to it with the best values of the

- parameters of the FITXS program. We have found a new resonance at 92.1eV of
“which neutron width have been detelmmed to be 17, 0x10-%€V.

Figure 4.4 shows the transmission spectrum and a fitted cun"e.a.round 261.6-
eV and 265.8-eV resonances of ?!Sb. The resonances show the asymmetric shapes
due to the neutron moderatxon in the moderator and the. thermalization in the
transmission detector as descnbed in Section 4.1.4. The asymmetric shapes of the
resonances have been well reproduced by FITXS

Figure 4.5 shows a part of the tla,nsrmssmn spectrum as Well as a fitted curve
for **'I. The 137.0-eV resonance has been found for the first time. The figure
demonstrates that FITXS is capable of fitting p-wave resonances close to strong

S-wave resonances.
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The energies and the neutron widths of the resonances obtained in this exper-
imeilitv as well as those by Mughabghab et al.[64] are listed in Table 4.1, 4.2 and
43. - | | | |
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Figure 4.3: The neutron transmission spectrum around the 92.1-eV resonance of
1218} is shown. The solid line shows the curve obtained by the fitting procedure
(see the text). The shape of spectrum near the 92.1-eV resonance is distorted by.
the neighboring s-wave resonances at 90.3eV. '
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Figure 4.4: The neutron transmission spectrum around the 261.6-eV and 265.8-eV
resonances of 12! Sb is shown. The solid line shows the curve obtained by the fitting
procedure (see the text). The asymmetric shapes of the resonances are reproduced
by fitting in which the neutron moderation in the moderator and the thermalization
in the neutron detector are taken into account. '
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Figure 4.5: The neutron transmission spectrum around the 134.1-eV and 136.9-eV
resonances of 2] is shown. The solid line shows the curve obtained by the fitting

procedure (see the text). The shape of the spectrum near the resonances is dlstorted
by the neighboring s-wave resonances at 139.7eV.
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Resonance energy E, [eV]

Neutron width gI', [10~%V]

This work  Mughabghab et al.[64] This work Mughabghab et al.[64]
37.90+0.03  37.77+0.15 8.464 8.5£1.5
55.2140.03 55.1+0.2 14.47 2045
92.1440.04 (not listed) . 17.0 (not listed)
110.7440.04* (not listed) 37.3 (not listed)
 141.2440.03 - (not. listed) 8.1 (not listed)
- 174.53+0.03 (not listed) 5.40 (not listed)
177.104+0.03 176.6+0.1 43.0 40410
184.6940.03 184.740.1 - 126.0 90410
'200.26+0.03 (not listed) 35.9 - (not listed)
228.55+0.03 228.7+1.0 44.1 45413
235.924+0.03 236.4+1.0 19.2 2349
245.9040.04 245.94+0.1 234.6 145425
248.98+0.04 248.840.1 127.8 140430
261.60+0.04 " 261.6+0.2 181.1 100450
265.77+0.05 ©265.840.2 167.2 125420
269.96+0.05 270.140.2 207.7 120+25
274.7940.05 274.940.2 153.5 140435

~ *) 110.74eV : very close to the 111.4eV 12! Sb s-wave resonance.
' resonance parameters may have large errors.

Table 4.1: The energies and neutron widths of the p-wave resonances of *15b ob-
tained by this experiment and those by Mughabghab et al. are shown.

- Resonance energy E, [eV] - Neutron width ¢T', [10~%V]
This work ~ Mughabghab et al.[64] This work Mughabghab et al.[64]

176.40+0.03 176.440.1 175.7 140425

186.08+0.03 186.140.1 154.4 160430

197.70+£0.03 =~ 197.840.1 2433 195415

201.9540.03* ~ (not listed) 20.9 (not listed)
© 225.1940.03 225.140.1 1160.0 140420

*) 201.95eV : small p-wave resonance, not found in ***Sb

Table 4.2: The energies and neutron widths of the p-wave resonances of 2Sb ob-
tained by this experiment and those by Mughabghab et al. are shown.

