
Title
Axial charge of the weak nucleon current
extracted from the β decays of spin aligned 12B
and 12N

Author(s) Yamaguchi, Takayuki

Citation 大阪大学, 1998, 博士論文

Version Type VoR

URL https://doi.org/10.11501/3143747

rights

Note

Osaka University Knowledge Archive : OUKAOsaka University Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

Osaka University



Axial charge of the l'Veak nucleon 

current extracted froIn the 

ﾟ decays of spin aligned 12B and 12N 

Takayuki YAMAGUCHI 

Department of Physics, Graduate School of Scieηce ， 

Osaka University 



/ 



r- 一一一一一

Abstract 

The axial charge matrix element has been precisely determined for the -゚decay of the 

A = 12 isotriplet through the alignment correlation terms in the ﾟ ray angular 

distributions from 12B and 12N in order to examine the mesonic enhancement in the 

axial charge. The axial charge matrix element in the nuclear ゚  decay has been paid 

much attention for the study of the mesonic degrees of freedom in the nucleus, since 

Kubodera, Delorme and Rho predicted that the one pion exchange current enhances 

the axial charge by as much as 40 % compared with that of the impulse calculation. 

Actually, in the previous measurements of the alignrnent correlation terms for 12B 

and 12N, the mesonic enhancement has been found to be as rnuch as 40 ~ 60 % over 

the impulse approximation. In heavy nuclei of lead region, however, anomalously 

large enhancements, which reach as much as 80 0/0, have been found through the 

measurements of the first-forbidden transition rates. Such a strong mass 

dependence of the mesonic enhancement factor may be an evidence of the 

in-medium renormalization effect of the hadronic masses, according to the chiral 

perturbation theory. For the complete understanding of the meson exchange 

current, the mechanism of the mass dependence has to be made clear. The present 

experiment airns to establish the standing point of the mesonic enhancement 

namely, the precise enhancement factor in the light mass region. 

For the precise alignrnent correlation terms, several exp鑽imental improvernents 

have been rnade. The alignrnents necessary for the measurements are artificially 

created by converting the polarizations produced through the nuclear reaction by use 

of the NMR technique, so called spin rnanipulation technique. For the present 

study, hyperfine interactions of 12B and 12N implanted in Mg (hcp) crystal which is 



the key knowledge for the precise spin manipulation technique have been studied in 

detail. As a result, for 12B and 12N in Mg, the minor implantation sites have been 

found in addition to the main site. This second site was found to arise from the 

micro grains whose c-axis, hence, the electric field gradient is perpendicular to the 

original c-axis of the bulk crystal. Based on this knowledge, the spin manipulation 

technique has been improved to be completely free from the effect from the minority 

site. We accumulated much more counting statistics. Comparing with the previous 

data, the reliability of the axial charge matrix element has been established. The 

upper limit of possible systematic uncertainties such as counter responses, alignment 

derivation, and possible spurious counting asymmetry between the positive and 

negative alignment cycles has also been carefully reanalyzed in deriving the 

alignment correlation terms. 

As a result, the ratio y of the axial charge to the Gamow-Teller matrix element 

has been determined to be y = 4.69 :!: 0.05 (stat.) :!: 0.22 (syst.), which shows 57 0/0 

enhancement compared with the impulse value including the core polarization 

effect that is reliably given theoretically in the A = 12 case. The soft-pion exchange 

contribution in the meson exchange currents is precisely predicted to be 41 0/0, while 

that of heavy rnesons is found to be negligible. T~e extra enhancernent 16 % in the 

axial charge is a strong indication of unknown mechanism. It may be explained by 

the in-medium renormalization effect for the decaying nucleon in the finite nuclear 

density. In this approach, the mass renormalization is extracted to be 8 :!: 4 % in the 

A = 12 system, which is fairly consistent with the mass renormalization effect 

extracted frorn the magnetic moments of the doubly closed shell :!: 1 nucleon nuclei. 
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Chapter 1 

Introduction 

1.1 Non-nucleonic degrees of freedom in the nucleus 

The nuclear shell model has greatly succeeded in the describing the nuclear 

properties for overall nuclei, summing up the properties of individual nucleons 

bound in the effective potential. This is called the impulse approximation. For 

example, the magnetic moments probe the motions of the nucleons in the nucleus, 

and the quadrupole moments probe the nucleon density distributions. 

However, the nucleons in the nucleus strongly interact with each other through 

the exchange of various mesons, and various isobaric states such as � particles are 

virtually excited in the nucleus. Although these non-nucleonic aspects of the 

nucleus are difficult to detect, because the main part of their contributions can Ibe 

replaced by the effective interaction between nucleons, they should be taken into 

account for deeper understanding of the nuclear structure beyond the 

nucleon-only-picture. Actually, EMC experiment, for example, disclosed the 

differences of the quark distribution in the nucleon for various nucIei from that for 

the free nucIeon [AR94]. These non-nucIeonic degrees of freedom in the nucleus are 

challenging problems in nuclear physics, which have to be made clear both 

experimentally and theoretically for our better understanding of the nuclear 

phenomena. 

Among these non-nucleonic aspects, the exchange of mesons has very important 

ー 1-

roles. In particular， πmeson has a special role in the nucleus, i.e., the pion is a 

source of the nuclear force which makes nucleons bind to form the nucleus, as in the 

Yukawa's meson theory since 1935. Nowadays, the nucleon-nucleon potential is 

understood based on the exchange of mesons of various types; the lightest pion gives 

a long-range attractive force, so do scaler mesons in the middle, and vector mesons 

give a short-range repulsive one, as shown in Figure 1.1, although, ultimately, the 

meson-based nuclear force should be described in terms of the force between quarks 

and gluons. Despite this important role, the direct evidence of the meson exchange 

is very difficult to find in nuclear phenomena. 

Historically, the mesonic effect in the nucleus had been found in the thermal 

neutron capture by protons. The cross section of this reaction was 10 % smaller than 

the 出lpulse calculation in which the wave functions of the two-body system are 

reliably given. The residual 10 % was accounted for by the meson exchange effect 

[RI72]. This effect was also found in the photo-and electro-disintegration of 

deuteron [H073], and the magnetic moments of 3H and 3He [CH71]. 百四se

observables a11 could not be well reproduced by the impulse calculations only, and 

the deviations between experimental results and the impulse calculations were not 

accounted for until the meson exchange currents were introduced. 

Among various mesons, pions have the dominant contribution to low energy 

nuclear properties, according to the soft-pion theorem which is a consequence of 

general consideration of the chiral symmetry. Thお is basically the symmetry 

between the left handed world and the right handed world. The nucleon as a 

many-body system is symrnetric under the chiral transforrnation. The ground state 

of a nucleus is highly degenerate under the chiral transformation. This leads to the 

fact that a nucleus should contain a number of virtual massless pions as Goldstone 

Bosons which appear as a consequence of the spontaneous symmetry breaking of 

-2-



chiral symmetry. Thus, pions in the nucleus are considered not only as one of 

mesons as a source of the nuclear force, but also as the Goldstone mode from the 

spontaneous symmetry breaking of chiral symmetry. Various models of the pion 

structure such as chiral bag model and MIT bag model are proposed so as to 

incorporate with the chiral symmetry which leads tO the argument of the origin of 

the quark masses. 

In the recent studies, the photo-and electro-disintegration of deuteron in the 

high momentum transfer region have been satisfactorily understood through the 

pion exchange only. The short-range correlation of heavy mesons looks less 

important. This can be understood in terms of the chiral filter mechanism described 

above [RH81]. It also states that the chirality filters out the heavy mesons and 1the 

pions survive in the nucleus. 

Thus, meson exchange effect, in particular pion response in the nucleus is very 

irnportant for the knowledge of the non-nucleonic degrees of freedom in the 

nucleus, i.e. for deeper understanding of nuclear structure, as well as for 

chiral-symmetry argument which is a key issue for both the nuclear force and the 

dynamics of quarks and gluons. In the present experiment, we study the meson 

exchange effect in the axial charge extracted from the nuclear ゚  decay. 

-3ー

V(r) 

Vector meson 

exchange 

/ 

¥ 
exchange 

Figure 1.1 Schematic nucleon-nucleon potential based on 

rneson exchanges. In the short-range vector mesons give the 

repulsive force, and in the middle scaler mesons give the 

attractive one. In the long-range pions give the attractive force 

which mainly contributes to the low energy phenomena. 
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1.2 Axial charge and the ゚ -ray angular distributions of the A = 12 system 

In the present study, the meson exchange effect has been studied through the nuclear 

ﾟ decay. The nuclear ゚  decay is described in terms of the current-current interaction 

with the vector and the axial-vector type, V-A. Ordinary, for Fermi decay the time 

like component of the vector current f 1 is dominant, and for Gamow-Teller .decay 

the space like component of the axial-vector current Jσis dominant. 

In the axial-vector current, Kubodera, Oelorme and Rho (KDR) [KU78] pointed 

out that the meson exchange current significantly enhances the axial charge matrix 

element (time like component of the axial vector current) compared with the 

impulse calculation, as shown in Table 1.1. The space like component of the 

axial-vector current (Gamow-Teller term) is order 0(1) and the time like component 

is recoil order O(p 1M). On the other hand, the space like component of the meson 

exchange current is recoil order KO(p 1M) and the time like component is order 

Kﾜ(l). Here, p is the momentum transfer in ﾟ decay and M is the nucleon mass, and 

1( is suppression factor due to the constraint that two nucleons have to be found 

study the mesonic degrees of freedom in the nucleus in low flnp uw energy reglon. 

space like time 1ike 

VλIA O(pIM) 。(1)

EC ~(1) KO(p!M) 

A 入 IA 。(1) 。(p/M)

EC KQ(p/M) Kﾜ(l) 

Table 1.1 KDR prediction. The soft-pion contribution is 

compared with the impulse approximation. 

In the present study, we have precisely measured the alignment correlation 
within one-pion range. 50, the time like component of the axial-vector current 4-

terms in the ゚ -ray angular distributions frorn spin aligned 12B(pt = 1 +, T = 1, T z= 1, 
O(p 1M) is si伊üficantly enhanced by that of the meson exchange current Kﾜ(l).. The 

T1/2 = 20 ms) and 12N(pt = 1+, T = 1, Tz = -1, Tl/2 = 11 ms) 凶lplanted in Mg, by means 
magnitude of the enhancement in the axial charge was estimated to be 

of the modified spin rnanipulation technique in the -゚NMR method, which 
approximately 40 % from the soft-pion theorem. 

artificially create the spin alignments neces~ary for the measurement. The decay 
For most cases, however, it is difficult to separate out the axial charge from. the 

chemes and properties are shown in Figure 1.2 and Table l.2, respectively. The 
main Gamow-Teller term. But two types of experiments are available to extract the ~ 1; 

dllgnment correlation term in the -゚ray angular distribution from aligned nucleus is 
axial charge. One is measurements of the angular distribution from spin-oriented 

one of the most reliable probes to extract the axial charge matrix element. The sum 

-゚emitting nuclei and angular correlations between ゚  and the following y-orα-ray of the alignment correlation coefficients of mirror decays singles out the ratio y of 

radiation. The other is the measurement of the decay rate ザ the first-forbidden the axial cha伊 to the Gamow-Teller matrix elernent purely experimentally, namely 

transition. These two types of experiments provide us with very unique chances to 
ompletely free from the theoretical calculation of other matrix elements. 

-5-
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Generally, the axial charge is theoretically given by the sum of contributions 

from the impulse current, the meson exchange current and the core polarization 

effect, i.e., 

Y = YIA + YMEC + Yα- (1.1) 

Here, the contribution of the impulse current YIA is dominant, and is less sensitive to 

the details of the nuclear models because it is the ratio relative to the Gamow-Teller 

term. The core polarization effect significantly affects the axial charge together with 

the meson exchange current, that has been studied by Koshigiri et al. in detail 

[K081][K089]. For the A = 12 system, the core polarization effect was determined so 

as to incorporate with the experimental result of the magnetic form factor in the 

electron inelastic scattering on 12C [SA79]. So, the mesonic enhancement in the axial 

charge can be precisely compared with the theoretical calculation. Thus, the present 

experiment is the unique chance to discuss the mesonic degrees of freedom in the 

nucleus in detail. 

Recently, a mass dependence of the mesonic enhancement has been found in the 

axial charges extracted from the analyses of the first-forbidden transitions. A review 

of the results of the first-forbidden transitions are described in the next section. Since 

the axial charge is mainly determined by the contribution from the decaying nucleon 

near the nuclear surface, the mesonic enhancement in the axial charge is expected to 

slightly depend on the mass number A reflecting the density which the decaying 

nucleon feels. ln order to understand the mass dependence of the enhancement in 

the axial charges, it is necessary to determine axial charges systematically in wide 

mass region. The present experiment aims to establish the standing point of the 

mesonic enhancement, namely, the precise enhancement factor in the light mass 

-7-

region. We focus on the mirror pair 12B and 12N in the rnass A == 12 systern in the 

light region, which wiU be a key point to derive a density dependence of the 

enhancements in the axial charges, since it will give us the knowledge for the 

nucleon at the alrnost thinnest density of about 0.04 nucleons/ frn3. In order to 白nd

such a density dependence of the enhancernent in axial charQ"es_ m何Q
be~， IIleasurernents of 

the alignrnent correlation terms of other systems are now in progress. The 

measurements are ongoing for 8Li and 8B mirror pair in the A == 8 system, 20F and 

20Na pair in A == 20, and 41Sc in A = 41 ・ The results on the preliminary experiments 

are briefly reported in the section 5.4. 

12B 12N 

F 1+ 1+ 

(T, T z) 、
‘
，
，F

司
，
A

,, 
4
E
A
 

，
，z
‘
、 (1, +1) 

T ~ 20.41(6) ms 10.97白 ms

Enermr level (MeV) 
Branching ratio 

Ground state 97.14:t 0.30 0/0 94.55 士 0.60 0/0

First excited state 4.439 MeV 1.28 :t 0.04 0/0 1.90:t 0.03 0/0 

Second excited state 7.654MeV 1.5:t 0.3 0/0 2.7:t 0.4 0/0 

Third excited state 10.3 MeV 0.08:!: 0.02 0/0 0.46:t 0.15 0/0 

Fourth excited state 12.710 MeV 0.29 士 0.13 0/0

Table 1.2 Decay properties of the A == 12 system. 
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1+ 10.97 rns 
1+ 15.11 MeV 

1+ 20.4 rns Jmbヅ矧i 12N 

12B 10.3 〆// / QEC= 17.3活OMeV

恥11
1 、 、司邑

Q゚-= 13.3695 Me V 

¥ ¥ 
4.44 

12C 

Figure 1.2 Decay schemeof theA = 12 triplet. 

12B(ground),1ZC(15.11 MeV),and 12N(ground) 

form rnembersof the isotriplet. 
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1.3 Axial charge extracted form the first-forbidden transitions 

The axial charge rnatrix elernent is also extracted frorn the decay rate of the 

first-forbidden transition. On this subject, recently, Warburton et al. [WA91][W A94a] 

analyzed the first-forbidden ゚ -decay rates of the nuclei in the lead region and showed 

that their axial charge matrix elements were systematically enhanced by 80 0/0 

compared with the impulse values. This enhancement in the axial charges is two 

times larger than that expected from the KDR prediction, and is not completely 

accounted for by any theoretical calculations. Even in the light nuclei, for instance, 

the -゚decay rate of 16N(0-) • 160(0+) transition showed 60 010 enhancernent in the 

axial charge [P A75][GA83][MI83][HA85][FU95][MI96a], which could not be completely 

explained by the introduction of the exchange currents, too. Although these studies 

of first-forbidden transitions rather depend on theoretical evaluations of other 

forbidden matrix elements to extract the axial charge matrix element, the 

enhancements in the axial charge matrix elements seem to be systematically larger 

than that expected for the soft-pion theorem. The similar results are seen in other 

systems, A = 18, 40, 50, 96, 132, etc., as shown in Figure 1.3 

[WA82][AD83][WA88][MA90][WA92]. To account for these large enhancements, 

following possibilities were proposed from the theoretical point of view. 

1. Heavy-meson exchange currents. 

2. \へTeakening of the tensor force in the effective interaction. 

3. Renormalization of the nucleon mass and the pion decay constant in the 

nuclear medium. 

The heavy-meson exchange currents were calculated to exarnine whether they 
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have an additional contribution to the axial charges by Kirchbach et a1. [KI92] ¥'vho 
perturbation theory [KU91]. 刀1ey derived about 20 % renormalization of the hadron 

derived the short-range exchange current operators from the realistic 
effective masses for the nuclear matter density in order to reproduce the 

nucleon-nucleon interaction, Bonn potential. They got fairly good agreement with 
enhancement in the axial charge in the lead region. This approach looks promising, 

experimental data in the framework of the Fermi gas model. On the other hand, the 
since the renormalization of approximately 10 % was found from the anomalously 

shell model calculations by Towner et a1. [T092] were strongly dependent on the 
orbital g-factors of nuclear magnetic moments in heavy nuclei [YA85]・This theory 

cut-off pararneters of the short-range correlation function which is necessary to take 
remains to be investigated experimentally. Regarding the mass A = 12 system, this is 

into account the repulsive force in the short-range between two nucleons. ln 
a very favorable case to examine the in-medium effect in the axial charge, i.e. the 

addition, there seemed to be some shell dependence in the derivation. They g:ave 
baryon scaling, since two possibilities of the heavy-rneson effect and the tensor 

reasonable enhancements in some cases, but could not for other cases. Thus, the 
interaction in the system have been well studied. 

effect of heavy meson seems to be not established yet in the present stage. As jfor the 
Thus, the ali伊lment correlation terms in the ゚ -rayangular distributions of the A 

mass A = 12 system, the heavy-meson contribution has been studied quantitatively 
= 12 system are one of the best candidates to discuss the mesonic enhancement in the 

by Koshigiri et a1. by employing Bonn potential [K095a]. The resultant mesonic 
axial charge. To make clear the anomalously large enhancements and to examine 

enhancement in the axial charge calculated by this theory was unchanged from the 
their mass dependence experimentally, the present experiment gives more reliable 

soft-pion prediction. 
axial charge than the studies of the first-forbidden transitions in the following 

The strength of the tensor force in the effective interaction has to be considered 
senses. 