51



~ Resonance energy E, [eV]

This work  Mughabghab et al.[64] This work Mughabghab et al.[64]

Neutron width ¢TI, [107%eV]

353.2240.19

- 7.5140.01 (not listed) - 0.12 (not listed)
10.3440.01 10.7 2.8 (not listed)
13.93+0.02 (not listed) 1.4 (not listed)
+24.6310.02 (not listed) 0.64 (not listed) -
52.20+0.05 (not listed) 0.85 (not listed)
53.824+0.05. 53.7740.12 18.9- - 17.5+2.5
64.04+£0.06 64.1840.15 7.9 -~ 3.5+15
85.84+0.07 85.87+0.30 174 14.542.5
101.14+0.08 (not listed) 13.7 (not listed)
126.03+0.08 (not listed) 2.1 (not listed)
134.1340.08 134.4+0.4 25.5 20475
136.9440.08  (not listed) - 40.2 (not listed)
- 145.7140.08  145.83+0.15 33.5 25050
© 153.60+0.08  153.65+0.20 95.7 99+13
223.40+0.08  (not listed) 11.3 (not listed)
256.77+0.08 256.85+0.32 52.3 843
274.66+0.08 (not listed) 22.1 - (not listed)
282.10+0.08 (not listed) 4.5 (not listed)
351.93+£0.11  352.26+0.18 88.1 78415
353.34£0.11 88.7

81+15

‘Table 4.3: The energies and neutron widths of the p-\}vave resonances of 127] obtained
by this experiment and those by Mughabghab et al. are shown.
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4.3.3 Extraction of Asymmetries

‘The analyses of longltudlnal asymmetries have been done for all the resonances
of 1215p, 123.S'b and ?"] using the FITXS program. ' '

The transmission spectra for p-wave resonances have been ﬁtted by run-by-run
basis. In the ﬁttlng process, the beam-line parameters and the resonance parameters
determined in Section 4.3.1 and Section 4.3.2 have been held fixed for the analysis
of each run. | -

' Flrst the ave1age of two spectra with both he11c1ty states has been fitted in order
to obtain the neutron flux of the run. Then the spectra with different helicity states
- have been fitted separately The cross sectlons for p wave resonance for both helicity

states 0,4 are represented by the FITXS program using pa1amete1 A as
ops = 0p(1 + AF), o (4.32)

where + denote the helicity states and o, is the cross section for unpolarized
neutron which is calculated with the neutron width ol)‘ta.in_ed in Section 4.3.2. In
this fitting process, only the parameters A have been varied, and other parameters
‘such as neutron flux or resonance parameters have been held fixed. After fitting
has been done fo1 both hehcﬂ;y states, the longitudinal d'symmetly for each run has

been obtamed as

—= i_ap+ — Op-—

T o (4.33)
1 At — A"
T2t AT 1A (434)

where f. is the neutron polalization for. ea;ch' run.

"This procedure has been carried out for all the runs. The asymmetly P, and its
~error 6P, have been obtamed for each run k.

A typical example of the distribution of the values obtained from individual runs
is shown in Figure 4..6. | |

The asymmetry for each resonance has been obtained by averaging Pi’s with
weights given by 1/ (5_Pk).2, where 5Pk is the statistica‘l error of Pj.

; = Pk)2 / Z aT PL v (4.35)
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Figure 4.6: A histogram of the value of longitudinal asymmetry obtained in each
run for the 92.1eV p-wave resonance of 2! Sb. The total number of runs is 218. The
longitudinal asymmetry P and its error § P for this resonance has been determined
to be (—5.04 1 0.45) x 1072 (before correction of efficiency of spin flipper). The solid
line shows the Gaussian curve with the mean value of P and the standard deviation

V218 x 6P.
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The statistical error of the asymmetry for all the runs has been calculated as

(6P)? (6P)2" R T

k=1

" The Gaussian curve with the mean value P and standard deviation VN x 513_ are
also shown in Figure 4.6. The magnitude of the variance obtained by this method has
been compared with that obtained from the number of ,ne.utron‘s on the resonances,

and found to be consistent to each other.

Possible sou.rcves of the systematic errors on asymmetries are shown below.

The neutron polarization f, has been obtained from the NMR a,mplitude of
the polarized proton filter. The NMR system was calibrated by the “transmission
~ enhancement” method. The error of the neutron polarization has been estimated to
_be about 3%. | | _ |

Analytical calculation of vthe‘efﬁcienéy of the spin flipper used for the experiment
was done by Bowman et al.[62].‘ The efficiency has been found to be a function of
the neutron energy E,, beam radius R, fnagnetic field B and the length of the field
L. The efficiency has been calculated with B = 100G, L = 2771 and R = 4cm.
The uncertainties vov_f»B , R and L have resulted in the uncertainties of the efficiency.
Assuming B and L had 5% uncertainties, the error llés been estimated to be about
(0.1~ 06)%, which depends on the neutron energy.‘

The fitting routine gives systematic errors if the routine does not reproduce the
 transmission spectrum well. Since the multi-level formula has been used to calculate
}the'neﬁtron cross sections and the proper response function has been used for the
energy resolution of the beam line in FITXS, the errors have been much reduced
cofnpaie_d to the ones in the old analysis code in which _polynomia’.lé were used for
the envelope of transmission spectra near p-wave resonances. The accuracy of fitting
has be‘en estimated by comparing the observed number of neutrons in the resonance
and cé,lcula,ted ones'bbtained with FITXS. The error for each resonance is about

(0.2 ~ 5)% which depends on the resonances. -

' 4.3.4 Extraction of Weak Spreading Width

After the longitu_dinal asym'metfies have been obtained, the likelihood analysis

described in Section 4.2 has been applied to extract the weak spreading width for
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- each nucleus. The energies, neutron widths and spins for s-wave resonances have
been obtained from ENDF evaluations(82] for 121 , and from JENDL evaluations(83]
for 1218 and 12363, : Th_ése data have been retrieved from the National Nuclear Data
. Center (NNDC) Qﬁline Service. The experimental results of résona,nce energies and
neutron widths hq.ire been _hsed' for the p-wavé resonances. The spins and partial
neutron widths of i}=wave resonarnces aré unknown. ‘Thus Equation (4.29) has been
 used as the likélihofi& function of I'y obtained from the asymmetries.
The proba,bilit).f; _pj for the ‘p—wave. resonance to have spin J has been calculated

“using the spi;i cutoff _"pa,rar'netér -ac[86].
o pr o= fDIT ) o (4.37)
= . 5

f = e~ T2120% _ o~ (J+1)?/202

The o; was s"tudiec'l",_for many nuclei by Egidy et al[87], and its smooth dependence

‘on the mass numb,éi"A was found.
o, = 0.98A°_'29 (4.38)

Using these formula, p; has been calculated for 121§ b, 1235b and ?7I. The values

used in the analysis are listed in Table 4.4.

- - Probabilities p; ,
Nucleus J=1-3/2 J=I-1/2 J=I+1]/2 J=I43/2

TS5 (1=5/2) 0171 0.251 0.200  0.288
1236p (1=7/2) 0231 0267 0.266 0.236

1271,(I=5/2) 0170 0.250 0.290 0.290
~ Table 4.4: Probabilities ps’s of p-wave resonances for all possible J’s

- The parameter a in'.Equt‘aion (4.29) represeﬁts the squa..re root of the ratio of
t_hé p;wa,ve‘str‘engthAfunc'tions’ S1j2 and S3/,. The values of S}/, and 83, for 1?15,
1235b and '] are obtained by the procedure described in Appendix A. The value
a = 0.652 has been used for 1277 , @ = 0.657 has been used for 121$b and 123Sb.

 The average lg\fel'Spacings for 1218b, 1238p and *"] have been obtained from
ENDF and JENDL evaluations. The values used in the analysis are listed in Ta-
ble 4.5.
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o Le§e1 spacing Dy (eV)
Nucleus J=I-1/2 J=I+1/2