[WA94b]. 百1e core polarization effect affects the axial charge together with the 

meson exchange current, and is quite sensitive to the strength of the tensor force. 
1. The axial charge matrix element is experimentally extracted from the alignment 

Since the core polarization effect usually reduces the axial charge, weakening of the 
correlation terms, which is free from the theoretical calculation of any other 

tensor force leads to the enhancement in the axial charge. However, quantitative 
matrix element. 

discussion to a11 mass number is still in progress. Regarding the mass A = 12 system 
J u~，-.u '1 2. The experimental method is less sensitive to the systematic errors which are 

the electron inelastic scattering on 12C has been studied to show how rnuch core 
canceled in the first order due to the relative measurement for the alignrnent 

polarization effect can be quantitatively included in this systern [SA79]. The 
correlation term. 

theoretical ambiguity from the core polarization effect is excluded in the A = 12 case 
・ 3 ・ There are few uncertainties in the theoretical calculation of the axial charge. 

Meanwhile, Kubodera, Rho and their coworkers introduced a new mechanism to 
The impulse terrn is reliably given due to the ratio relative to the main 

explain large enhancements. The anornalously large enhancernents are accounted 
Gamow-Teller term, and the core polarization effect is given so as to incorporate 

for through the in-medium renormalization effect in the framework of the chiral 
with the experiment of electron scattering on 12C. So, the rneson exchange effect 

白 11-
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in the axial charge is reliably compared with the experimental result. If the 
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chiral filter mechanism was assumed, the in-medium effect is examined, since 

the mesonic enhancement is reliably given by the soft-pion theorem. 
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Figure 1.3 Summary of the enhancements in the axial charge matrix 

elements obtained from the first-forbidden transitions. 百le vertical axis 
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shows the enhancements in the axial charges relative to the impulse 

calculations. The hatched area shows the enhancement predicted by KDR. 

Systematically large enhancements are found in overall nuclei, although the 

axial charges were dependent on the theoretical calculations of other 

forbidden matrix elements in the derivation. 
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1.4 Historical view and the present experiment 

We mention on the very important influences of the present study of the axial 

charge to the other studies on G-parity conservation law in the axial-vector current. 

Historically, the studies of A = 12 mirror decays have been performed in order to 

search the induced tensor terrn in the axial-vector current, which violated the 

G-parity conversation law. The operator of the G-transforrnation is defined by 

Weinberg as 

V
J
 

T
4
 

π
 

，
，
.
‘
、

PA 
x
 

e
 

c
 

一
一

G
 

(1.2) 

where C is the operator of the charge co吋ugation and exp (iπ T y) is 1800 rotation 

around iso-y axis [WE58]. 百le induced tensor current has the G-parity opposite from 

the main axial-vector current. The G-parity violating induced tensor current is 

classified into the second class current, and others which have equal G-parities to 

their main terms are classified into the first class current. 

In 1975, Sugimoto et a1. first measured the polarization correlation terms in the 

-゚ray angular distributions from spin polarized 12B and 12N [SU75]. But, the dlefinite 

conclusion could not be obtained on the existence of the induced tensor term, 

because the polarization correlation term was very much affected by the annoying 

systernatic uncertainties such as the energy-dependent ゚ -ray scattering effect in the 

large leading term which comes frorn the parity violation. Since then, the 

alignrnent correlation terms have been rneasured extensively by Osaka, Louvain, 

and ETH group, in order to search for the second class current 

[SU78][MA79][BR78a][LE78][BR78b][MI86][MI93]. It should be noted that these 

measurernents had much relied on the hyperfine interactions of 12B and 12N in Mg 
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crysta1 accumulated by Osaka group, since without the knowledges of the hyperfine 

interactions we could not create artificially their spin alignrnents. The results up to 

noW are listed in Table 1.3 where the alignment correlation coefficients α平 are given, 

the definition of which is described in the section 2.2. All data together with !t-value 

asymrnetry are consistent with non existence of the second class current to the 

precision of 2M!TグA= -0.21 士 0.63 [MA79]. For the purpose of the search for the 

second class current, other types of correlation experiments were also done;βαand 

-゚y correlations in A = 8, 19, 20, etc., which are consistent with non existence of the 

second class current [TR75][MC80][BR95][CA75][TR78][DU78][R088]. 百le present 

experiment could a1so set a new limitation on the existence of the second class 

current with much improved precision [MI98b]. 

Group α'_ (%/MeV) 

Osaka +0.025 :t 0.034 

Louvain -0.007:t 0.020 

ETH +0.024:t 0.044 

ETH 0.01:t 0.03 

Osaka +0.006:t 0.018 

Osaka85 +0.0046 :t 0.0053 

Osaka92 ー0.0174 :t 0.0059 

αÌ_(% /Me V) 

(ー)0.277 :t 0.052 

ref. 

[SU78] 

[LE78] 

[BR78a] 

(ー)0.273 :t 0.039 [BR78b] 

[MA79] 

[MI86] 

凹塑i

-0.273 士 0.041

-0.2795:t 0.010 

-0.2774:t 0.0086 

Table 1.3 Summary of the angular distribution experirnents in the A = 12 systern. 
The alignment correlation coefficients 向 are listed. The definition of them are 

described in the section 2.2. 
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Regarding the axial charge, the mesonic enhancement in the axial charge 'I¥las not 

found in the pioneering works in the early 1970's, within the rather large 

experimental error. However, it was found by the theory group of Osaka that the 

core polarization effect significantly contributes to the axial charge [K081]. By this, 

the experimental result was found to be consistent with the theory, since the core 

polarization effect reduces the axial charge and is counterbalanced with the mesonic 

enhancement. In 1985, the experimental technique was very much improved, so 

that the precision of the alignment correlation terms were much refined [MI86]. In 

this experiment, the enhancement in the axial charge was relatively larger than that 

expected for the KDR prediction. In 1992, the spin manipulation technique was 

further refined due to the improved knowledges of the hyperfine interactions of 12B 

and 12N implanted in Mg crystal [MI93a]. However, in the previous results of the 

axial charge, there was rather large fluctuation because of rather poor experimental 

errors in the data. In particular, the results for 12B measured at 1985 and 1992 was 

inconsistent with each other, although the alignment correlation term of 12B was 

very small, less than 1 0/0. Thus, it was necessary to refine the experimental 

technique in order to obtain a definite conclusion on the enhancement in the axial 

charge. This is also a crucial point to derive a mass dependence of the enhancement 

in axial charges. 

For the complete improvement of the experimental technique, we have 

thoroughly studied again the hyperfine interactions of the mass A = 12 system. in a 

Mg crystal. The knowledges of the hyperfine interactions of 12B and 12N in a lvlg 

crystal have an important role in the present experiment. When measuring ゚I-ray 

energy spectra from the aligned nuclei, high reliability and precision are required for 

the spin alignment, since the spin alignment is converted from the spin polarization 

produced through the nuclear reactions. The spin manipulation technique utilizes 

-17-

the quadrupole interaction of 12B and 12N implanted in a Mg crystal (hexagonal 

closed packing) superimposed on their magnetic interactions with the externally 

applied strong magnetic field. Since the electric field gradient (EFG) is unique for the 

majority of 12B and 12N , the resonance frequency is split into 21 frequencies, 1 being 

the nuclear spin. Each resonance corresponds to the transition between neighboring 

two magnetic substates. A selective application of rf fields makes the spin 

manipulation possible to provide almost pure alignment of both signs without 

polariza tion. 

In the recent ゚ -NMR studies, it has been found that 12B and 12N are implanted in 

two kinds of implantation sites in a Mg crystal, i.e., two pairs of the resonances have 

been observed in the -゚NMR spectrum. In the main site (fraction -85 0/0), the EFG is 

parallel to the crystalline c-axis. In the second site, the EFG is perpendicular to the 

c-axis, with the same magnitude as that of the rnain cornponent. This fact makes the 

spin manipulation complicated and less reliable unless the spin ensemble of the 

second site is manipulated properly. In the previous studies, this second component 

was not manipulated properly and, as a result, the experiment suffered from rather 

large systematic errors and uncertainties. The present study disclosed the origin of 

the second location. According to the studies by Kitagawa et al. [KI90][YA96], the 

second location arises from defects of some kinds in treatment of the sample or in 

synthesizing the crystal itself. In the present study, the spin rnanipulation technique 

was modified to remove the effect from the disturbing second location. Namely, the 

polarization of the second component was always destroyed, and that of the main 

component was only converted to the alignment to measure the alignment 

correlation terns. Thus, we rejected the systematic errors in deriving the alignment 

values. 

Besides this improvement, we have accumulated much more counting statistics 
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in determining the precise alignment correlation terms, and reduced the possible 

systematic errors experimentally and theoretically. 

In chapter 2, the theoretical background of the present study is briefly reviewed. 

The details on the experiment are described in chapter 3. The data analysis is 

described in chapter 4. The results and discussions are described in chapter 5. 
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Chapter 2 

Theoretical background 

of the nuclear ﾟ decay 

2.1 Interaction Hamiltonian 

The Hamiltonian density of the nuclear ゚  decay is described hy the current-current 

type interaction, 

H1 =去f山 +h.c. ，

with 

九 =vλ +Aλ，

Lλ = -i 粍(X)yλ(1 + 'Y5) lj/v(x), 

(2.1) 

(2.2) 

(2.3) 

where the nucleon current Jλconsists of the vector current Vλand the axial-vector 

current Aル and L').. is the lepton current which has the form generating maximum 

panty violation. 'Y:入 is Dirac matrix. Hermitian conjugate h.c. represents positron 

decay. The vector and axial-vector currents have the following general form which 

18 covariant under Lorentz transformation, 

Vλ = i V'plfvYλ +fwσ入pkρ + iんkλ) V'nl

Aλ = i V'p 'Y5 lf A 'Y:入 + fTσ入pkp + ifpk λ) V'n' 
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(2.5) 



where fv , fw , f s, fA , fT' andfp are vector, weak magnetism, induced scaler, 

axial-vector, induced tensor and induced pseudoscaler terms, respectively. k入 is the 

momentum transfer，れ = k p -k n' and '1'= VJ 'Y4' and σ入p = ['Yﾀ/ 'Yp] /2i. It is important 

to determine the coupling constants in the weak nucleon currents experimentally. 

The main vector coupling constant fv has been determined from 0+ • 0+ 

superallowed Fermi transitions, as 

fv /(hc)3 = (1.14959::t 0.00038) x 10・5GeVて (2.6) 

which is the most recent value given by Towner et al. [T095], where the nuclear 

dependent radiative correction and the nuclear mismatch correction are taken into 

account. 

The weak magnetism term is predicted as 

f" 3.706 
fw = 一(μpμ) ~ _v _二一一一

p r-n' 2M 2M ' (2.7) 

distribution of polarized neutron to be 

f A / fv = -1.2601 ::t 0.0025 [PA96] (2.9) 

The induced tensor term is classified as the second class current which has the 

different G-parity from its main terrn, where the G-transformation is defined as 

G 二 C exp (iπ Ty). (2.10) 

Here C is the operator of the charge conjugation and exp(i1t T y) is 1800 rotation 

around iso-y axis 仰E58]. The induced scaler terrn in the vector current is also the 

second class current. According to the CVC hypothesis, the induced scaler term 

should be exactly zero, so that only the induced tensor terrn violates the G-parity. 

The G-parity of the system is conserved if the Hamiltonian is invariant under the 

charge conjugation and the isospin is conserved. The search for the G-parity 

violating second class current has been long performed in the mass 6, 8, 12, 19, and 20 

system. Up to now, all data are consistent with non existence of the second class 

from the CVC (Conserved Vector Current)hypothesis which is described in detail in current, 

the Sec. 2.4. Here， μp and μn are the anornalous magnetic moment of a proton and 

neutron, respectively, and M is the nucleon mass. 

The ind uced scaler term becomes 

fs = 0, 

from the divergence relation of the vector current in the CVC hypothesis. 

The rnain axial-vector coupling constant f A has been given from the angular 
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fT zO. (2.11) 

The induced pseudoscaler term fp is theoretically derived from PCAC (Partially 

(2 ・8) Conserved Axial vector Current) hypothesis. PCAC gives the divergence relation 

。'A λ =aø:π， (2.12) 
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where a is related to the pion decay constant. Thus, the divergence of the axiall 

vector is proportional to the pion field 仇 to allow a pion decay in the free space. 

This relation gives the induced pseudoscaler term as 

M
一
吋

一
m

丘
ん

(2.13) 

The induced pseudoscaler term has a very small contribution to the nuclear ゚  decay 

because of small momentum transfer. The value has been experimentally 

determined from, for example, the muon capture in hydrogen to be 

m.. fp = 7.0:t 1.5 
μ fA 

(2.14) 

which is consistent with the PCAC prediction of 6.8 [BA81]. 
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2.2 -゚ray angular distribution from the oriented nucleus 

A new theory of nuclear ゚  decay was formulated by Morita et al. [M076][M078J, in 

which the higher order corrections such as the Coulomb correction for the finite siz宇

of the nucleus and hゆer part凶 waves of the lepton wave function are prope向 !!;JillJ(:JJill:

taken into account. For the anal砂ysiおsoぱf the pr陀es犯en川t s計tudy， i社t i臼s ne町ce句5戸3臼a-rヲy 主勾Q e m P lhO yj ; i川1:，'，'川ぺ1川日lJ;f;lh川"山川"υl川i

such a formalisおsm， since we are concemed with the quantities of thc-recoilorder in 

the ﾟ decay. 

The transition probability of ゚ -ray emission with the energy between E and E + 

dE in the angle d!2e is generally given by 

dれr 1 勺
一一一一=一一~ ,5 pE(Eo -E)L LPM;M;aM; , 
dEd!2e (2πノー Mj (2.15) 

with the densi ty ma trix defined by 

PMtMt=JJfQe〈門IHllliMj)(例IH1IJiM;)待 (2.16) 

He叱 the initial and final states are represented by IliMj> and I ケMJ>， respectively, 

with their spins (Z components) Ji (Mi) and ケ (Mf) ・ Se and Sv are the Z component of 

the spins of the emitted leptons. The ゚-ray energy (endpoint) and momentum are E 

(Eo) and p, respectively. aMi is the magnetic substate population with the 

normaliza tion, 
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ヱaM; =1 
Mj 

(2.17) 

The ゚ -ray angular distribution from the oriented nucleus is explicitly given as 

品;=品川o一門5fl(υ品川川川JJJ'; 1州(c

(2.18) 

with 

わけ)=ヱぷJi + 1( _)/j-Mj (JJiMi -MillO)aM
j 

M 

(2.19) 

Here, P凡nバl(Cω0的) iおs Leg伊endr陀e polynomials, and W (仇JiliJ万JJ';パlケ伊) i臼s Racah coefficients. The 

はructures of the weak nuおonωrents are all in山ded in the parωe parameter b}J" 

the explicit form of which is given in [M076]. 1n the above equation, the recoil effect 

of the final state nucleus is neglected. Using the impulse approximation, the -゚ray 

angular distribution is written as 

1丘一 =fizFopE(Eo-E)2-LA(σ)2{Bo 平 PB1P1 (cos 8) + AB2P2 (cos 8)} , (2.20) 
dEdQe ( 乙π)'1 -vr - , -v . 2 Ji + 1 

with 
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Bo = ら干 4a(14J + N 0 ):t 2b(ト -NO} (2.21) 

B1 = 川平 4a(子A1 +Nl1ード12) 干 2b(-苧l+Nll +L12 )士市cL12 (2.22) 

B2 =+2ω-ωL12 干 37CL12-v'10 Lι (2.23) 

where Lo, N 0' etc. are the combination of the electron wave functions which are also 

given in [M076]. The parameters a, b and c are defined by 

V
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b 二十fA(iYsr) 
-gA(σ) , (2.25) 
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Here, gA =fA 平 EofT ・ 1n the case of A = 12, c is zero. The values P and A represent the 

sp匤 polarization and alignment, respectively, which are defined by the magnetic 

substate populations as 

P=a+l-a-lt (2.27) 

(2.28) 

(2.29) 

A = 1-3ao, 

with a+l + ao + a_l = 1. 
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In the limit of the point charge of the nucleus, the correlation terms in the eq. 

(2.20) are simply described as 

with 

B1 (E) _ --, p 
一一一=+~(1+α工E) , 
Bo(E) E T'  

B2(E) = ατE ， 
Bo(E) T'  

α平二計十一合)一品

(2.30) 

(2.31) 

(2.32) 

where B1 (E) and B2(E) are called the polarization and alignment correlation term, 

respectively. The upper and lower 平 signs refer to the electron and positron decay, 

respectively. It is noted that the same term 的E is included in the both polarization 

axial vector current as 

a= 一企土 fw _ /.. .. ¥ f 
JW  = ー(μp 一 μn+ 1)与一一fA 2M -fA '......p ~n I~/ fA 2M (2.33) 

Y is the ratio of the time like component of the axial-vector to the main axial-vector 

current, 

y=-ZMiK51 , 
jσ (2.34) 

where M is the nucleon mass. In the present study, we call this ratio y the axial 

charge for simplicity. In the non relativistic approximation, y 臼 written as 

y = 1 + 2i 1行σ p)
l σ 

(2.35) 

correlation term and alignment correlation term. It is difficult, however, to mleasure Thus, the alignment correlation coefficient is composed of the weak magnetism 

the polarization correlation term reliably, because the energy-independent leading terrn a, the induced tensor term fT and the axial charge y. The s山n of the alignment 

term in the polarization term has dominant asymmetry. A small energy-dependent correlation coefficients in mirror decays singles out the ratio yas, 

disturbance such as -゚ray scattering gives spurious asymmetry easily in deriving the 

polarization correlation term. 