1218b (I=5/2) 27.5 229
1B ([=7/2) 66.6 58.9
127 (I=5/2) _. 22.9 o232

Table 4.5: Level 'spacings of resonances for spih J's

Using 4thé parameters given above, the likelihood function of 'y given by the

product of Equation (4.29), and the best values of Ty are extracted. -

57



Chapter 5
Results and Discussion

5.1 Asymmetries ‘and Weak Spreading Widths
of 1218b, 138b, and 2T

The asymmetries of the p-wave resonances for the 121.5p, 1238p and 1?7 targets have
been obtained by the procedure described in Section 4.3.3. These values and their
statistical and systematic errors are listed in Table 5.1, Table 5.2 and Table 5.3. The

asymmetries for the p-wave resonances of 1215b, 1238b and %7

I versus the resonance
energies are plotted in Figure 5.1; Figure 5.2 and Figure 5.3 respectively. PNC
effects whose signiﬁcancés are larger than 3o have heen obser\}ed in five of seventeen
p-wave resonances for the 21 Sb target, one of five p-wave resonances for the 1235b
target, and seven of twénty p-wave resbnances for the 157] target. Since p-wave
reSonzincés which have Spin J=1+3/2 do not interfere with s—wavevresonances, it
shoﬁld be noted that about one half of the p-wave resonances can not have PNC
effect. Among all the twelve resonances with asymmetries found for the 1215b, 1235b
and 2] targets, seven resonances have positive asymmetries and five resonances
have negative asymxhetries. '

On the basis of the statistical treatment of weak matrix element described in
Chapter 2;'the“weak spreading widths have beén extracted by the likelihood analy-

“sis. The likelihood functions of I'w deduced from the asymmetries of 12* b, 12356 and
127] are plotted in Figure 5.4; Figure 5.5 and Figure 5.6 respectively. The obtained
values of T'yy for 121Sb, 1225b and 1271 are 6.4513.22 x 107"eV, 1.23%2%2 x 10~ "€V, and
2.051},;33 X 10"7eV respectively. The errors include the statistical errors of asymme-

tries only. The systematic errors as well as the uncertainties of ps, strength functions
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511)2 and 53, resonance parameters are not included. It is the first experimental de-
termination of 'y, in the mass region of A ~ 100 from the asymmetries which have

been obtained in the transmission spectra by means of the analysis using FITXS

program.
Resonance Asymmetry Errors(x1073) Statistical
energy(eV)  (x1073)  statistical systematic significance
37.9 0.180 0.155 0.007 1.2
55.2 - -1.334 - 0.186 0.066 -7.2
92.1 -5.138 0.458 0.185 -11.2
110.7 - 21.458 0.604 - 1.208 35.5
141.2 12,578 1.167 0.505 - 10.8
1745 0.447 0330  0.046 14
1771 0.309 0.671  0.011 - 0.5
1847~ -0.511 0.330 -~ 0.039 -1.5
200.3 -0.298 0.762  0.012 -0.4
228.6 - -0.718 - 0.754 0.033 -1.0
235.9 - -0.496 1.557 - 0.028 -0.3
245.9 0.169 0.446 0.006 0.4
249.0 1.383 0.519 0.063 2.7
261.6 - -0.291 0.365 0.011 -0.8
- 265.8 0.798 - 0.476 0.039 1.7
269.0 - - 1.794 0.462 0.080 3.9

274.9 :1.286 0.502 0.044 - 2.6

Table 5.1: The asymmetries of the p-wave resonances for the 1215b target. The
statistical errors and systematic errors are also shown. Uncertainties of the spin
flipper efficiency, NMR calibration and fitting error are included in the systematic
error. Bold numbers indicate asymmetries with statistical significances of greater
than 3o. ‘ : . '
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'Resonance Asymmetry Errors(x107%)  Statistical
energy(eV)  (x107%)  statistical systematic significance

176.4 - -0.764 0.424 . - 0.029 -1.8

- 186.1 - -0.121 0349 ~  0.006 -0.3
197.8 -0.219 - 0.348 - 0.008  -0.6
2020 - -4583 = 1.174 - 0176 . - -3.9

2251 - . -0.142 ©  0.448 0.006 0.3

Table 5.2: The asymmetries of the p-wave resonances for the '23Sb target. The
statistical errors and systematic errors are also shown. Uncertainties of the spin
flipper efficiency, NMR calibration and fitting error are included in the systematic
error. Bold numbers mdlcate dbymmetnes with stahstlcal 31gn1ﬁcances of greater
than 30.