The first term a in the alignment correlation coefficient 向 is the weak 

magnetism term, that is the ratio of the space like component of the vector to the 

-27-

which is 1 

α 十 αa-2y
一一一, 3λl' (2.36) 

ess sensitive to nuclear models and can be compared with the theoretical 
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Similarly, the induced tensor term fT can be derived from the 
Meson exchange current in the axial charge 2.3 

calculations reliably. 

difference between the alignment correlation coefficients, 
In nuclear physics, the nuclear response to the external field is usually described as 

the sum of the those of the individual nucleons, that is called irnpulse 

Although this approach has been succeeded in rnany cases, it is approximahon. 

(2.37) 一 一 α+ = 針。-1)
necessary to take into account the effect of nucleons strongly interacting in the 

nucleus, for rnore precise description of the nucleus. Thus, the exchange current was 

Here, it should be mentioned that the precise axial charge is obtained by using the introduced in the impulse calculation. Generally, the transition matrix element T is 

full formula with the higher order terms of the eq. (2.20), instead of the simpl.e from given as the sum of the contributions from the one-body and two-body operator as 

of eq. (2.32), because the higher order terms in the alignrnent correlation termL should 

not be neglected and are not canceled in the sum of the alignment correlation 

A A 
T = It(i)+ ヱ t(i， j)+ê，

;=1 i<j=1 
(2.38) In the actual analysis, the alignment correlation terms coefficients in the eq. (2.36). 

were sirnultaneously fitted by the full formula of the eq. (2.20) for 12B and 12N. The 

simple analysis was only performed to check the consistency with the previous 
where the higher order term � is negligibly small. In the present case, the transition 

results. 
operator is the axial charge operator. In the low energy phenornena, the one-pion 

exchange current mainly contributes to the two-body current by the soft-pion 

theorem. In the diagram in Figure 2.1 , the matrix element of the two-body current is 

gIVen as 

ﾏf =(2π)3δ(P 1 + P 2 + k -P l' -P 2 ' )( P l' P 2 'IJλIp山)

=(2πpδ(P1 +P2 +k-P1'-P2') 

x{(〆(q)N(P1' )IJfl川山川P2 ')伽イ (2.39) 

where Pi, Pj' and q are the four momentum of the initial nucleon, final nucleon, the 

-29-
-30-

__.・t



pion. k is the momentum transfer by the external field.αand ゚  are the isospin 

indices of the current and the pion, respectively. くが(q) N (P 1 ') I JλαIN (Pl)> is the 

pion production amplitude, and <N(P2') IJ,PIN(P2)> is the pion source current. 1n 

the present case, the external field Jf is corresponding to the axial-vector current 

According to the soft-pion theorem, the pion production vertex is given as 

(が(州川JflN伊川ニ古川1)![Q~ ， Jf]IN(P2) (2.40) 

where gr is the pion nucleon coupling constant. This is called the commutator 

term. He民 Q;is 恥 ax凶 cha伊 ope凶or defined as 

Here, the current algebra holds, 

Qi = J d3x Aoß(x, 0) 

[Qß5, A♂] = iεαßy V ).,'Y, 

[Qß5, V♂]=iεαß'Y A ).,'Y. 

(2.41) 

(2.42) 

(2.43) 

These relations imply that the magnitude of the time like componentλ= 4 of the 

axial-vector current corresponds to that of the vector current Y:λ - KÜ(l) , while the 

space like componentλ 二 1 -3 is recoil order 'Y)., -Kﾜ(p 1M), as is listed in Table 1.1. 

Thus, the axial charge is significantly enhanced by the one-pion exchange current, as 

predicted by KDR [KU78]. Finally, the pion production amplitude and the pion 

source current 﨎 g咩en as 

-31-

(内
lVザ A

(N(P2' )lIeIN(P2)) 二伝r 竺24
2M L 

百lUS， the transition operator of the two-body current is obtained in the non 

relativistic form as 

フ

� = ~__1 すが(P1 +P1 '+k -P2 -P2 ') ..~: ~ 三笠(τ1 Xτ2)α. 
(21L)J .l .l - L -L ' Mf A q2 + m; 2M ' "1 

(2.44) 

(2.45) 

(2.46) 

The exchange current operator in the coordinate space is obtained by the Fourier 

transformation of that in the momentum space as follows 

PA(X) 二 PÀ(x)+PÄ(X九 (2.47) 

with 

制=L rf8(xーがい日+(叫叩す}，1"' ~. 2M J .l VJ r ' 2 M I (2.48) 

p前i訂(伐ルx
ムJA <:t:一\ 1一'‘ノ i<くj

(2.49) 
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and 山=(1+:)C (2.50) 

Here, PA1 and PA2 are the axial charge operator of the one-body and two-body current, 

respectively. 
pl' PI' 

+ 
π 

圃圃・・》圃園田園田園・

q 

A入 A入
P1 Pl 

"one-body" "two-body" 

Figure 2.1 Diagram of the one-body and two-body 

currents wruch interact with the weak current. In the twoｭ

body current, the one-pion exchange curmet is dominant 

for the low energy phenomena. In the right figure, the 

pion is produced through the interaction of the nucleon 

with the extemal field Aνand is absorbed again by other 

nucleon. The pair current mainly contributes to the 

exchange current in the case ofaxial-vector decay. 
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2.4 Strong CVC hypothesis form factors have the decreasing function of the momentum transfer p2, and have 

the following forms , Originally, Fermi introduced the weak interaction in an analogy with the 

electromagnetic interaction. This analogy was extensively generalized as the CVC 

(Conserved Vector Current) hypothesis by Feynman and Ge11-Mann [FE58] and fEM(O) = 1, 
(2.53) 

Gershtein and Zeldovich [GE57]. As is well known, the electromagnetic current is 
F.MμDμn 

g乙川(0) = . P '--ll 

2M (2.54) conserved, and the charges of a11 charged particles are equal. This implies the 

universality for the electric charge. As shown in Figure 2.2, the observed y-ray 

emitted from a physical proton comes from the contributions from a bare proton and 戸pandμn are the anomalous magnetic m'Oment of the proton and neutron in the 

a pion cloud, where the physical charge is the same as the bare charge. From this free space, respectively. From these relations, the weak magnetism term and the 

induced scaler term in the vector current are determined as analogy, it is thought that the weak vector current is conserved and the vector 

coupling constant is universal. The ゚  decay of a physical neutron comes froln the 

contributions from a bare neutron and a pion cloud, as shown in Figure 2.2. 50, the 
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F
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一
mw

 

f
j
 

(2.55) 
divergence relat�n holds, 

ん =0. (2.56) 

θV入 =0. (2.51) 

In experiments, the 仁VC hypothesis has been tested by the shape factor in -゚ray 

Another important assumption is that the isovector part of the electromagnetic energy spectrum and the y-decay width ry of the analog transition. The best known 

current and the weak vector currents form the components of the isovector current.candidate is the p decay of the mass A=12systemJ12BJ2C12N isotriplet-The P-ray 

This is called the isotriplet vector current hypothesis. From this assumption, the energy spectrum has the effect of the weak magnetism term, and is described as 

structure of the weak vector current is derived. The isovector part of the 

electromagnetic current is given as 

W干ω 民 pE(Eo吋1令)， (2.57) 

JEM ニ eljll (fEM yμ _igEMσμvPv) 1Jf2 ・ (2.52) 

where a is the weak magnetism term defined as 

Here fM and gEM are the charge and magnetic form factors of the nucleon. These 
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Here， μis the transition moment， μ=1 十 μpμn' The magnitude of the weak 

(2.58) 

magnetism term a is very small 壬 1 0/0, but it has opposite sign to the positron and 

electron decay, so that the effect is enhanced two times in observing the both decays. 

Several experiments have been performed until now, using different method; the 

magnetic spectrometers, inorganic-, and plastic-scintillation counters 

[WU77] [KA77] [CA90][FU96]. 百le summary is shown in Table 2.1. All data are 

consistent with the CVC prediction, but the precision looks rather poor. Therefore, 

we use the weak magnetism term obtained from the y-ray wid th of the analog 

transition of 12C, in extracting the axial charge from the alignment correlation terms. 

Group G_ -a+ (%/MeV) ref. 

Wu et al. 0.86 士 0.24

Kaina et al. 1.09:t 0.09 

Camp 1.24:t 0.42 

Fukuda et al. 0.99:t 0.41 

[WU77] 

[KA77] 

[CA90] 

[FU96] 

Theory 1. 14 士 0.02 1監塑]

Table 2.1 Summary of the spectral shape factor in the ~-ray energy spectra of the A ::: 

12 mirror nuclei. 
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The analog M1 transition 12C*(15.11 MeV) • 12C(ground) has been precisely 

observed by the electron scattering experiments. The gamma width ry is related the y 

decay rate as 

r.， ご μ2 1J ai2豆
r 2x3λ12 ' 

where Ey is the y-ray energy and αis the fine structure constant. In the above 

(2.59) 

equation, the Gamow-Teller rnatrix element is obtained from the ft-value as follows 

h三立ー |J 司2f1
ft 2f~' 

From the eq. (2.58)ー(2.60) ， the weak rnagnetism is given as 

α= 
3 Ty jt 

4αE; fto-7o ' 

for this analog transition. fto• o is ft-value of the ゚  decay for the superallowed 

transition. The average value Ty = 38.2 :t 0.6 eV of all available data 

[EN68][CH73][DE83] gives the weak magnetism term to be 

。exp.ave. = 4.02 :t 0.02 (112M). 

-38-

(2.60) 

(2.61) 

(2.62) 



It is noted that the isospin mixing of T = 0 

be properly taken into account in the analy 

the strong CVC hypothesis. 
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Figure 2.2 Comparison of the y-decay and the weak vector decay. 

百leγray from the physical proton comes from the contributions from 
a bare proton and a pion cloud. Similarily, in the weak vector decay, 
the ゚  decay has the contribution from a bare neutron and a pion cloud. 
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2.5 Second class current 

The present experiment can place the limitation of a possible existence on the 

induced tensor term in the axial-vector current, which is the G-parity violating 

second class current (SCC). The G-parity was first defined by Weinberg [WE58JI as 
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(2.63) 

where C is the operator of the charge conjugation and exp(irc T y) is 180
0 

rotation 

around iso-yaxis. The weak currents are transformed by this operation as listed in 

Table 2.2. The rnain vector current is G-parity even, and the rnain axial-vector 

current is G-parity odd, 

GviG = vi , (2.64) 

(2.65) GAiG=-Ai. 

The induced terrn with the G-parity equal to the main terrn is classified into the first 

class current, and that with the G四parity different from the rnain term is classHied 

into the second class current. As listed in Table 2.2, the induced scaler term in the 

vector current and the induced tensor term in the axial-vector current are classified 

into the second class current. The search for the second class current is very 

important for the structure of the weak nucleon current, since the nuclear ゚  decay is 

symrnetric in the isospace under the G-parity invariance. 

-41-

vector ん fw fc, 

+ + 

axial vector f A ん fp

+ 

Table 2.2 G-parity of the vector and axial-vector current. 

A possible existence of the second class current was suggested by Wilkinson, who 

analyzed the ft-value asymmetries of various rnirror nuclei and found systernatic 

deviations from the symmetries [WI70]. The ft-value asyrnmetry is written as 

(戸}
ーよー 1 = oexp ニ Oscc + Onucl (ft)_ - ~exp (2.66) 

Here Oscc is the contribution frorn the SCC, and Onucl. comes from the asymmetry of 

the Gamow-Teller matrix elernents in mirror nuclei, which is caused by the 

出ctromagnetic interaction. Kubode叫 Delorme and Rho analyzed the ft-value 

aSymmetries systematically using the KDR model [KU73], but the results strongly 

depended on the nuclear models. 

For this purpose, the alignment correlation terms in the -゚rayangular 
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distributions of the A = 12 system have been long studied, which are less sensitive to 

Up to now, all results from the the nuclear models as described at section 2.2. 

1.0 angular distributions and correlations are consistent with non existence on the 

second class current. The results of the second class current are shown in Figure 2.3, 

which were obtained from the data in Table 1.3 using the simple analysis described at 

0.5 
However, a possible mass and/or charge difference between up and the section 2.2. 

0.0 

ぐ
\
小
ヘ
ミ
N

down quarks causes the second class current. The present study gave the strict 

limitation of the existence on the second class current, which is described in detail in 

the section 5.3. Here, it is noted that the induced scaler term is the second class 

This has to be also searched by the experiment, although the induced current, too. 

scaler term is zero according to the strong CVC hypothesis. In the present A := 12 

experiment, the induced scaler term does not contribute to the alignment correlation 
ー 0 . 5

term, even if it exists. 

以
3
5
0

的
∞5
s
o

国
ド
凶

A
K
c
u喝のO

-1 .0 

Figure 2.3 Summary of the induced tensor term in the 
axial-vector current. The induced ternsor terms were calculated 
from the differences between the alignment correlation coefficients 
listed in Table 1.3, according to the eq. (2.37) in the section 2.2. 
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Chapter 3 

Experimental m.ethod and apparattls 

3.1 Overview 

3.1.1 Principle of the experiment 

In the present experiment, it is essential to extract the difference of the ゚ -rayenergy 

spectrum with the positive ali伊lment and that of the negative alignment. The spin 

alignments necessary for the measurement are artificially created from the 

polarization produced through the nuclear reaction, by means of the spin 

manipulation technique in the -゚NMR method. As shown in Figure 3.1, the 

difference between those spectra corresponds to the alignment correlation term. 

Here, the alignment correlation term is shown multiplied by a factor of -100 for 

convenience. According to the eq. (2.20), the alignment correlation term is derived 

from this ratio of the counting rates of ゚  rays as a function of ゚ -ray energy as 

型E) 土(N(E，(J， A+)-1) 
Bo(E) M ¥ N(E , (J, A -) ) 

with ~A ニ A+ -A -, 

where N (E, (), A I) is the ゚ -ray counting rate in the spectrum with the positive or 

(3.1) 

(3.2) 

negative alignment without polarization, that was measured by the -゚ray counter 

45 

telescope placed at 0
0 

(up) and 180
0 

(down) relative to the spin orientation axis. The 

difference ~A between the positive and negative alignment, which is necessary to 

determine the alignment correlation term, is calculated from polarization-changes 

controUed by means of the spin manipulation technique. 
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Survey of the experimental method 3.1.2 

A十足
experimental method in measuring the One of the essential part of the present 

Using the pulsed alignment correlation terms is the conventional -゚NMR method. 

beam technique, four processes described below are repeated sequentially for the 

measurements of the alignrnent correlation coefficients; 

production of polarized nuclei, 12B and 12N , 

maintenance of the polarization following recoil irnplantation into a Mg single 2. 
Energy E -i1E < E < E + i1E 

crystal, 

spin rnanipulation; creation of spin alignment from spin polarization, and 3. 

-゚ray spectrum measurements. 

Firstly, polarized 12B and 12N nuclei are produced through the nuclear reaction. 

4. 

a implanted into an implantation mediurn, a recoil stopper made of 官官民 theyare

single crystal Mg which has the electric field gradient parallel to its c-axis at the site 

The polarization produced by the nuclear reaction is where the nuclei reside. 

manipulated and converted to the spin alignment by a set of rf-fields using the NMR 

旬
。
凶

同
-N

凶

method in high magnetic field , frequencies of which are split caused by the 

quadrupole interaction in the stopper. 
Energy 

E 

Finally, -゚ray spectra frorn aligned nuclei are 

The production-counting cycles with positive and negative alignments measured. 

Principle for the measurement of the Figure 3.1 
are alternatively repeated until enough counting statistics are accumulated. 百1e

whole experimental setup is shown in Figure 3.2. 

alignment correlation terms. 1n the upper figure, the 

Details of the experiment are difference between two spectra with positive and negative 

described in the following sections. alignrnent corresponds to the alignment correlation term 

which is derived frorn the ratio of them as a function of 

energy (lower figure). 

48 
47 
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均ι

A-coun 

C-counter 

B-counter 

E-counter 

JA山

Figure 3.2 Schematic view of the experimental setup. 
The rotating target system, recoil stopper, rf coil, magnet, 
and up-down ゚-ray counter telescopes are shown. The rotating 
target system, recoil stopper and rf coil are set in vacuum 
in the reaction chamber whose part near the recoil stopper are 

made of plastics to prevent the ゚ -ray scattering. 
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3.1.3 Comment on the experimental technique 

The present experiment requires high reliability for the spin manipulation 

technique and the spectrum measurements, since the alignment correlation term is 

a very small quantity, an order of a few 0/0. The present method is quite unique and 

less sensitive to systematic uncertainties. 

The correlation term to be measured is appeared both in the polarization term 

and in the alignment term, as described in the section 2.2. Although the polarization 

produced by the nuclear reaction is large enough to measure the polarization 

correlation term, the present polarization correlation term 的Ecan not be reliably 

extracted out from the leading parity violating allowed term. It is easily affected by 

energy-dependent disturbances such as ゚ -ray scattering which is easily become 

comparable with the α平E value. So, it is much more reliable to measure the 

alignment correlation term directly if the alignment is created artificially since there 

exists no leading parity violating allowed term, although the initial alignment 

produced by the nuclear reaction is small, a few 0/0. The spin alignments necessary 

for the measurements of the alignment correlation terms are realized by the present 

sp匤 manipulation technique. The efficiency to manipulate the spin ensemble is so 

high that almost pure aligned ensemble with the vanishingly small polarization can 

be created from the polarization by using this technigue. Besides, the difference 

between the positive and negative alignment created by the spin manipulation is 

three times larger than initial polarization produced by the nuclear reaction, ~A = 

3POt as will be later described. In addition, as understood from the correlation 

coefficients, the ratio of ゚ -ray spectra with positive and negative aLignment is almost 

free from the energy-dependent systematic uncertainties such as background, 

scattering, response of the ゚ -ray counters, and so on, since they are all small fractions 

that at can be estimated. 
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3.2 Production of spin polarized 12B and 12N 

3.2.1 Rotating target system 

The experirnent was perforrned using the 4.75-MV Van de Graaff accelerator at Osaka 

University. The incident beam from the accelerator is analyzed by a dipole magnet, 

and focused on the target by the quadrupole rnagnet and X-Y steering rnagnets, as 

shown in Figure 3.3. In order to realize the tirning sequence described in the section 

3.6, the pulsed bearn technique was ernployed. The continuous bearn from the 

accelerator was pulsed by a combination of the electrostatic defIector and a chopper 

stopper as shown in Figure 3.3. The beam was on during the production tirne to 

bornbard the target, and was stopped by the chopper system d uring rf and counting 

times. 

The rotating target system was employed as shown in Figure 3.4. The target rotor 

rotates at a period of 60 ms. The target ribbon is set in a groove of the target holder 

which is connected on the side of the rotor. The beam pulsing is synchronized with 

the rotation of the rotor. This system rnakes background activities much reduced, 

since the target rotor is moved far away frorn the solid angle of the ゚ -ray counter 

telescopes to the opposite side of the stopper during the following counting time and 

is shielded by lead blocks. The target holder is cooled by an air-jet from inside of the 

rotor. The air-jet was cooled by use of the system which utilizes air expansion and 

heat exchanging system given in the Figure 3.2. The rotation of the target system is 

detected by the photosensitive rotation-pickup systern. This system consists of bulbs 

and CdS cells that detect the change of the lights when the rotor cuts the paths of the 

lights, i.e., when the target system rotates across between the pair of the bulb and CdS 

to cut the light, the pulses are generated at the timing corresponding to the target-in 

51 

or target-out positions. This rotation pickup system is schematically shown in 

Figure 3.5. The timing pulse generated by this system starts the tirning sequence. 

The control of the whole systern is described in the section 3.6. 
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Figure 3.3 Schematic view of the beamline. 百le beam from 
the accelerator is analyzed by the magnet, and focused on the 
target by the steering magnets and the quadrupole magnet. The 
continuous beam is pulsed by the electric deflector. 
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Figure 3.4 Schematic view of the reaction chamber (horizontal cross 
section). 百le rota白19 target system is shown. 百le pulsed beam bombards 
the target 出 the groove only during the production time, which rotates at a 
period of 60 ms. 
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3.2.2 Production of 12B and 12N 

12B and 12N nuclei were produced through the nuclear reaction 11B(d, p)12B and 

10BeHe, n)
12

N , respectively. The 1.5 MeV deuteron beam was used to bombard the 

300-μg/ cm
2 
thick

11
B target (99 % concentration) for the production of 12B, and the 3.0 

Me V 3He beam was used to bombard the 300-μg/ cm2 thick 10B target (90 0/0 

concentration) for 12N. The experimental conditions are summarized in Table 3.1. 

"Target-in" 
pos咜ion 

官官 target material is evaporated on Mo ribbon at the vacuum of order 10・6 torr, 

"Target-out" 
pos�ion 
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using an electron bombarder. The thickness of the target was determined to allow 

the nuclei produced at the bottom of the target can come out, taking into account of 

the energy loss. The details of the target preparation are described in the appendixes. 

12B and 12N nuclei produced through the nuclear reaction are recoiled out from 

the target with the energy of maximum 0.44 MeV and 1.5 MeV, respectively, as is 

Control 
room 

shown in Figure 3.6. The energy of the recoiled nuclei are distributed almost 

uniformly from zero to maximum ener白T because of the energy loss in the target. In 

Figure 3.5 Schematic view of the rotation pickup system. 
The bulbs and CdS cells are faced with each other across the 
vacuum, which are set at the walls of the reaction chamber. 
When the target groove cuts the paths of lights from bulbs, 
the pulses are generated by the CdS cell at the t出üngof target-in 
or target-out. 

order to produce optimum spin polarization through the nuclear reaction, the recoil 

angle was selected to the range from 400 to 750 for 12B and 200 to 550 for 12N. As 

shown in Figure 3.7, ﾟ rays from the stopper only in this region were observed. The 

target groove also works as a kind of a collimator to restrict the recoil angle. In these 

conditions, typical counting rates are 1.5 x 103 cps with the beam intensity of 5μA for 

12B, and 1 x 102 cps with that of 20μA for 12N, respectively. Typical ゚ -ray time 

spectra are shown in Figure 3.8, where the decays of 12B and 12N was c1early 

observed, from which we can tell the backgrounds were less than 10-2 of the main 

component. 

The sizable spin polarizations were obtained, i.eリ P-10 % for 12B and 20 % for 

12N.The direction of the external magnetic field was applied parallel to the spin 

polar�ation for both 12B and 12N nuclei, as shown � Figure 3.9. The spin 

55 
56 



1.0 
polarization was determined from the ゚-ray asymmetry change determined from the 
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of determining the polarization are described in the section 4.2. 

R
U
 

勺
ι刊

J
U

川
N
M

B
一
B
5

門
J
ι

一

旬
E
A

-

一
1
1
1Reaction 

80 60 

Recoil angle (deg.) 

40 20 
0.0 

0 

1.5631(90) Me V 

20μA 

200 -550 

1.5MeV 

1 X 102 cps 

6000e 

1.1444(13) Me V 

5μA 

400 ~ 750 

0.44 孔1eV

1.5 X 103 cps 

Beam energy 

Beam intensity (typ.) 

Recoil angle 

Recoil energy (typ.) 

-゚ray yield (typ.) 

Ma伊letic field 

Stopper 

Implantation depth 

Q-value 

12N 

l Üß(3He, n)12N 
E3He= 3 MeV 

2.0 

1.5 

1.0 

0.5 

(
〉ω冨
)
沿
いωロ
ω
ロ
o
u
ω
凶

Mg 

2.7 性m

Experimental conditions. 

3000e 

Mg 

1.5 J_!m 

Table 3.1 

0.0 
0 80 60 

Recoil angle (deg.) 

40 20 

Figure 3.6 Kinematics of the recoiled nuclei. 
The nuclei in the hatched areas are allowed 
to be implanted in the stopper. 
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lncident beam 

Po Oﾇ -kfx ki 
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Figure 3.9 Dir町tionofthe polarization prouduced through the 
nuclear reaction. The polarization of both 12B and 12N are p紅allel
to the external magnetic field. 
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3.3 Recoil implantation 

3.3.1 Maintaining the polarization 

The polarized 12B and 12N nuclei produced through the nuclear reaction were 

implanted into a recoil stopper, a disk of Mg crystal. The implantation depth in the 

crystal is distributed almost uniformly from the surface to about 1.5μm deep for 12B 

and 2.7μm deep for 12N. The Mg stopper was placed in a strong magnetic field Ho = 

300 Oe for 12B and 600 Oe for 12N, with the crystalline c-axis set parallel to the 

magnetic field. The strong magnetic field is employed for preserving the 

polarization both in flight and in the implantation medium, and to apply the NMR 

for the spin manipulation. 

When the nuclei are recoiled out from the target into vacuum, they are in 

various charge states and in high excitation. The fraction of charge states is 

determined by the velocity of the nucleus. In the present case, 1+ state is dominant. 

Various atomic states produce hyperfine fields at the position of the nucleus with 

various magnitude, and quickly destroy the nuclear polarization in flight because of 

the atomic hyperfine interactions. 50, the strong magnetic field is necessary to 

decouple the nuclear spin from the atomic spin. 

In the stopper, the magnetic field is also necessary to decouple the nuclear spin 

from various disturbing hyperfine fields caused by defects or darnages on the site 

where the implanted rlucleus resides [TA77]. The magnetic interaction of the 

nuclear magnetic moment with the field is superposed on the quadrupole 

mteraction and is also used to carry out NMR. 
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3.3.2 Hyperfine interactions of 12B and 12N in a Mg crystal 

The hyperfine interactions of 12B and 12N in Mg have been studied by means of the 

-゚NMR technique in order to refine the spin manipulation technique necessary for 

the artificial conversion of the polarization to the alignment. A Mg single crystal has 

hexagonal closed packing (hcp) structure, and is presumed to have an electric field 

gradient parallel to the crystalline c-axis because of its crystal structure, as sho"vn in 

Figure 3.10. The implanted nuclei, 12B and 12N nuclei, interact with the electr:ic field 

gradient q in Mg, superimposed on the extemal magnetic field Ho. The interaction 

Hamiltonian is described as follows, 

HT=Hu+H 1 -11M  T 1.lQ' 

where 

HM =-μHo， 

HQ =4ぷ山~-I(I +l)+ ~(I~+Ò} 
Here， μand Q are the nuclear rnagnetic and quadrupole moment, respectively. 1 is 

the spin of irnplanted nucleus, and 1+ and l_ are the creation and annihilation 

operators, respectively. The electric field gradient is generally defined as 

V;; = d
2
V -

11 dXidXj. 

For 12B e2N) nuclei in a Mg crystal, the electric field gradient is presumed to be 

symmetric around the crystalline c-axis, so the asymrnetry parameterηof the field 

gradient is zero; 
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The Z-component is defined as q = V zz. In the first-order perturbation calculation, 

-63-

(3.3) 

(3.4) 

(3.5) 

(3.6) 

(3.7) 

the energy levels Em are unequally split caused by the quadrupole interaction HQ as 

Em = -hVL→(~ザ+ηsin2
c゚os2y ){3m2 

-I(I (3.8) 

where vL and vQ are the Larmor frequency and the quadrupole coupling constant, vQ 

== 3eqQ 12, and ゚  and r are the polar angles of the crystal. According to the eq. (3.8), 

Larmor frequency of the implanted nucleus is split into two separate frequencies in 

the case of 1 = 1, as shown in Figure 3.11. 

The quadrupole coupling constant eqQlh has been already rneasured with good 

precision to be -47.0 f: 0.1 kHz for the case of 12B in Mg and -59.3 士1.7 kHz for the case 

of 12N 区190]. Since the c-axis of the Mg crystal was placed parallel to the external 

magnetic field, ﾟ = 00 , in the present experiment, the quadrupole splitting 

corresponds to 3eqQ/2. The implantation site of 12N in Mg was determined to be 

trigonal with lattice relaxation of L1.ala = 15 士 5 0/0, a being the lattice constant, as is 

shown in Figure 3.10. It has been identified from the angular dependence of the 

dipolar broadening of the resonance width for the double quantum transition, m =-1 

付+1. Frorn the quadrupole moment of 12N measured recently, Q = 9.5 f: 0.8 mb 

[MI98], the electric field gradient at N site was derived experimentally to be q = (-2.58 

1: 0.23) X 1020 V 1m2
. Both the electric field gradient and the implantation site are 

accounted for by the first-principle band calculation in the framework of the KKR 

method. According to this prediction, the total energy has the minimum at the 

trigonal site with the lattice relaxation of ð.α/α= 17 0/0, and the electric field gradient q 

こ・1.92 X 1020 V 1m2 are derived [OH93]. 

Recently, however, other minor locations of 12B and 12N nuclei in Mg have been 

found frorn the -゚NMR studies, as shown in Figure 3.12 (a) [KI90][YA96]. Typical 

-゚NMR spectra obtained by the single quantum transition is shown in Figure 3.12 (a), 
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and two pairs of resonances are clearly observed for both 12B and 12N. The major 

component with 85 % fraction has an electric field gradient parallel to the crystalline 

c-axis, that is well reproduced by the KKR band calculation. The residual cornponent 

is clearly observed at exact1y a half of the eqQ splitting for the main component. 

From this fact, it is suggested that the minority component comes from the mlﾍcro 

grains whose c-axis is aligned in the plane perpendicular to the original c-axis" to 

give a half of eqQ splitting for the main component. 

For advanced ゚ -NMR studies of this second component, we have further 

developed the -゚NMR method to measure the quadrupole splittings precisely. The 

modified -゚NMR method, ß-NQR, applies a set of AFP rf-fields to the resonance 

frequencies sequentially and inverts the initial spin ensemble completely. Fi~;ure 

3.12 (b) and (c) show typical ゚ -NQR spectra for 12B and 12N, respectively. The details 

of this technique are described in the appendixes. Using this method which can 

detect small polarization-change much effectively, the angular dependence of the 

quadrupole splitting of the second component was measured to confirm the above 

speculation. As a result, it has a large fraction (15 0/0) of the electric field gradient was 

found indeed to be perpendicular to the crystalline c-axis [YA96]. So, the second 

component was caused by micro grains in which c-axis grew perpendicular to the 

original c-axis, originating from defects of some kinds, which is easily introduced in 

the process of the crystal growth, or the cutting and treatment of the sample in 

preparation of the stopper. The detailed mechanism to produce an unique electric 

field gradient should be further investigated. In the actual experiment, we 

established the machining process which is free frorn such grains with disturbing 

second site. Also, even if any second site exists, the improved spin manipulation 

can reject cornpletely the effect from the second site. 
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c-aXlS 

a-aXlS 

Trigonal site 

Figure 3.10 Crystal structureofMg (hcp). 
The trigonal si te is shown by the closed circle 
where 12N is implanted. 
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Figure 3.11 Ener窃T levels and frequency split caused by the 
magnetic and the quadrupole interaction in the stopper, where the 
above conditions are considered. 
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Figure 3.12(a) TypicalNMRspectraof12B and 
12N in Mg [KI90]. The c-axis of Mg was set parallel to the 
external magnetic field. Two pairs of resonances are 
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|12NI 
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c // Ho 

clearly shown in the both spectra, which correspond to the 
main and second sites. The vertical axis shows the 
pol紅ization-changeinduced by the single rf, and the 
horizontal axis shows the frequencyof the rf. For the 
spectrumof 12N, a p出rof peaks for the second site are 
threetimes multiplied. 
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(c) 12N in Mg 
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Figure 3.12( c) Typical ゚ -NQR spectra of 12N in Mg. 
The experiment� conditionsare the same as Figure3.12(b). 
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Figure 3.12(b) Typical ゚ -NQRspectraof 12B inMg. 
The polarization-changes by the AFP techniquewere 
shown as a functionof the quadrupolecouplingconstant. 
Two peaks of the main and second sites are seen in the sample A 
in the upper figure, but the second site is not seen in the sample B 
in the lower figure. The treatment of the sample is different 
between these two spectra In the present experiment, 
the sample B was mainly used for the measurementof the 

alignmentcorrelation terms. The peaks observed at vQ = 0 
are caused by the double quantum transition. 
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3.3.3 Reaction chamber and magnet 

The reaction chamber is shown in Figure 3.13, together with the magnet for l¥JMR. 

In order to reduce the ゚ -ray scattering, various parts near the stopper are made of low 

Z materials as much as possible. The main part of the chamber is made of plastics. 

The ゚ -ray windows (20 mm<j>) from which ゚ -rays come out are made of Kapton foils 

with 100μm thickness. The rf coils for the NMR are made of Al wires. 

The magnet for the external magnetic field is designed so as to reduce the -゚ray 

scattering effect. Namely, Al wires are wound on the Al coil bobbins. Only the 

return yokes are made of Fe. The pole pieces are not installed, to prevent ゚  ray 

scatterings. In order to preserve the spin polarization, the magnetic field of about 300 

Oe for 12B and 600 Oe for 12N are employed. The homogeneity of the magnetic field 

is around 2 % in the stopper region. The stability of the magnetic field was 

monitored through the voltage induced between the standard resistance which is in 

series connected in the power line of the magnet. The stability was negligibly small, 

less than 10-3. 
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return yoke 

magnet coil 

A-counter 

C-counter 

Figure 3.13 Schematic view of the vicinity of the 
recoil stopper. 官官 ma伊let coils with the return yokes 
for the external ma伊letic field are shown. 官官

chamber is made of plastics to prevent ゚-ray scattering. 
The C-counter of the cone shape also prevents the 

-゚ray scattering caused by the magnet coil and the 
return yoke. 
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3.3.4 Implantation medium -Recoil stopper-

A Mg single crystal was used for the stopper, the structure of which is shown in 

Figure 3.10. In the present experiment, the Mg sample with the size of 12 x 16 mrn2 

and 500μm thick was machined from a rod of Mg by a spark slicer, and the surface 

was etched and polished chemically by citric acid (10 % concentration) into 300μm 

thick sample in order to remove damages and defects introduced in the spark 

machining process. The details are described in the appendixes. In Figure 3.16, the 

setup of the Mg stopper is schematically shown. The Mg stopper is held at its end by 

the Al backing plate cooled by the water flow, since the stopper is heated up by the 

target ribbon by the beam bombardment and by the eddy current by the rf, etc. 
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3.4 Spin manipulation technique 

3.4.1 principle of spin manipulation 

The spin manipulation technique enables us to convert the spin polarization to the 

spin alignment with both signs. As described in the section 3.3, when a nucleus with 

spin 1 = 1 are implanted into a stopper which has an electric field gradient, two 

resonances are observed. Each resonance corresponds to the transition between the 

magnetic substates m = + 1 付 o and m = 0 付ー1. The resonance frequencies are 

explicitly written as, 

11付。= vL -vQ/2, 

10件1 = vL +vQ/2, 

(3.9) 

(3.10) 

where the definition of VL and vQ are the same as the eq. (3.8) in the section 3.3. For 

the main component of 12B and 12N nuclei in Mg, the resonances and energy levels 

are shown in Figure 3.11, under the present condition listed in Table. 3.2, so that, the 

transitions m =-1 付 o and m = 0 付+1 correspond to the low frequency (LF) and the 

high frequency (HF), respectively. Here, the following conditions were considered, 

that is, the direction of the polarization relative to the magnetic field, the sign of the 

g-factor and the quadrupole coupling constant eqQ, and the direction of the electric 

field gradient relative to the magnetic field. 