Resonance Asymmetry Errors(x107%)  Statistical
energy(eV)  (x107%) . statistical systematic significance
75 1.328 1410  0.059 0.9
103 0.040 0252 0.001 -0.2
13.9 - 0.124 0.398 0.005 0.3
24.6 ~ 16.456 1.604 0.879 - 10.3
- 522 1.003 1839 - 0075 05
53.8 2374 0.192. 0.104 12.3
- 64.0 0.580 0.196 0.022 2.9
- 85.8 2.410 0.218 0.075 - 11.1
1011 0.980 0.313 0.035 3.1
126.0 -4.822° 1.591  0.156 -3.0
- 1341 - -0.215 0.183 0.011 -1.2
136.9 7.312 0.158 0250  46.2
145.7  ° 0.007 0.336 0012 0.0
153.6 0.128 0.173 0.005 0.7
2234 -0.102 1344 0.005 -0.1
256.8° . 0.453 0404  0.019 1.1
274.7 -3.167  1.461 0.112 22
2821 4673 5304 0.160 -0.9
3519 -5.389  0.638 0.205 -8.4

353.3 0.467 0.618 0.018 0.8

Table 5.3: The asymmetries of the p-wave resonances for the 127] target. The
statistical errors and systematic errors are also shown. Uncertainties of the spin
flipper efficiency, NMR calibration and fitting error are included in the systematic
error. Bold numbers indicate asymmetnes with statistical significances of gleater
than 3cr
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Figure 5.1: The values of asymmetries in the p-wave resonances of '?'Sb versus
resonance energies are plotted. Closed circles show the asymmetries whose statistical
significances are greater than 3o. The error bars show the statistical errors only. -
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Figure 5.2: The values of asymmetries in the p-wave resonances of '22Sb versus res-
onance energies are plotted. A Closed circle shows the asymmetry whose statistical
significance is greater than 3o. The error bars show the statistical errors only. -
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Figure 5.4: Likelihood function of 'y for '*'Sb deduced from the asymmetries
listed in Table 5.1. The dashed line shows the best value of 'y which maximize the
likelihood function. The dotted line shows the values which satisfy Equation 4.22.
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I'w is calculated to be 6.451372 x 10~ 7eV. -
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Figure 5.5: Likelihood function of I'yy for 2384 deduced from the asymmetries
listed in Table 5.2. The dashed line shows the best value of I'yy which maximize the
likelihood function. The dotted line shows the values which satisfy Equation 4.22.
T'w is calculated to be 1.23¥1%0 x 10-7eV.
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Flgure 5.6: leellhood function of T'y w for 127y deduced from the asymmetries listed

‘in Table 5.3. The dashed line shows.the best value of 'y which maximize the
likelihood function. The dotted line shows the values which satlsfy Equation 4.22.
T'w is calculated to be 2.0513; 33 X 10‘7eV
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5.2 Discussion

Thév number of asymmetries .obserVYed' in 1218p 1238h and 1271 as well as the
one ovbservedbibn other nuclei by TRIPLE Collaboration are listed in Table 5.4. The
asymmetries in 1°7Ag 19 Ag, 5In and *?T'h have been obtained by the old analysis

code (PVIO). The. asymmetnes in 1C‘“Pd and 18P( have been measured by the

capture 7-ray method

- Target Number of resonances with asymmetries ~References

: total plus minus

74y T4 3 [79]

109 44 6 4 2 [79]

106 pg 1 0 1 (s8]t

108 pg 0 0 0 (s8]t

L 3 3 79]

1218% 5 3 2 (this work)
1236% 1 0 1 (this work)
12Ty T 5 2 ~ (this work)
181 1 0 1 [89]

227 8 8 0 [80]

238/ 5 3 2 [88]

Table 5.4: Number of the p-wave resonances which show parity violating asymme-
tries observed by TRIPLE Collaboration. The asymmetries whose significances are
greater than 30 are listed. ' indicates that the expenment was done by the y-ray
detection method. S

These results make it clear that the enhancement of parity violation in the p-wave
resonances is not phenomena only in a resonance for l39La and few other targets,
but is a prevalent feature of p-wave resonances located near s- Wwave resonances in

the case of neutron absmptlon reactions.