Applying a set of rf fields to the separate transition frequencies, the magnetic 

substate populations are manipulated. This is realized by two types of rf fields, the 

one for the depolarization method and the other for the AFP method. The 

depolarization rf-field equalizes neighboring magnetic substate populations, and the 
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AFP rf-held interchanges them. The details of NMR technique are described in the 

appendixes. 

The way of creating the alignment is shown in Figure 3.14. For positive 

alignment, the substate populations between m = 0 and + 1 are equalized by the 

depolarizing rf field with HF, and then those between m = -1 and 0 are interchanged 

by AFP rf field with LF. The pure positive alignment with no polarization is 

obtained at this stage for the measurement of the alignment correlation terms. 

Finally, the AFP field with LF is applied again and the alignment is converted back to 

the polarization, in order to check the relaxation of alignment during the 

measurement and to confirm the achievement of the spin manipulation. The 

polarization produced by the reaction is thus converted to the positive alignπlent， 

and converted back to the polarization. Similar manipulation is performed for 

negative alignment. The substate populations between m = -1 and 0 are equalized by 

depolarizing LF field and then those between m = 0 and +1 are interchanged by AFP 

HF field. Thus, both pure positive and negative alignment are created by the 

combination of AFP and depolarizing fields. In the case of perfect manipulation, the 

alignment to be created is described as 

ム 3 _ 1. 
Al = :t::"P" --=-& 2 v 2 v' 

(3.11) 

where Po and A 0 are initial polarization and alignment, respectively, produced 

through the nuclear reaction. Therefore, the difference between positive and 

negative alignrnents is 3 times larger than the initial polarization direct1y produced 

through the nuclear reaction. 

-75-

12B 12N 
r 1+ 1 十

Magnetic rnomen t +15 
十1.00306( I :~)μN 

-14 +0.4573(5)μN 

Quadrupole rnoment 13.21 :t 0.26 mb 9.5:t 0.8 mb 
Stopper Mg 恥19
Structure hcp hcp 
Magnetic field Ho 3000e 6000e 
eqQ/h (in Mg) -47.0 :t 0.1 kHz -59.3士1.7kHz

c-axls or冾n ta tion paralIel to H。 parallel to H。

Polarization direction parallel to Ho parallel to Ho 

Table 3.2 Experimental conditions for the spin manipulation. 
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Figure 3.14 Spin manipulation for the creation of spin alignment 
from spin polarization. In the upper figure, timing sequence is shown. 
The alignments are created in the counting section II. The 
polarizations in 1 and III are used to calculate the created ali伊lments.
The cydes with the positive and negative alignments are altematively 
repeated to accumulate enough counting statistics. 
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3.4.2 Improvements on the present spin manipulation 

In the present experiment, the spin manipulation technique has been improved 

based on the knowledges of the hyperfine interactions of 12B and 12N in Mg single 

crystal. Since the crystalline c-axis of Mg was placed parallel to the external magnetic 

field, two pairs of resonances which come from the main and second component 

were completely separated. Thus, the spin manipulation on the main component 

does not disturb the spin ensemble for the second component. The residual 

polarization and alignment of the second component do not disturb the correlation 

measurement. However, for the completely reliable measurement the second 

L component was depolarized before manipulating the main component. By this, the 

reliability of the spin manipulation was expected to be very much enhanced. The 

actual depolarization process of the second component is shown in Figure 3.15. The 

substate populations between m = 0 and +1 were interchanged by the AFP LF field, 

and then those between m = -1 and 0 were equalized by the depolarizing HF field. 

This manipulation is most efficient, since the most different substate populations are 

L 
equalized by one rf field. 

To make the spin manipulation more reliably, only the single quantum 

transitions, i.e. m - ー1 付 o or 0 付> + 1, were used for the spin manipulation. 

Although the double quantum transition, m =-1 付+1, is very efficient to invert the 

polarization, it induces the transitions of the second component at the same time 

hecause of the incomplete separation of the frequencies of the double quantum 

transition for the main and second component. In the previous experiments, the 

double quantum transition was used to check the geometrical asymmetry by 

ll1verting the polarization. The geometrical asymmetry in the counter telescopes is 

derived from this polarization-change, taking into account the degree of 

achievement of the AFP. The geometrical asymmetry is very important, since the 
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polarizations in the alignment cycles are determined based on the geometrical 

asymmetry. When the double quantum transition was applied, polarizations of the 
Beam 、

Count 、

_.~..--

both components were inverted, so that the double quanturn transition gives a false 

asymmetry is derived only when the polarization of the main cornponent is 

geometrical center for the main component. The true standard of the geometrical 
/
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~I---、見、

inverted by the sequential single quanturn transitions, which was completely 

accornplished in the present experiment. second site 
control 

main site control 

AFP 
、、h
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+1 0 -1 

initial 
polariza tion 

p=o 

Figure 3.15 Spin rnanipulation for the second site. 
In the upper figure, timing sequence is shown. The polarization of 
the second site was always destroyed before the spin rnanipulation 
of the rnain one. 
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3.4.3 Rf coil and amplifiers 

The rf system for the spin manipulation technique is described in this section. The 

Figure 3.16 shows the rf coil and its surroundings. The diagram of the rf circuit is 

shown in Figure 3.17. The modules and parameters in listed in Table 3.3 andl 3.4. 

The rf coil is a saddle-shaped one, which produces rf field parallel to the surface 

of the stopper, as shown in Figure 3.16. This shape of the rf-coil ensures enough 

intensity and homogeneity of the rf field in the stopper region. The rf coil was made 

of Al wire (6 rnm<j> , polyester coated) for minimum scattering of ゚  rays, with the 

inductance of 100μH， covered by Teflon tapes for insulation. The rf power was fed 

with through the BNC connector in the vacuum chamber. 

For spin manipulation, both depolarization and AFP technique are necessary. 

For the depolarization technique, the frequency is modulated several times in one rf 

time, while for the AFP technique, the 仕equency is swept once, and the amplitude is 

modulated sinusoidaly. 

Rf signals generated byan synthesizer are gated and processed by the signals from 

the supervising personal cornputer through the PIO control as shown in Figure 3.18. 

For AFP, three different of frequencies, LF and HF for the main component and LF 

for the second component, were applied. Frequency was controlled by DC voltage 

through VCO (Voltage Control Oscillator) input of the synthesizer. The Frequency 

Selector generates DC voltage corresponding to these 3 different frequencies, and the 

Frequency Control generates the ramp signals for FM. These two signals were 

combined by the HIZ mixer and fed to the VCO input. The output signals with FM 

were then amplitude-modulated sinusoidaly by one shot sine wave generated by the 

function generator with the RF-mixer. Finally, the rf signals are gated by the 

attenuated logic signals at the DBM (Double Balanced Mixer) for the complete 

isola tion of the rf signals and to supply adequate power level for each rf. 
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For depolarization, three frequencies; LF and HF for the main component and 

the HF for the second component, have to be processed. The ramp signals for FM are 

produced by a ramp generator instead of Frequency Control, and are combined with 

the DC voltage from the Frequency Selector before feeding VCO. The rf signals are 

then gated and amplitude-adjusted at the DBM. These generated low power rf 

signals were amplified by the amplifiers 300L and A-1000 to feed the rf coil for NMR. 

The actual rf power is adjusted by an rf attenuator. 

For the impedance matching, the rf power is fed to the LC series resonator 

through the matching transformer, as shown in Figure 3.19. The vacuum capacitor 

is connected in series to the rf coil to form the LC tank circuit, whose resonance 

frequency is adjusted to the Larmor frequency. The rf voltages were monitored by 

the test point which was calibrated. The details are described in appendixes. 
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List of Modules 

rf coil 

PIO control 

LA 

Fan 1/0 

IG 

Syn thesizer 

FG 

Dual Mixer 

DB恥f

SU恥1&INVERT

300L 

M102L 

A-1000 

Vacu um condenser 

Ferrite core 

saddle type 

Al wire (0.6 m m(j> polyester coated) 

L = 100μH 

H, = 6.5 Oe/ Anr 

Adaptec AB98-04A 

OULNS Level Adapter 7971 

OULNS Logic Fan-IN Fan-OUT 7951 

OULNS Interval Generator 7975 

TAKEDARIKEN TR3133B 

NF Wide-Band Function Generator FG141 

EG&G Dual Mixer AN308/NL 

R&K Double Balanced Mixer 恥11CA

ORTEC DUAL SUM AND INVERT 433A 

ENI RF POWER A恥1PLIFIER

RF PO\ヘlER LABS, INC. WIDEBAND AMPLIFIER 

ENI RF POWER AMPLIFIER 

A恥1PEREX 50 -1000 pF 

TOSHIBA M4B23 

Table 3.3 List of modules used in the rf circuit. 

AFP 12B 12N 

Hl 5 -70e 5-70e 

Trf 1 ms 1ms 

F恥4 士 15kHz 士 15kHz

de 

H1 5 ~80e 5~8 Oe 

Trf 2 ms (8 sweeps) 2 ms (8 sweeps) 

FM :!:: 10 kHz ::t 10 kHz 

Table 3.4 Rf conditions for making spin alignment. 
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HO 

Target groove 

Backing 
plate 

stopper 
(Mg) 

Figure 3.16 Schematic view of the stopper 
and rf coil. The recoiled nuclei prod uced 
by the nuclear reaction are implanted into the 
stopper which is held by the backing plate. 
The external magnetic field is applied parallel 
to the polarization. 
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AFP (HF) AFP (HF) 
dep (LF) 

PIO gate 

Figure 3.18 Timing sequence anf rf signals in the rf control circuit. 
The ramp signals which are fed to VCO are generated by Ramp 
g~~e~~tor， Frequency selector, and Frequency control. The rf signals 
with FM are gated by DBM, and are amplitude-modulated in the 
case of AFP. 
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3.4.4 Achievement of the spin manipulation 

Capacitor bank 

The results of the polarization-change by the spin manipulation, monitored by the 

-゚ray asymmetries, are shown in Figure 3.20, and listed in Table 3.5, which shows 

successful spin manipulation in both 12B and 12N. The horizontal bars indicate time 
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Ferrite core 
M4B23 

10: 11 

Vacuum 
capacitor 

CVC-25-1K-15KV 

duration of the counting section corresponding to each timing sequence. The 

vertical axis is change of the polarization determined from the ゚ -ray asymmetry. 

rf coil 
The polarization in counting-section 1 was the one just after the depolarization 

0一一一土 pFx10 

Monitor T 
point //// 

rf-field was applied. It was converted to the 'alignment with negligibly small 

polarization in counting-section II. Finally, the alignment was converted back to the 

polarization in counting-section III. The details of the timing sequences are 

described in the section 3.6. 

Figure 3.19 LC resonator for rf system. 
The resonance condition is adjusted by 
changing capacitance of the vacuum capacitor. 
The ferrite core is used for the impedance 
matching. 

12B 12N 

P 9.03 士 0.02 0/0 19.2:!: 0.1 0/0 

η(LF) 98.61 :!: 0.29 0/0 99.46:!: 0.61 0/0 

η(HF) 98.64:t 0.21 0/0 99.82 士 0.5 1 0/0 

,1p 0.019:!: 0.013 0/0 -0.347:!: 0.080 0/0 

,1A 20.859 :!: 0.047 % 52.28:!: 0.30 0/0 

TIP 166.6:!: 3.3 ms 292:!: 28 ms 

T1
A 47.5 :t 1.0 ms 99.5士 9.1 ms 

Table 3.5 Spin alignments obtained by the spin manipulation. 
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Figure 3.20 Polarization-change by the spin manipulation. 
The polarizations in the counting section 1 was converted to the 
alignment in II where the polarization vanished, and back to the 
polarizations in III. The difference of the polarizations between 
the counting section 1 and III is caused by imperfect spin 
manipulation and spin relaxation. 

-89-

E三三三三ご=二二二二二=二二二二二二二二=_11111

3.5 Detection of ゚  rays 

3ふ1 ﾟ ray detector 

The ゚ -rays were detected by two sets of plastic-scintillation-counter telescopes placed 

above and below the recoil stopper relative to the reaction plane. The ゚-ray counter 

telescope consists of four counters, A-, B-, C-, and E-counters. The setup is shown in 

the Figure 3.21. 

A-counters (12 m m中 x 0.5 mmt) were placed just outside of the ゚ -ray window of 

the stopper chamber. Their scintillation lights were guided through acryllight guide 

and fed to the PMT (Photo Multiplier Tube). The A-counters determine the solid 

angle with the B-counters (55 mmゆ x 1 mmt) and were also used to reject 

backscattered ß-rays, which reduce the observed polarization. Backscattered ゚  rays 

and cosmic rays were rejected by taking anticoincidence with the A-counter placed at 

the other side. 

Cone-shaped C-counters playa role of the active col1imator to reject ﾟ rays 

scattered by the magnet, etc.. For uniform light collection ef白ciency， C-counters were 

seen by two photomultipliers through the fishtail-like light guides. The solid angle 

restricted by A-, B-, and C-counter telescopes is cone region with the subtending 

angle of 28
0

• The detection efficiencies of counters are all more than 95 % except for 

the A-counters where ef白ciency is approximately 90 0/0. 

To measure ゚ -ray spectra, large cylindrical counters (152 m m<j> x 178 mmt) were 

Used, which are mounted on the PMTs directly. In order to measure ゚-ray spectra 

precisely, the high stability is required for the detection system. Firstly, against the 

saturation of the PMT of the E-counters by the beam burst during the production 

time, the high voltage fed to the PMT was dropped during the production time not 
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to amplify photoelec tron丸 in order to prevent unwanted after effects in the -゚ray 

counting time. Secondary, the gains of the E-counters were stabilized by the feedback 

system using the standard lights from the Light-Emitting-Diode (LED), which is 

embedded in a temperature controlled cell for high stability. The light pulses frorn 

the LED were fed to the head of the scintillators through optical fibers with a rate 

almost same as -゚ray counting rate in the last section of the counting times, not to 

disturb ゚ -ray countings. 
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E-counter 

(152 mm<p, 178 mm) 

B-counter 

(55mm中， 1 mmt) 
∞O
B
B
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(12mm仇 0.5 mmt) 

window 
center 

01cm  

Figure 3.21 -゚ray counter telescope (UP side). 
A-, B-, C-, and E-counters consist of the counter telescope. 
All detectors are plastic-scintillation counters. The geometrical 
condition for the counter telescope is shown. 
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3.5.2 Electronics 

The diagram for the data taking system is shown in Figure 3.22. The electronk 

modules and their parameters used in the present experiment are listed in Table 3.6. 

3.5.2.1 Trigger signals 

The true events were selected by the trigger logic A ハ B ハ (C1 u C2) ハ Eby the 

coincidence unit. The signals from the anode of each PMT were fed to the 

discriminators after the timing adjustment, and the timing signals were then fed to 

the coincidence unit. In order to reject the pile-up of the linear signals, two signals 

reached within the time interval of 500 ns were anticoincidence with the preceding 

event pulse delayed at 500 ns. Additional anti-coincidence was provided by the 

signal from the A-counter placed at the other side for scattering region. The 

resultant true event trigger was further inhibited during ADC busy (5μs). Finally, 

the trigger signal enabled the linear gate for 500 ns. The gate signals to select the LED 

pulses were fed by the personal computer. The Bin gate signals which is also fed 

from the personal computer was employed to all discriminators to i叶1ibit -゚ray 

counts except for the counting times. 

3.5.2.2 Linear signals 

The linear signals from the E-counters were first processed by delay line clipping for 

the fast analysis. It was then selected by the linear gafe based on the trigger logic 

mentioned above to reject all the unwanted signals. After amplified and shaped by 

the spectroscopy amplifier (SSA), the linear signals were fed to the gain stabilizer 

which controls overall gain of the amplifier system to give a standard pulse height 

for the LED light pulse. This was attained by the feedback loop where the error signal 
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proportional to the difference between the pulse height of the LED signal and the 

preset value controls the amplifier gain in the gain stabilizer. As a result, the error 

signal adjusts the amplifier gain so as to keep the center of the gravity constant for 

the LED spectrum. The stability of the gravity of ゚ -ray spectra are shown in Figure 

3.23. 

The linear signals from the gain stabilizer were amplified and stretched by the 

gated bias amplifier (GBA) and were digitized by the ADC. The ADC sent the data to 

the histgram memory through the address shifter, which shifts the offset address of 

the spectrum data so as to accumulate the spectrum for each counting section in 

different mernory regions. The spectrum data were finally read out from the 

histgram memory through the crate controller to the personal computer. 

-94-



List of 恥10dules

H 
<lJ 

コ y

岳民

52史
、-' I 

o r J 

む広

三

HV =-2500 V Hamamatsu R329 A PM 

HV =ー2000VHamamatsu R329 B PM 
U
〈
》
ノ
【
〈
U

HV =-2500 V Hamamatsu R329 C P恥4

U
凸
〈

-
E

忠
弘
ω
切
戸-
H吋
リA
5
5
4
ω
￡
H
O
M
g
E∞
店
主
河
口
お
υ
N
N・
的ω包
切
出

thres. =-1∞ mV， wid. =2∞m 

thres. = -100 m V, wid. = 20 ns 

thres. = -60 m V, wid. = 40 ns 

thres. = -150 m V, wid. = 7 rn 

HV =-1600V 

gain 5, int 10, diff out 
EG&G GP100/NL 500 ns 

LeCroy 821 

LeCroy 821 

LeCroy 821 

EG&GT122/NL 

ORTEC454 

Hamamatsu R1250 

EG&G T122/NL 

ORTEC C314/NL 

ORTEC C314/NL 

A 

E 

C 

B 

Discriminator 

Discrimina tor 

Discrimina to r 

Discrimina tor 

TFA 

Pileup Gate 

ADCbusy 

2nd Coin. 

E 

1st Coin. 

ORC 

P札f

5μs 

OULNS Gate&Delay Generator 

OULNS Emitter Follower 

OULNS Gate Generator 7973 

GOC 

shaping 0.5μs， gain 500 x 5 

ORTEC linear Gate LG101/NL 

ORTEC Spectroscopy Amplifier 452 

Gain Stabilizer 

EF 

LG 

SSA 

bais 0, gain 5 x 8 ORTEC Gated Bias Amplifier 444 

ORTEC Linear Gate Stretcher 

GS 

GBA 

Rain 256 

CI/LRS ADAPTER 

仁ANBERRA 8075 

LGS 

ADC 

LeCroy 3588 

TOYOCC7000 

Address shifter 

Histgram Memory 

Crate Controller 

μj 

The modules and parameters used for the detection circuit. Table 3.6 
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ﾟ ray energy spectra 3.5.3 

Typical ゚ -ray yields were about 1.5 x 103 cps for 12B and 1 x 102 cps for 12N, 

respectively. Typical ゚ -ray spectra are shown in Figure 3.24. Some distortions in low 

energy region were caused by the scattering, background and disturbance effects in 

the magnetic field, the region of which was not used for determination of the 

alignment correlation coefficients. The energy scale was calibrated by using the 

endpoint energies of several ゚ -emitters. The Details are described in section 4.1. 
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550 

Figure 3.23 Stability of the ゚ -ray counter system. 

The centers of gravities for the ゚ -ray energy spectra were 
monitored during the experiment, to check the stability 
of the counter system. 
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Figure 3.24 Typical ゚-ray energyspectraof 12B and 12N. 
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Some distortionsin the low energy are caused hy the background 

and the ゚-ray scattering. 百leanalysis was performedat 5 ~ 13 Me V 
where the distortion was not seen. 
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3.6 Experimental procedure and data acquisition 

3.6.1 Experimental control and procedure 

The diagram of the overall control system is shown in Figure 3.25. It consists of the 

rotating target system, rf system, and detectors. The every timing is synchronized by 

the t出üng sequences which is initiated by the target-in pulse from the timing pickup 

system. The target-in pulse triggers the beam bombardment on the target, and after 

the production time, the beam is stopped, and a set of rf fields are applied. 百le ﾟ rays 

are counted in the counting sections of the timing sequences. The whole system is 

supervised by the personal computer. 百le diagram of the control circuit is shown in 

Figure 3.26, together with the timing of the signals. 

The experimental procedure 臼 briefly described. Firstly, production of 12B or 12N 

was confirmed frorn the ゚ -ray time spe仁tra. Next, the resonances of 12B or 12N 

irnplanted in Mg were confirmed, which are split caused by the quadrupole 

匤teraction of the stopper Mg. Thirdly, The rf fields were adjusted so as to obtain 

optirnum degrees for achievement of the AFP fields. Finally, the spin manipulation 

was perforrned to create the alignment, and the ゚ -ray spectra were measured to get 

enough counting statistics. In the final step, two types of the timing sequence were 

alternatively repeated. One is the main sequence, in which the -゚ray energy spectra 

from aligned nuclei were measured. The other is the test sequence, which was 

performed in order to confirm the degrees of achievement of the AFP field. The 

Details are described below. 
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Figure 3.25 Diagram of the experimental control. 
The beam control, rf timing and data taking are 
all controlled by the personal computer. 

Counter 
Blocking 

~~gure 3.26 Schematic diagram and timings for the experimental control signals. 
T~~ ,!pper figure shows the beam controC diagram, a� the middle figure shows the diagram 
~hi0 gener縟es gate signals for detection cir~uit 百mings for the b叩n control and 山 gate
slgnals for detector system are shown in the lower figure. 
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3.6.2 Timing programs of the data taking 

The present experiment consists of two kinds of time sequences; Main sequence and 

Test sequence, as shown in Figure 3.27. A typical run was about 1 ~ 2 hours long for 

both sequences. The main sequence consists of four cycles, AM +, A M-, PM + and PM-, 

and the test sequence consists of five cycles, AT +, A T-, PT +, PT -and PT ++. Each cycle 

stands from a bearn time of 20 msec, followed by the rf and the counting times in the 

period of 60 msec. 

3.6.2.1 Timing program of the Main run 

The A M + and A M -are the main parts of the present experiment to measure the ゚ -ray 

energy spectra with positive and negative alignments. After depolarization of the 

second component and depolarization of the main one (HF or LF), the polarization 

was measured in the counting section 1 followed by the AFP rf field for alignnn.ent 

creation. Then the -゚ray energy spectra with positive and negative alignnn.ents were 

measured in the counting section 11. Finally, the alignments were converted back to 

the polarizations by the AFP. The resultant polarizations were measured in the 

counting section III to confirm the relaxation of the alignment and the degree of 

achievernent of the AFP. In the count凶g section IV, the standard lights from the 

LED were detected to stabilize the gain of the E-counters. The PM + and PM -cycles in 

the main sequence were used to determine the geometrical asymmetry g and the 

relaxation of the polarization, based on the degree of achievement of total inversion 

by the 3 AFP rf-fields, LF-HF-LF, derived from the test sequence. Using the 

geometrical asymmetry g from the PM + and PM -cycles, the polarizations in the 

counting section 1, II and III in the A M + and A M-were calculated. They were used to 

calculate the alignment in the counting section II. Five sets of PM + and PM-cycles 

were followed by 20 sets of the A M + and A M -and these sets were repeated 
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alternatively until necessary counting statistics were accumulated. 

3.6.2.2 Timing program of the Test run 

From AT + and AT-cycles in the test sequence, the degrees of achievement of AFP for 

each frequency, LF and HF, were determined. For the AT + and A
T
-cycles, the 

polarization was measured in the section 1 after the depolarization LF or HF, and 

then AFP rf field was applied twice with the same frequency before measuring the 

polarization in the section II. The spin ensembles were essentially the same in the 

counting section 1 and 11. Difference of the polarization between the counting section 

1 and II are cause by imperfect spin manipulation and/or the relaxation of the spin 

ensemble. Meanwhile, the relaxation of the spin ensemble was determined for the 

PT+ and PT-cycles, where the spin ensemble was not manipulated in the P
T 
+ and it 

was inverted just after the beam time in the PT-by a set of 3 AFP rf-fields, LF-HF-LF 

and was inverted back at the end of counting section. In the P
T 

++, the spin ensemble 

was inverted twice between the counting section 1 and II. From the P
T 

+, P
T
-and P

T 
++, 

the polarization P, the geometrical asymmetry g and the degree of achievement � of 

total inversion by the 3 AFP rf-fields were determined. The details are described in 

Sec.4.2. The PT +, PT-and PT ++ cyc1es were repeated 10 times, and then the AT + and 

AT'cycles were repeated 10 times, and this combination was repeated. 

-104-



恥1ain sequence 
Counting Section 

AM+ I Beam 

(20 ms) 
Chapter 4 

、
‘
，

r

a
開
園
.
，h
a・
医
温
.
，
巴
圃

.

.
 

、•• ,, 

S

U
川
日
唱
E
1
t
T
t
I

s

m
-
I

一
一

I

一
間

2

J
川
川
戸
|
1

一
つ
』

〆
t
、

、
A
E，
』E
E
a
1
a
λ
1
J
-

f
s
、

>< 20 

II 海 III れr Data analysis 

II 

(18 ms) 

III 

(5 ms) 田
川

x5 4.1 Energy calibration 

P
M
- H 4.1.1 -゚ray counter response and spectrum 

Test sequence 
To know the energy scales in -゚ray energy spectra is very important to extract the 

(20 ms) 

alignment correlation coefficients, since the alignment correlation term is 

(10 ms) 開 II 

(20 ms) 

N 

(5 ms) 
proportional to the ß-rayenerg}人The energy calibration was perforrned by 

measuring -゚ray energy spectra from several ゚ -emitters. Since ゚ -ray energy spectrum 

Beam 

x 10 

AT-
is the continuous one, endpoint channels corresponding to the -゚ray endpoint 

PT+ 

energies were plotted against energies for several ゚ -emitters. For the analysis 

l1 I II 

(15 ms) 日
間

process, � 1S necessary to know the shape of the energy spectrum to be detected by the 

場I 1 I 

actual detector. The ゚-ray energy spectrum is described as 
P
T
-

II 協同 x 10 

+
 

+
 

T
a
 

p
 

W(E) 民 pE(Eo -EfF(:tZ, E){l + R(E, Eo)}C(E), (4.1) 

l1  I鰍 II 口口

。 o B 移

where F(士Z， E) , R(E, Eo) , and C(E) are Fermi function, radiative correction and 

spectral shape factor, respectively. The shape factor is described as 

AFP DEP HF LF Second site 
manipulation C(E) = 1 :t (8/3)αE (4.2) 

Figure 3.27 百mingsequence for the present experiment. 
All cycles are repeated alternatively. The time scales are shown in the figures. Here, a is the weak ma♂letism term. For the purpose of the energy calibration, small 

terms such as the shape factor and correlation terms were neglected. 
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To analyze the actual energy spectra, counter response has to be considered, 

because the total energy of a ゚-ray particle is not a1ways absorbed in the counter when 

it enters into the p1astic-scintillation counter. Due to the bremsstrah1ung process, a 

part of its energy escapes from the counter. Name1y even when a monochromatic 

-゚ray enters into the E-counter, the counter response is not a simple delta function in 

the pulse height spectrum, but is the one having a low energy tail caused by the 

bremsstrahlung process. In addition, the counter resolution is finite. In the case of 

the positron decay, annihi1ation y-rays make the counter response more 

complicated. The shape of low energy tail is increased due to the annihilation of 

positrons in flight, and the counter response a1so have a high energy tail due to the 

absorption of the annihilation y-rays. So, strict1y speaking, the energy deposit 

function is different between the e1ectron and positron decay. As is shown in Figure 

4.1 , the energy deposit function is parameterized as 

f(x, E) = (1 -r)8(x -E) + rY(x -E)exp{λ(x -E) }, (4.3) 

where E is the incident ゚ -ray energy, and x is the absorbed energy. 百四 paranleters r 

and λare the ratios of the low energy tail and the dumping factor of the tail, 

respectively. 8(x) and Y(x) are the delta function and the step function, respectively. 

Since actual -゚ray counter has finite energy reso1ution, the response function R (x, E) 

is constructed by folding the above energy deposit with the Gaussian function as 

follows, 

R(x, E) = fdy!(y, E) (1/イ2πσ)exp{-(x -y)2/<i}, 

where σcorresponds to the resolution for the monochromatic ゚  ray. Since the 
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(4.4) 

resolution σis thought to come mainly from the finite number of the scintillation 

light and photoelectrons in the photomultiplier, it is reasonable to assume the form 

proportional to the square root of the ゚ -ray energy, i.e., a = σü .JE. In the Figure 4.1 , 

the schematic shape of the resultant response function is shown. Therefore, the 

observed -゚ray spectrum is described as 

S(E) = f dE' W (E' )R(E, E'). (4.5) 

The observed ゚ -ray energy spectra were fitted with this type of function. The 

parameters r， λ， and σhad been determined by the previous experiments [MA85] as, 

r = 0.17, 

λ ニ 0.411/MeV，

σ= 0.22 (MeV)1/2. 

In the actual fitting process, the normalization factor, zero-point and endpoint 

channels were searched as free parameters for energy calibration. In the present 

(4.6) 

(4.7) 

(4.8) 

experìment, the same response function was used for fitting of 12B and ] 2N spectra 

for simplicity, in spite of the possible srnall difference in the spectra between ß平

particles. 
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Figure 4.1 Response function of the ゚ -ray counter 

telescope for the monochromatic ゚  ray. 
The energy deposit function has the low energy tail 
which corresponds to the escaped energy caused by 
the bremsstrahlung. The counter response function 
is folded by the Gaussian function . 
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4.1.2 Energy caIibration 

The -゚ray energy spectra observed in several r 
1 runs were summed up, and analyzed by 

the leastχ2 fitting for up and down counters individually. Such least χ2 fitting 

analyses were performed for several ﾟ ernitters. The ゚  emitters used were 150 , 17F, 

2
0F, 28 Al, and 41Sc. The ゚  source 90Sr was also used to confirm the energy scaling. 

The properties of these nuclei are listed in Table 4.1. The ゚-ray spectra of 12B and 12N 

together with those of calibration sources are shown in Figure 4.2. 

The linearity of the -゚ray co山üer telescopes had been confirmed in the previous 

experiment [KI92]. Plotting the endpoint channels against the endpoint energies 

determined by spectrum fittings, the whole scale was determined for both 12B and 

12N. The results are shown in Figure 4.3. This procedure of the energy calibration is 

reliable, since the endpoint channels are free frorn the distortions due to -゚ray 

scattering, the low energy tail in the counter response and the magnetic field. 

Nucleus 'fu2 Eo (MeV) Production EnergzCMeV) 
12N 10.97 ms 16.3160 IOBeHe, n)12N 3.0 
12B 20.41 ms 13.3695 llB(d, p)12B 1.5 
20F 11.00 s 5.39086 19F(d, p)20F 3.5 
17F 64.49 s 1.7387 160(d, n)17F 3.5 
28A1 2.2414 m 2.86322 27 AI(d, p)28Al 3.2 
150 122.24 s 1.7319 160(3He, 4He)150 3.0 

Table 4.1 Productions of the calibration -゚sources 

-110-



250 

200 

12B 

(down) 

1.0x106 

0.8 

0.2 

0.6 
cn.. 
之

0.4 

150 -
ωロロ
吋

.
4
u

0.0 

up 

down 

。

• 

ハ
U

ハ
U1

i
 

50 

12N 

(up) 

6000 

5000 

4000 

'z.cn.. 3000 

16 12 

Kinetic energy (Me V) 

8 4 ハ
U

A
U
 

2000 

1000 

。

250 

200 

150 -
h
w
口
出
吋
ぷυ

1200 

800 

200 

'z.cn.. 600 

400 

1000 

nu 
n
u
 

--EA 
0 
3 

25x10 up 

down 

。

• 
50 

28Al 

(down) 
20 

ハ
U

nu 16 
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4.2 Determination of polarization and alignment 

4.2.1 Determination of polarization 

The spin polarization produced through the nuclear reaction was determined from 

the -゚ray asymmetry in the up and down ゚-ray counter telescopes. The ゚-ray 

counting rate is obtained by integrating the -゚ray energy spectrum in a region. The 

region of the integration is chosen to be 5 ~ 13 MeV, which is equal to the analysis 

region of the alignment correlation terms. Neglecting the small correlation terms, 

the up-down counting-rate ratio R is described as 

1 平 P
R=g一一一

1:i:P' 
(4.9) 

where g is the geometrical asymmetry including the counter efficiency. If g is 

known, the polarization P is calculated through the eq. (4.9). In the A M + and A M-

cycles in the main sequence, polarizations are actual1y calculated using this 

equation. The geometrical asymmetry g is extracted from the PM + and PM -cydes in 

the main sequence. As is described in the section 3.6, no rf field is applied in the PM + 

cyde, so the relaxation of the polarization is observed. In the PM-cyde, a set of AFP 

rf-fields are applied sequentially and the spin polarization is inverted with the 

degree of achievement �. Then, the counting-rate ratio for the inverted spin 

ensemble is 

血ロP 1 平 éP
Rr¥"J = g一一予-

l:i: 餘 
(4.10) 
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Here, the degree of achievement � for total i ぅ nverSlon IS extracted from the P
T 

+, P
T
-

and PT ++ cycles in the test sequence. From the R for P
M 

+ and R AFP for P
M 

-, the 

geometrical asymmetry g and the polarization P are determined. Since the 

geometrical asymmetry g can be slightly dependent on time due to small but finite 

background ゚ -rays and the time dependent gain shift of the detector system, g is 

determined at each counting section separately, and the polarizations are calculated 

in terms of the individual g. 

From the test sequence, the degree of achievernent � of total inversion of the 

polarization was determined using data in PT +, PT-and PT ++ cycles, as well as the 

polariza tion P and geometrical asyrnmetry g. These quantities are extracted from 

following equations, 

1 干 P
R=g一一一

1 士 p' (4.11) 

P
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F
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(4.12) 

う A J::P ]平 c 2p
RLM.C'J = g:-弓「

I士と L.p
(4.13) 

Note that the degree of achievement � is a negative quantity close to -1. In the 

test sequences, the degrees of achievement ηof the AFP were measured for both LF 

and HF using data in the AT + and AT-cycles. The polarization of the counting 

section 1 is 
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Pr= α+1 -a-l' (4.14) 

by the magnetic substate populations am. By applying the LF AFP, the magnetic 

substates between m = -1 and 0 are interchanged, and the resultant polarization 

becomes 

P[→n=ρ+1 -(η。0+(1-η)ι1)' (4.15) 

Here， ηdenotes the degree of achievement of LF AFP. By applying the same rf, the 

polarization in the counting section II becomes 

Pn=a+1-{η((1 -η)α0+ηι1) + (1 -η)(ηao + (1 -η)a-l)} . (4.16) 

Using these three equations with a+1 + ao + 孔1 = 1, the degree of achievement of LF 

AFP is extracted. The degree of achievement ηfor HF AFP is derived similar1y. In 

this extraction ofη， the relaxation of the polarization is taken into account, which is 

determined from the Pr +, PT-, and Pr ++ cycles. 

4.2.2 Determination of alignment 

The obtained alignments were caIculated from the measured spin polarizations and 

the degrees of achievement of the AFPs. The alignment A nl at the begging of the 

counting section II is derived from the polarization-change between the counting 

section 1 • II, and so the final alignment A If at the end of the counting secti� II 

from the polarization-change between II • III. In the A M + cycle, the observed 

polarizations at each section are described as follows , 
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P}= α+1 -a_1, 

Pn =ρ+1 -{η。0+ (1 -η)乱 1 }，

Pm=a+1 -[η{(1 -η)α0+ηla_ 1 } + (1 -η){η'ao + (1 -η)α-1} ]. 