The enha.ncement mechamsm of PNC effect in compound nuclel can be explained

in the framework of the s-p mixing model described in Section 2.1. In this model,

“the statlstlcal nature of compound nuclei plays a fundamental role in the enhance-
ment mechamsm and the weak matrix element is assumed to be a random variable

according to a Gaussmn distribution. Therefore the random signs of asymmetries

“are predicted if the measurements of ‘a.'s‘ym'metries are made over many resonances.

As shown in Table 5.4, the signs of asymmetries have found to be randomly
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distributed with an exception of 3Tk nucleus. It supports the enhancement mech-
anism based on the statistical nature of the compound nuclei. | ,

- The syétema;tic bias on the signs of the asymmetries in 2*Th can be explained
by a special mechanism applicable only for the 22Th nu_cieus. Such a possibility has
been investigated by several reseaichei‘_s.‘ Auerbach et al.»[43] suggested that peer-
’shape'defofmatidn of the ***Th nucleus gives parity doublets which act as doorway
states and leads to the common sign. Desplahques et al.[45] proposed that deformed
‘states are accidentally degenerated a,nd- behéve as a doorway state. In either case,
the -si.g‘ns of asymmietries ﬂip' when the resonance énergy _sﬁrpa.sses the energy of the
dOorwziy state. The measurement of asymmetries in high enefgy region will give

light on the problem

In Table 5. 5 Tw’s for 1218b, '*5b and 27T as well as the ones for 0the1 nuclei
obtained by TRIPLE Collaboration are listed. The values for 17 Ag, 1% Ag, 1% In and
22T}, have been derived from the asymmetries obtained using the PVIO analysis
code. The values for 106 pJ and 1%8Pd have been derived from the asymmetries
measured by the capture y-ray method. It has been found that ‘most of them have
approx1mately the same value within the errors e‘{cept the one for 106pd. In the
case for 1% Pd, the value of I'yy is strongly influenced by the large .a.symmetry at the
résqnance at 593.4eV. A possible explanation is that the observed 593.4-eV resonance
.is doublets which consist of an s-wave resonance and a small unresolved p-wave
resonance. The asymmetry may arise from this unresolved p- wave resonance(88].

The Weak spleadlng width 'y was estimated to be of the order of 10=7eV in
Section 2.2 on basis of the statistical nature of compound nuclei. The values in
Table 5.5 are in agi‘eement with the one obtained from the estimation above.

The T'y for 1215, 1233 b and 1277 obtained in this WOl;k as well as I‘Wl for other:
nucleis obtained by the transmission method are plotted as a function of the mass
number A in Figure 5.7. It is shown in fhe figure that there is no strong depen-
dence of I' on the mass number A in the mass region arounds A=100 and A=230.
More precise detelmmatlon of Ty is necessmy for studying the detall of the mass
“dependence of T w- '

It should be noted that the plesent accuracy of I'w is malnly hmlted by the lack
of the knowledge of spms of p-wave resonances. If we use Equatlon (4.28) instead of

Equation (4.29), we can reduce the width of the likelihcod function L(T'w) and can
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References -

‘Target D'y (x1077 V).
107 Ag 55%5% [79]
109 44 - 7.0%89 [79]
~ 18pg 48188 [88]"
108 pg- <17.0 [88]t
sy 0.94%3:33 [79]
1215 6.451372 (this work)
123G} 1.23%2%2 (this work)
27y - '2.052(1%;35 ' Eth]rs w01k)
232 - 9.8I30 - [39
PR A 4.141283 [80]
2387 | 0..9":'_(}]:%7 - [40]
1.357 524 - [33]

Table 5.5: Weak spreading widths I'yy obtained by the TRIPLE Collaboration. The
values for 17 Ag, 1% Ag, 113Cd, '"®In and 32T h have been derived from the asymme-
tries obtained using the old analysis code (PVIO) t indicates that the experiment
was done by the y-ray detection method.
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Figﬁre 5.7: Weak spreading width 'y versus mass number A. The results of this

work is indicated with large circles.