(4.17) 

(4.18) 

(4.19) 

Here, the relation ao z a-1 holds due to the first depolarization field. The alignment 

to be calculated is 

A rt = 1 -3{ (1 -η)ao + ηι1} . (4.20) 

50, the initial ali伊lment An
l 
is calculated from the eq. (4.17), (4.18) and (4.20) to be 

A1/ =2ηP1 -Pu. (4.21) 

where Pj is the polarization in the counting section i, and ηis the degree of 

achievemen t. Sirr曲rly， the final alignment A rf is c山lated from the eq. (4.18), 

(4.19) and (4. 20) as 

A}f = (2/η) Pn -PIII, (4.22) 

In the alignment calculation of the eq. (4.21) and (4.22), the polarizations were 

corrected for the effect of the spin relaxation, because observed polarizations were 

averaged over the counting times. 

The average alignment in the counting section II お calculated form the A r/ and 

A1! taking into account the spin-lattice relaxation time of the alignment and the 

nuclear lifetime as 
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A~/f = fA(t)N(t)dt 
lf - .. f N(t)dt ' 

(4.23) 

with 

A(t) 二 Ajexp(ーλAt) ， (4.24) 

N(t) = Njexp(-t/τ) ， (4.25) 

where λA is the relaxation constant of the alignment in the counting section II which 

is derived from the A ni and A If, and T is the mean lifetime of the nucleus. The 

obtained results on the polarizations and alignments are shown in Figure 4.4 and are 

listed in Table 3.5. 
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Figure 4.4(a) Result of the spin manipul泣ionof12B. 

The upper figureshows the polarization-change in the 
Main run, and the lower shows that in the Test run. 
These figures show that the presentspin manipulation 
was successful. 
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Figure 4.4(b) Result of the spin manipul試ionof12N.
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4.3 Alignment correlation term 

The alignment correlation term is extracted from the ratio between ゚ -ray energy 

spectrum with positive alignment and that of negative alignment, as described in 

the section 3.1. The ゚-ray spectrum in the alignment section is described as 

N (E, 8, P, A) = S(E){l 干 (p/E)(l + α干E)PPl(cos8) + Aα平EP2(cos8)}， (4.26) 

where S(E) gives ordinary ゚ -ray energy spectrum for unoriented nuclei In this 

expression, the alignment correlation term B2(E)/Bo(E) is replaced by the simple 

form α平E， since it is basically proportional to the ゚ -ray energy. In actual case， α平 is

slightly energy dependent instead of the constant slope. 5ince the residual 

polariza tion in the ali♂unent cycle is very small, but finite, the effect of the 

polarization should be taken into account. Thus, in the up counter, the spectrum 

ratio is described as 

N(E,OO ,P+ , A +) 
R(E) = ‘. 

N(E,Oo ,p- ,A-) 

From this equation, the alignrnent correlation term is derived to be 

αE-1平 P+(l+ α平E)-R(E){l 平 P-(l+ α干E)}
干 R(E)A一一 A+

In the alignment cycle, P←~ P and �= pt -P < 0.01. 50, ðP，α平E < 1 x 10-3 is 

(4.27) 

(4.28) 

negligible. Therefore, the alignment correlation term measured by the up counter is 
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(4.30) 

Simi1arly, the a1ignrnent corre1ation term by the down counter is 

αでE =1- Rd(E) 平L1P
十 Rd(E)A- -A+ 

By summing the effects from the up and down counters, the effect of the resiidua1 

Finally, the a1ignment correlation term is given as p01arization is canceled out. 

ー 4

(4.31) α，E 一 (Ru(E) -1) + (Rd (E) -1) 
一

+~ 2M  
-5 

with 

(4.32) 

Beta-ray energy (MeV) 

世 6

0 

� =A + -A-. 

The ゚ -ray energy spectra measured in the alignment cycles were summed up in the 

The a1ignment correlation term is calculated in each energy ranges of 1 恥1eV bins. 

Alignment corre1ation terms as a function of 

-゚ray energy. The open circles are uncorrected data, and 
Figure 4.5 

the closed circles are corrected one. ß-rayenergy 日 the
tota1 one including the rest mass. 
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Thus obtained alignment corre1ation terms B 2(E)/B o(E) ロbin, through the eq. (4.31). 

α干E are shown in Figure 4.5 as a function of the ゚ -ray total en紅白人
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4.4 Corrections and errors 

The obtained raw data for the alignment correlation terms are already 90 % exact, 

since the present measurement is free from various disturbing effects. However, 
12B 12N 

C error C error 

possible smal1 corrections, some are trivial and some are not, have to be considered. Solid angle 1.031 0.010 1.031 0.010 
P /E factor 0.9974 0.9978 

Polarization correlation term 1.0007 0.0010 0.9772 0.0020 

1. counter solid angle, Branching ratio (Pol. term) 0.9871 0.9746 
Background CPol. term) 

2. other -゚ray branches, 
0.9812 

3. counter response function, Table 4.2 The energy independent corrections and errors. 

4. beam admixture and backgro山ld，

5. coefficient p /E of the polarization correlation term, 

6. the polarization correlation term, (1 +的E)， and 

7. other systematic uncertainties. 

Lεt us define the correction factor C as 

αtrue = Cαobserved' (4.33) 

The error of the correction d is summed to the systematic error of the experi1nent, as 

follows 

Aαtrue = {f1 αobsewed2+(dαobsewed)2)1/2. (4.34) 

The energy independent correction factors are summarized in Table 4.2. Those 

wh�h depend on the -゚ray energy are listed in Table 4.3 -4.5. 
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4.4.1 Solid-angle correction 

Since the counter solid angle is finite, both polarization and alignment have to be 

replaced by the average over the present solid angle. The counter solid angle 

correction is necessary because of the different angular dependence between the 

polarization correlation term P1 (cos8) and the alignment correlation term P2(cos8). 

The alignment ~A is deduced from the polarizations and the degrees of 

achievement of the AFPs, but the alignment correlation term itself has the different 

angular dependence. 

The observed polarization is the average over the solid angle as 

Pobs = fd.!2 P1¥ (cosθ) / Jd.!2 . (4.35) 

The solid angle .Q of the ゚ -ray counter telescope is 

。 =2π(1 -cos(0)' (4.36) 

The cone region with the polar angle 80 is the present solid angle. In the present 

condition, 80 = 14 0

• Thus, the polarization is written as 

Pobs = p(1 + cos80)/2. (4.37) 

Since the observed alignment ~Aobs is caIculated based on the observed 

polarizations, 

~Aobs = ~A(l + cos80)/2. (4.38) 
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Símilarly, the observed alignment correlation term is 

(A α干E)obs = Jd .!2 A(α干E)trueP2(仁os8) / fd.!2 

ニ A(α干E)truecos 80(1 + cos(0)/2. 

The observed alignment correlation term αEobs is wri tten as 

(αE)obs = (A αE)obs/ ~Aobs 二 (αE)truecos 80'

(4.39) 

(4.40) 

50, the correction factor is C.Qニ 1 / cos80, which is 1.031 for the present condition as 

listed in Table 4.2. 

-126-



4.4.2 Decay-branch correction 

The ゚-decay branches to the excited states of 12C distort the -゚ray energy spectra. This 

effect from other ゚ -ray branches is caused through both the polarization term and 

the alignment term. 

As is already explained, the -゚ray angular distribution for the ground state 

transition is written as 

W (E) = 5o(E)[1 干 (p/E)(l + α正)Pl\(cos8) + Aα干EP2(cos8)]， ( 4.41) 

while that for the ゚ -ray branch to the first excited state (4.439 Me V) is written as 

W (E) = 51 (E)[l 士 (1/2)(p /E)(l 十 α占)PPl(cos8) + (1/10)A 的EP2(cos8)]. (4.42) 

Similarly, the angular distribution for the branch to the second excited state (7.654 

Me V) is wri tten as 

W (E) = 52 (E)[1 干 (p /E)(l + α+E)貯1(cos8) + A角田2(cos8)].

So, the actual angular distribution is the sum of these, as follows 

W (E) = 5(E)[1 

干 (1 -3/2 51 (E)/ 5(E))(p/E)(1 +α'+E)PI\ (cos8) 

+ (1 -9/1051 (E)/ 5(E))A α平EP2(cos8)t

where 5(E) = 5o(E) + 51 (E) + 52(E) is the total -゚ray spectral shape without the 

orientat卲n. 

(4.43) 

(4.44) 

So, the correction factor through the polarization term, which is independent of 
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the -゚ra Y energy I is gi ven as 

cζ=1-~151 (E)dE 
Ul 2 f 5(E)dE ' (4.45) 

where the region of the integration is set equal to the analysis region 5 ~ 13 恥1eV.

This is because the alignment is determined from the polar包ations and the 

polar包ations are quenched by the branches. This CBR
P is 0.9871 and 0.9746 for 12B 

and 12N, respectively, as shown in Table 4.2. 

The correction factor of the alignment term is given as 

ct = 1- _2__邑笠1
山 10 S(E) (4.46) 

This correction factor and the total branch correction CBr = C
Br

P X C
Br

A are given in 

Table 4.3 as a function of ゚ -ray energy. 
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4.4.3 Correction for counter response 

12B 12N 

E (total) CBr
A 

~ CB/ ~ 
3 1.0237 1.0104 1.0299 1.0037 

4 1.0213 1.0080 1.0291 1.0030 

5 1.0179 1.0048 1.0275 1.0014 

6 1.0138 1.0007 1.0251 0.9991 

7 1.0092 0.9962 1.0221 0.9962 

8 1.0049 0.9919 1.0184 0.9926 

9 1.0018 0.9889 1.0141 0.9884 

10 1.0004 0.9875 1.0095 0.9839 

11 1.0000 0.9871 1.0053 0.9798 

12 1.0000 0.9871 1.0022 0.9768 

13 1.0000 0.9871 1.0006 0.9753 

14 1.0000 0.9871 1.0001 0.9747 

15 1.0000 0.9871 1.0000 0.9746 

Table 4.3 Branching ratio correction. 

The counter response such as finite energy resolution and the low energy tail also 

disturbs the ゚ -ray energy spectrum. The ゚-ray energy spectrum to be observed is 

described as 

W obs(E) = f dE' W (E' )R(E, E'). (4.47) 

where R (E, E') is the response function of the counter telescope, for finding energy at 

E for the incident rnonochromatic ゚ -ray with ener窃r E'. W (E') is the ゚ -ray angular 

distribution function. As is described in the section 4.1, the response function R(E, 

E') is described as the energy deposit function folded by the Gaussian, where the 

energy deposit function has the form of the delta function with an exponential tail. 

The energy resolution is assumed to be proportional to the square root of ゚ -ray 

energy. 

The observed spectrum is written as 

W obs(E) = fdE' S(E')(l + A αE)R(E， E') 

= S'(E){l + AαE (1/ Cres) }, (4.48) 

So, the correction Cres is given as 
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(4.49) 

(4.50) 
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This correction factor Cres for the response function is listed in Table 4.4. The 
4.4.4 Correction for polarization-correlation term 

response function used for the analysis is the same as those used for the spe'ctrum 
5ince the spin alignment is calculated from the measured polarization, the 

fitting. 
correction due to the polarization correlation term is necessary. Trivial correction 

for the factor p /E in the polarization term is also necessary. Both the p /E and (1 + 

的E) terms are integrated over the analysis energy range, and these correction factors 

are glven as 

12B 12N 

E (total) ses ~ 
3 0.8066 0.7765 

Cv/c = fdE (p /E)W (E)/fdE W (E) , (4.51) 

and 

4 0.8784 0.8538 

5 0.9193 0.8987 
Cp-term = fdE (1 +的E)W(E)/fdE W (E), (4.52) 

6 0.9456 0.9272 

7 0.9651 0.9470 

8 0.9812 0.9619 
Here, W (E) is the ゚ -ray spectral function, taking into account the response function. 

9 0.9960 0.9740 The obtained correction factors are listed in Table 4.2 together with other energy 

10 1.0115 0.9849 independent corrections. 

11 1.0303 0.9955 

12 1.0553 1.0065 

13 1.0894 1.0194 

14 1.1312 1.0358 

15 1.1796 1.0578 

Table 4.4 Response function correction. 
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4.4.5 Background correction 

Since the analysis region of the alignment correlation terms is high (5 ~ 13 MeV), 

there should be no background activities in this energy region. However, a small 

admixture of HD molecular beam in the 3He beam in the production of 12N causes 

the nuclear reaction with the very small concentration of 11B in the enriched 10B 

target, to produce 12B contamination in the 12N energy spectrum. 

The angular distribution function is distorted by the background f(E) , as follows 

W (E) = S(E)[1 平 (pjE)(1 + α'+E)PP1 (cos8) + A α干EP2(cos8)] + f(E) 

={S(E) + f(E)}[1 

干 {S(E)j(S(E) + f(E))}(p jE)(1 + 的E)PP1(cos8) 

+ {S(E)j(S(E) + f(E))}A α干EP2 (cos8)]. (4.53) 

Thus, the correction factors for both the polarization term and the alignment term 

are necessary. For the correction for the polarization term is given by integrating the 

polarization over the present energy range. 50, the correction factor is written as 

Cl.~ = fS(E)d_E _/  
bg -f{S(E) + f(E)}dE / S(E) + f(E) 

~l+f(E) _1f(E)dE 
一-
S(E) f S(E)dE 

(4.54) 

The production ratio of total amount of 12B in 12N was previously determined to be 

2 0/0. The correction factors are listed in Table 4.5. 
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E (total) C~A 
たち ﾇbg 

3 1.0293 1.0099 

4 1.0284 1.0091 

5 1.0271 1.0078 

6 1.0257 1.0064 

7 1.0240 1.0047 

8 1.0219 1.0027 

9 1.0192 1.0001 

10 1.0160 0.9969 

11 1.0123 0.9933 

12 1.0084 0.9894 

13 1.0047 0.9858 

14 1.0021 0.9833 

15 1.0007 0.9819 

Table 4.5 Background correction. 
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4.4.6 Others 

The following systematic errors are considered. 

1. the error of the alignment, 

2. energy scaling of the -゚ray spectra, and 
12B 12N 

3. asymmetry caused by the beam fluctuation. Corr. Error Corr. Error 
Alignment 0.23 0.58 
Counter response -2.63 2.13 -1.54 1.89 

The error of the alignment shifts the whole data points of the alignment correlation Background / HD admix. -0.55 0.23 

terms. This uncertainty is included in the systematic error. As is described in the 
Branching ratio -1.05 0.03 -1.71 0.03 
Solid angle 3.10 0.40 3.10 0.40 

section 4.1 , the endpoint energies determined from spectrum fittings slightly deviate P /E factor -0.60 -0.30 

from a straight line. The error coming from this non-linearity is considered in the 
(1 +α平E) factor ー0 .27 0.10 -2.37 0.20 
Energ scaling 0.73 0.74 

systematic error. Finally, the beam fluctuation causes a spurious asymmetry, because Total error 2.30 2.17 

the -゚ray energy spectra for positive and negative alignments are measured in 
Table 4.6 The correction factors and errors. 

different beam cycles in the main sequence. This uncertainty is expected to be very 

small, because a lot of cycles are alternatively repeated, so that this spurious 

asymmetry wiU be averaged. In order to check the possible spurious asymm.etry 

from this beam fluctuation, the counting asymmetry between positive and negative 

alignment was extracted from the present data as described in detail in the 

appendixes. However, calculated uncertainty of the asymmetry in this checlk analysis 

has a significantly large error due to counting statistics. 

The corrections and errors are summarized in Table 4.6. These corrections were 

defined by the ra tios of the corrected α平 to the uncorrected ones. The errors of these 

corrections were quadratically summed up like statistical error, because considerably 

large number of independent uncertainties are included. 
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Chapter 5 

Results and discussions 

5.1 Results 

essential1y the same as the present one. The data" measured at 1985 and 1992, were 

reanalyzed in the same manner as the present analysis, and were corrected for the 

systematic corrections discussed in the previous sections. As the results, the 

alignment correlation coefficients were determined to be 

αー= +0.0035 :!: 0.0048 (stat.)士 0.0062 (syst.) %/MeV, 

α+ 二ー0.2727 士 0.0053 (stat.)士 0.0185 (syst.) %/MeV for 1985 

(5.3) 

(5.4) 

The obtained alignment correlation terms are shown in Figure 4.5, and are listed in I and 

Table 5.1. ln order to check the consistency of the present analysis with reported old 

ones, we first analyzed the data by assuming a linear dependence on the ゚ -ray energy 

for the alignment correlation term, neglecting the higher order contributions, as 

described in the section 2.2. The alignment correlation terms were analyzed in the 

energy range 5 ~ 13 MeV for both 12B and 12N, where the distorted low田energy region 

was rejected, since the ゚ -ray scattering effect might not be avoided completely. Frorn 

the least square fitting, the alignment correlation coefficients α平 were detennined to 

be 

αー = +0.0082 士 0.0029 (stat.):i: 0.0077 (syst.) %/MeV, 

α+ = -0.2661 :i: 0.0070 (stat.):i: 0.0103 (syst.) %/MeV. 

The results are listed in Table 5.2. 

(5.1) 

(5.2) 

We have two previously obtained data of the alignment correlation coefficients 

in the A 二 12 system. Since 1985, we have been improving the spin manipulation 

technique. From the analyses using the improved knowledges of the hyperfine 

interactions, we obtain precise results from the previous experiments which were 
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αー= -0.0176:!: 0.0056 (stat.):i: 0.0108 (syst.) %/MeV, 

α+ = -0.2757:!: 0.0078 (stat.):i: 0.0154 (syst.) %/MeV for 1992 

(5.5) 

(5.6) 

as shown in Figure 5.1 and 5.2, and listed in Table 5.3 and 5.4. All results obtained by 

these sirnple analyses are consistent with each other. 