Only the data obtained by the transmission

method are plotted. Closed circles show the asymmetries obtained by FITXS,
whereas open circles correspond to the asymmetries obtained by old PVIO code.
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- improve the error of I'yy. A measurement to determine the spins of p-wave resonances
- of various nuclei used in this éxperiment is currently performed at GELINA neutron
source at Geel, Belgium. They apply the low-level population method[64] by means
of capture 7-ray spectroscopy with Ge detectors to determine the spins of p-wave
resonances. Using the spin assignments obtained from Geel experiment, we will be
able to reduce the 5e.r1>'ors of Tw. In addition, using the new method of fitting the
data (FITXS) whichf.ha,s béen developped in this work, more precise determinations
of the asymmeties for other target nuclei than 121Sb, 1238b, 27] and 238U will be

able to be made. Then we will have clearer picture on the mass dependence of Ty.
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Chapter 6

Conclusion

In order to study the origin of large enhancement of the parity violdtio_n effect
in neutroﬁ resonance reactions, we have measured asym.metries of the transmissions
of longitudinally polarized neutrens in wide energy region on various nuclei around
A ~100 and A ~230 region. In this paper, we describe the experimental procedure
and the results with the *'5b, 1335} and 127] targets. Then we discuss the statistical
treatment of parlty Vlola,tmg effects in neutron resonance reactions using the data
with above targets and other data obtamed by TRIPLE Collaboration.

The experiment was performed in the energy region of 1eV to 350eV using the
pulsed neutron _beam at LANSCE. We constructed and used a polarized proton filter
for.p_olari-zing the neutron beam and a neutron spin flipper with a smoothly changing
transverse' magnetic field to reverse the direction of the neutron spin frequently. A
neutron detector which consisted of liquid scintillator arrays doped with °B was
developed for this e}:perimentf ' To measure the asymmetries ‘with high étatistics,
analog Sighals whose Volté,ges Were_ proportional to the counting rates of the detector
were digitized to obtain the intensity of transmitted neutrons.

A new computer code, FITXS, has been developed for the ana,lyms of the exper-
imental data. The multi-level Reich-Moore formula has been used to calculate the
neutron cross sections including the interference between many s-wave resonances
and potential scatterihg It 'employs proper response functions to describe broaden-
ing effects due to the time structure of neutron beam and Doppler broadening. The
response of the detector system and the electric devices are also included.

By fitting the p-Wave resonances with this code, the longitudinal a,symmetries

have been extracted for resonances of 121,55, 12356 and '*"]. Five of seventeen p-wave
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resonances in 2155, one of five p-wave resonances in '>2Sb and seven of twenty p-
wave resonances in 27] have been found to have finite asymmetries with statistical
significances greater than 3. From the data on the above targets and other data
obtained by TRIPLE Collaboration, it is concluded that the enhancement of parity
violation in the p-wave resonances is not the phenomena only for few resonances
but is a prevalent feature of p-wave resonances located near s-wave resonances in
the case of neutron absorption reactions. |

The signs; of these asymmetries for 12155, 1235b and 27T have been found to be
random. Seven of twelve asymmetries are positive, while five of twelve asymmetries
are negative. No evidence has been found for the “sign effect” which was reported
in the a,symmetries on 22Th earlier, if all the data of TRIPLE Cbllaboration have
been taken into account.. |

- Based on the statistical view of the 'compound'nucleus’ the weak matrix element
has been assumed to be a random variable according to a Gaussian distribution
with variance M2. The weak spreading width Ty = 2rM?2/D, where D is the level
denéity of the nuclei, has been in_trodﬁced, and its magnitude has been estimated to
be of the order of 10~7. The I'y’s for 1218b, 1235b and 2" T have been determined from
the experimental values of asymmetries to be 6.4 512 x 107"V, 1.2373%2 x 10~ 7eV,
and 2.05135 x 10~ 7eV respectively. These values as well as the ones obtained from
the other TRIPLE data aré consistent with each other and agree with estimated
value given above. The agreement makes the treatment of the parity violatilig effect
on the basis of the statistical nature of compound nucleus qtli'te convincing:

The mass dependence of I'y has been investigated with all the TRIPLE data
obtained by the transmission measurement. Nostrong dependence on the target
mass number has been observed, although ‘more p1ec1se determlnatlon of I‘W is
necessary for studymg it in detail. }

- In summary, we have confirmed that .the large enhancement of parity violating

effect originates in the interference between p-wave and s-wave resonances.
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Appendix A

Neutron Strength Functions

The strength function S for the orbital angular momentum [ of the incident neutron
is given as[64] :
A » _ 1
St= T, ‘ . (A1
QI+1)A EZgJ - (A
where J is the spin of the resonance, I, is the reduced neutron width of the resonance

and g is the statistical weight factor (2J+1)/(2(2/+1)). The summation is carried

over the neutron resonances in the energy interval AE, where AE > T,

The s-wave strength function S° is written as

0\ -
50=_i_ ]_"0=<~‘7_Fn>_ _ (A.2)

AE " Do
where (Fg) is the average reduced neutron width for the s-wave resonances and D°
is the average level spacing of s-wave resonances.
The p-wave strength function depends on the total angular momentum of the

incident neutron j owihg to the spin-orbit potential of the nuclei. Thus S is written

as ‘ ) . ’
[ 95(T% 1) 32 g Tt 2) : :
St o= = Z I n1f2l 4+ Z EAARLLTLIN I - (A3)
. 3 J=I-1/2 Dj o J=1-3/2 Dy . o
laa 24 : : '
= 551/2 + §S3/2, ’ (A4)

where S}/, and 53, are the strength functions for j =1 /2 channel and j = 3/2
channel respectively, I'} ; is the reduced partial neutron width of the p-wave reso-
hanée, and D} is the average level spacing of p-wave resonances whose spins are
. | | | |

Popov and Samosvat ‘devéloped a method for extracting S°, §2 /2 and 53, from

" the differential elastic scattering cross sections which were measured for various
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Nucleus Strength function (x10~%) Reference
st Sisz S32
Pd 3.7£04 36+£12 3.7+0.2 (90]
Ag 45+05 58+1.0 3.8+04 [91]
cd 42+03 61+£09 3.3x02 [90]
In 41+04 74+£09 25+£0.3 [91]
Sb 32+£04 51+£1.0 22403 [91]

Table A.1: p-wave strength functions for the nuclei of which asymmetries have been
measured by TRIPLE Collabration.

nuclei in the mass region of A ~ 100 [90][91][92]. The values for the nuclei of which
asymmetries have been measured by TRIPLE Collabration are listed in Table A.1.
The values S}/, = 5.1 x 10~ and 832 = 2.2 x 107* have been used for the analysis
for 1218b and 12255 data. |

Since S}/, and S}/, for "I are unknown, they have been estimated by the
following way. S]/,’s, which depend on mass number A, were fitted to a Lorentzian

with a peak at Aj;/;, width I'y/; and height S;/,. The same procedure was carried

for.Sg/z. .
| r2, /4
1 _ : 1/2/
Sz = S (A= Aipp)? +T%,/4
| CT%,/4
Si;z = Ssa b2/ (A5

(A~ AapaP + T8

Whel‘¢ 51/2 = 6.0 X 10__4, A1/2 = 107, Pl/g = 45, and 53/2 =573 x 10—4, A3/2 = 94,
T'3/2 = 40, were obtained by the fitting. Using above values, the S}/, and 53, for
127] have been estimated to be 813 = 3.3 x 107 and 83/ = 1.4 x 107%, and have

been used for the analysis for 12T data.
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Appendix B

Fits for 1277 data

In this appendix, ‘the neutron transmission spectra: and the differences of the
transmission spectra with p'dsitive and negative helicities. are shown for all the
p-Wavé resonances of 127] in the energy region from leV to 350eV. |

The neutron transmission spectra around the p-wave resonances are shown in the
upper graphs. All the data a.ré summed up in the spectra. The energies and neutron
widths of the p-wave resonances are deduced by fitting the spectra obtained by the
FITXS progrdm (see Section 4.3.2). The solid lines show the calculated curves with
the best values of the resonance parameters ,which are listed in Table 4.3.

The differeﬁces of transmission spectra with positive and negative neutron helic-
ities are sh.ownA in the lower graphs. The solid lines show the calculated differences
6btaihed by the FITXS program with the best values of the asymmetries of the
p-wave resonances observed in the transmission spectra. |

Several resonances of Cd are also seen in the neutron transmission spectra. These
are due to the Cd foil placed between the neutron polarizer and the spin flipper (see
Section 3.7). | ' |
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