In order to determine the alignment correlation coefficients more precisely, the 

higher order effect should be taken into account. Using the ful1 formula of the 

angular distribution function of the eq. (2.20), the least square fittings were 

simultaneously performed for 12B and 12N [K097] . 百le analysis region was 5 ~ 13 

MeV. The analyses were also performed for all data point which inc1ude low-energy 

reglOn. The free parameters for the fittings were the induced tensor term fT in the 

axial-vector current and the axial charge y, instead of the alignment correlation 

coefficients α干・ The experimental value was used for the weak magnetism term in 

the alignment correlation term. In these analyses, there is no approximation as far 

as the lepton part is concerned, i.e., the effects of higher order partial waves of 

leptons, Coulomb correction of the finite-size nucleus and radiative correction were 

considered. The results are shown in Figure 5.3 and listed in Table 5.5. 
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12B 

E(total) uncorr. error C corr. error 

[MeV] ~ (stat. ) [0/0] (stat.) (total) 

3.026 0.126 0.086 0.839 0.105 0.086 0.131 

4.016 0.065 0.074 0.911 0.060 0.074 0.092 

5.008 0.092 0.066 0.950 0.088 0.066 0.105 

6.002 0.023 0.061 0.974 0.022 0.061 0.064 

6.996 0.099 0.058 0.989 0.098 0.058 0.109 

7.989 0.036 0.059 1.002 0.036 0.059 0.068 

8.982 0.254 0.062 1.013 0.258 0.062 0.249 

9.972 0.019 0.070 1.028 0.019 0.070 0.072 

10.958 ー0.082 0.086 1.047 -0.085 0.086 0.117 

11.939 0.061 0.121 1.072 0.065 0.121 0.136 

12.914 ー0.021 0.210 1.106 ー0.023 0.210 0.211 

13.884 0.143 0.458 1.149 0.164 0.458 0.483 

12N 

E(total) uncorr. error C corr. error 

[MeV] ~ (stat.) [0/0] (stat.) (total) 

3.028 -0.395 0.257 0.791 ー0.313 0.257 0.258 

4.019 -1.143 0.235 0.869 -0.993 0.235 0.238 

5.013 -1.125 0.212 0.912 -1.026 0.212 0.215 

6.007 -1.567 0.193 0.937 -1.468 0.193 0.201 

7.002 -1.454 0.181 0.953 -1.386 0.181 0.189 

7.998 -1.901 0.174 0.962 -1.829 0.174 0.188 

8.994 -2.353 0.172 0.968 -2.277 0.172 0.193 

9.990 -2.791 0.177 0.971 -2.711 0.177 0.205 

10.984 -3.298 0.188 0.974 -3.212 0.188 0.226 

11.977 -3.670 0.210 0.978 -3.589 0.210 0.252 

12.969 -3.779 0.249 0.985 -3.723 0.249 0.288 

13.956 -4.271 0.319 0.998 -4.262 0.319 0.359 

Table 5.1 Alignment correlation terms of A = 12 system in the present study. 

The uncorrected and corrected values of the alignment correlation terms are listed 

together with the total correction factors. 
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12B 12N 

Year α Error α+ Error 
stat. syst. total stat. syst. total 

1985 0.0035 0.0048 0.0062 0.0078 -0.2727 0.0053 0.0185 0.0192 
1992 ー0.0176 0.0056 0.0108 0.0121 -0.2757 0.0078 0.0154 0.0173 
1996 0.0082 0.0029 0.0077 0.0082 -0.2661 0.0070 0.0103 0.0124 
ave. 0.0030 0.0023 0.0077 0.0080 -0.2715 0.0037 0.0103 0.0109 

Table 5.2 The simple analyses of the ali伊lment correlation terms. 
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Analysis region; 5 ~ 13 Me V 

イ
2MfT/fA Error y Error 

0 卜\ VM件『品FF車生『連訂 Year stat. syst. total stat. syst. total 

12B 
-'-

'(1 
1985 0.06 0.10 0.27 0.29 4.69 0.10 0.34 0.35 
1992 0.29 0.12 0.27 0.29 5.04 0.13 0.33 0.35 
1996 0.07 0.07 0.18 0.19 4.53 0.06 0.22 0.23 
ave. 0.12 0.05 0.18 0.19 4.69 0.05 0.22 0.23 

1"lo...I- I -r" 

.-.-ヘ

ミヌ -2 
\、J

~ Analysis region; all data 
~ 

2MfT/fA Error y Error \、dノ

Cコ
Year stat. syst. total stat. syst. total 、に町、
1985 0.07 0.09 0.27 0.29 4.69 0.10 0.34 0.35 __.-ヘ

~ -4 1992 0.23 0.12 0.27 0.29 5.07 0.13 0.33 0.35 "-""" 
1996 0.06 0.07 0.18 0.19 4.57 0.06 0.22 0.23 

N 

~ 
ave. 0.10 0.05 0.18 0.19 4.71 0.05 0.22 0.23 • Present 

。 '920saka

口 '850saka Table 5.5 Full analyses of the alignment correlation terms. 

-6 ト 自t The induced tensor terms and the axial charges are listed. 

。 10 

-゚Ray Total Energy (Me V) 

Figure 5.3 Alignment correlation terms (all data). 
The theoretical best fitted curves are also shown. 
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5.2 Giant mesonic effect in the axial charge and its implications 

From the surn of the alignment correlation coefficients, the axial charge matrix 

element is extracted. The axial charge Y was determined to be 

Ypre. = 4.47 士 0.26， (5.7) 

in the present experiment by the simple analysis. Here, the experimental error 

includes both statistic and systematic ones. The axial charges frorn the previous data 

were also determined to be 
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(5.8) 

(5.9) 

Averaging these data, the axial charge was obtained to be 

Yave. = 4.65 士 0.24， (5.10) 

from this simple analysis, described in the previous section. This is consist:ent with 

the results of the full analysis. The results are listed in Table 5.6. 

According to the theoretical calcula tion by Koshigiri and Mori ta [K081]I[K089] 

[K095at the axial charge matrix element is given as 

Ytheo. = YIA(1 + ~σ+ DEX) + Y soft-n;' (5.11) 

The impulse approximation value Y1A was evaluated to be 3.17 by the 
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Hauge-Maripuu model with the Sussex potential for the residual interaction, and 

the soft-pion contribution Ysoft-πwas evaluated to be 1.30 which is 41 % relative to the 

impulse value. The core polarization effect ~αwas -10 % relative to the irnpulse 

value. Here, the calculation of the core polarization effect was performed up to 

second order. ~X is an parameter to reproduce the experimental axial charge. 

In order to reproduce the axial charge of the present experiment, an extra 

enhancement is derived to be ~X = 16 0/0. So, the net enhancement 匂EC in the axial 

charge relative to the IA + CP value reaches 57 0/0. The extra enhancements were 

also obtained from the previous data. All the results are listed in Table 5.7, together 

with the net enhancements. Using all data, the average enhancement was 

determined to be 57 士 7 0/0. From the present analysis, the large enhancement in the 

axial charge was confirmed in the A = 12 system, as shown in Figure 5.4. This result 

is similar to results obtained by the first-forbidden transition rates. 

In order to understand this large enhancement, the short-range exchange effects 

of heavy mesons (σ， ωand p) were calcuLated by Koshigiri et al. in the hard-pion 

model [K095a]. In this calculation the two-body exchange operators were derived 

from the realistic nucleon-nucleon interaction, Bonn potential. This is essentially 

the same manner as Kirchbach's calculation [KI92]. The results are summarized in 

Table 5.8 [KCゆ5a]. While heavy-meson contributions in the axial charge is 15 ,..., 20 0/0, 

total enhancement results in around 45 % in this calculation, because of the reduced 

soft-pion term. So, the present additional enhancement is still unresolved in the 

plcture given here. 

It is noted that the core polarization effect, ~α= -10 0/0, is strongly sensitive to the 

tensor force. Since the core polarization effect reduces the enhancement in the axial 

charge, weakening of the tensor force in the effective interaction is preferable to 

reproduce the experimental values ofaxial charges. In the A =12 analysis, 
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Hamada-Johnston type tensor force was used, which was employed in the analysis of 

the magnetic form factors of 12C in the electron inelastic scattering [SA79]. So, the 

present analysis has no ambiguity in this way. 
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Year y_ stat. syst. total enhance 
1985 4.66 0.12 0.34 0.36 57::!:: 110

/0 

1992 5.08 0.17 0.33 0.37 70::!:: 12 0/0 
1996 4.47 0.13 0.22 0.26 51 士 8 0/0

mean 4.65 0.08 0.22 0.24 57::!:: 70
/0 

Table 5.6 Axial charge matrix e1ements obtained by the simp1e ana1ysis. 

The net enhancements in the axia1 charge re1ative to the impu1se calculation 

including the core po1arization effect are a1so shown in the right co1umn. 

Year 8EX stat. syst. total enhance 

1985 0.17 0.03 0.11 0.11 58::!:: 11 0/0 

1992 0.28 0.04 0.10 0.11 69::!:: 11 0/0 

1996 0.02 0.02 0.07 0.07 53 士 7 0/0

ave. 0.16 0.02 0.07 0.07 57::!:: 9 0/0 

Tab1e 5.7 Extra enhancement in the axia1 charge obtained by the full analysis. 

The net enhancements in the axia1 charge re1ative to the impu1se calcu1ation 

including the core po1arization effect are a1so shown in the right column. 

Meson Model A [no src 1 Mode1 A [src] Mode1 B [no src] Mode1 B [src] 
π-p 0.266 0.269 0.187 0.190 
。 0.096 0.069 0.102 0.073 
ω 0.112 0.084 0.111 0.084 
p -0.005 0.006 0.032 0.027 
σ+ω+p 0.203 0.159 0.245 0.184 
total 0.469 0.428 0.432 0.372 

Tab1e 5.8 The enhancement in the axial charge due to the heavy mesons. 
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Figure 5.4 Axial charge y in the A = 12 system. 
IA: irnpulse approximation, soft-p; meson exchange 
current (soft-rc contribution), CP; core polarization. 
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On the other hand, in-medium renormalization of the nucleon mass and the 

pion-decay constant are proposed in the framework of the chiral perturbation theory 

[KU91] ・ According to this theory, masses of the hadrons are scaled as a function of 

the nuclear density p as follows, 

'!!N _ mσ-mp mlf: 
一一一一=一旦 =.f.._!}:_ = φ(p)

mN mσ mp mω/πr (5.12) 

where m N' m σ， m P' and m ωare masses of the hadrons, and ~πis the pion decay 

constant. Here, asterisks refer to the renormalized values in nuclear rnedium. The 

enhancement factor 九1EC is written as 

εMEC-M1 +M21f11M2)  r = _ _ =--11+一一一一一一- 1 
'- M1φ(p) \ φ(P) M1 ), (5.13) 

where 

M1 時 =M1 /倒的 and M1 ‘ =M1 /倒p)2. (5.14) 

M1 and M2 are axial charge matrix element of the impulse current and the pion 

exchange current, respectively. In the A = 12 system, EMEC = 1.57:!: 0.07 and M
2
/M

1 
= 

0 .41 士 0.05， so we have 4いこ 12) = 0.92 :t 0.04. In the lead region， εMEC = 1.8 士 0.2 and 

M2/M1 ミ 0.5 :!: 0.1 [KU91 ], so we have 4制= 208) = 0.87:t 0.09. Thus, in the 

framework of the chiral perturbation theory, the nucleon mass is reduced about 8 0/0 

Jn A ご 12 and 13 % in lead region, compared with that in free space. The mass 

renormalization effect can be also evaluated from the magnetic moments. From the 
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isoscaler part derived from magnetic moments of mirror nuclei, the 

renormalization of about 1.5 % was found in the A 二 16 system, and about 3 % in A ご

40 [M190]. 1n the lead region, the mass renormalization of 8 :t 3 % is extracted from 

anomalous orbital g-factors of magnetic moments [Y A85]. The present result looks 

somewhat large, but is fairly consistent with the renormalization obtained frorn the 

analyses of the magnetic moments. 1n order to examine the in-medium 

renormalization effect, both experimental and theoretical studies are much 

encouraged. 
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5.3 Influences of the present results to other symmetry problems 

5.3.1 Induced tensor term in the axiaI-vector current 

The induced tensor current was extracted frorn the difference between the alignment 

correlation coefficients of 128 and 12N, as follows 

間)一一(鵠1 づ(a-j:) (5.15) 

In order to determine the induced tensor terrn precisely, the full analysis with higher 

partial waves of leptons was perforrned. The results are listed in Table 5.5, together 

with the axial charge. Here, the experimental value of the weak rnagnetism terrn a 

was used. The y-decay width of the M1 transition from the 15.11 MeV state of 12C 

presently gives the most precise value of the weak magnetism a through the relation 

of the eq. (2.61) ・ Averaging a11 the available data [EN68][CH73] [DE83] for Py, py = 38.2 

士 0.6 eV was determined. The weak magnetism term was thus deterrnined to be 

2九1aexp こ 4.02 :t 0.02. (5.16) 

Using this value, the induced tensor terrn was determined in the present experiment 

to be 

2MfT / fA = +0.07:t 0.07 (stat.) :t 0.18 (syst.), (5.17) 

where the systernatic error was from the uncertainties of the corrections, as described 

10 thp 
e sect卲n 4.4. The error of the weak magnetism was also included in the 
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systematic error. The results on the induced tensor term are shown in Figure 5.5, 

together with old data. Averaging all the results, the induced tensor term is 

determined with much improved precision to be 

2MfT/fA 二十0.12 土 0.05 (stat.) :t 0.18 (sys仁). (5.18) 

Here, it is noted that the statistical error is smaller than the systematic erroI', so 

further technical improvements can provide more precise induced tensor term. 

A possible asymmetry in the axial charge should be carefully examined. The 

axial charges of 12B and 12N are not exact1y canceled out, because of the difference in 

the binding energy of the decaying nucleon between 12B and 12N. Koshigiri et al. 

[K095b] evaluated this asymmetry which is defined by ~y = (y+ -y-)/2. 百四y obtained 

t1y = 0.10 ~ 0.13 using Wood-Saxon potential., the depth of which was adjusted so as 

to reproduce the binding energy of the decaying nucleon. ln the calculation of ~y， 

meson exchange currents were not included, because the axial charge due to 

exchange currents consists of both parts from the valence nucleon and the core, 

while that of the impulse approximation is from the valence only, whose wave 

functions are subject to the charge asymmetry. 

A possible asymmetry in the weak magnetism term is not important. The weak 

magnetism term is mainly determined by the term (ずvグA + 2Mfwグþ.) ， and the 

resid ual part (デvグ'A)f 1/ f σis ~ 4.5 % of the main term, which may depend on the 

charge asymmetry. 

Assume the Wood-Saxon type radial wave functions for decaying nucleons, i1y::: 

0.10 is given. However, the theoretical asymmetry is model dependent. So, we 

include 50 % of uncertainty in the i1y, and so we have i1y = 0.10 :t 0.05. Summing up 

i1y, the induced tensor term was finally determined to be 
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2MfT/fAexp = 2M)ヤグAave. + t1y 

こ +0.22 :t 0.05 (stat.) :t 0.18 (syst.exp) :t 0.05 (syst. theo) ・ (5.19) 

The present result is much more precise than the oId data. The present experiment 

has d﨎c10sed a possibility of non-zero induced tensor term in the axial-vector 

current for the first time, although the result can not reject completely non existence 

of the second class current. 

Recently, a prediction [SH96] of the induced tensor term based on the <2<ごDsurn

rule has been gi ven to be 

2M fT /f A = +0.0152 士 0.0053. (5.20) 

The second class current arises from the rnass-and charge difference between up and 

down quarks in QCD. This value is consistent with the present result. 
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Weak magnetism term 5ふ2

The test of the CVC (Conserved vector current) hypothesis have been done in two 

ways. As is described in Sec. 2.4, the shape factor in the ゚ -ray energy spectrum has 

been measured by several methods [WU77][KA77][CA90][FU96]. Also, the 

measurement ofγdecay width of M1 transition from the analog state (15.11 MeV) 

gives information about the weak magnetism term. 

The present experiment can test the CVC hypothesis. Suppose the induced 

tensor term is exactly zero, since the induced tensor term is very small, a few 0/0 

The difference between the alignment correlation 

4 
α一 一 αム =-a

I 3 (5.21) 

Using the alignment correlation coefficients obtained by the simple analysis, the 

relative to the weak magnetism a. 

coefficients is then written as 
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weak magnetism term was extracted to be 

。 pre. = 0.206 i 0.011 %/MeV. 
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The result on the present experiment is shown in Figure 5.6 and listed in Table 5.9, 

All the data are consistent with the theoretical together with other experiments. 

Figure 5.5 Results on the induced tensor term. 
The data of Osaka85 and Osaka92 were reanalyzed, 
and were averaged together with the present data. 
ln these analyses, a possible asymmetry of the axial prediction 
charge � is included. 

(5.23) αtheo ニ 0.213 0/o/MeV，

which w s given by Koshigiri et al. [K086]. This implies the strong support of the 
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CVC hypothesis. However, it should be noted that the nucleon mass and the 

anomalous magnetic moments of the proton and neutron in the free space were 

used in this calculation. These quantities, as well as the axial-vector coupling 

constant, are expected to be modified by the in-medium effect, since the decaying 

nucleons strongly interact with surrounding nucleons. In the weak magnetism 

terrrし

(5.24) 

if we simply replace the nucleon mass, anomalous magnetic moments and the 

axial-vector coupling constant in the main term with the renorrnalized values, since 

the contribution from the orbital angular momentum is small (-.....4.5 0/0), 

aeff = 0.243 %/MeV (5.25) 

was obtained. Here, 

ム-1 ニ -50/0
fAee 

' 
(5.26) 

(μ。 -μn + 1) 時
l-' . H r - 1 = 70/0 . 

(μpμn+1)Im ， 
(5.27) 

長一1= ー(1.5 ，..，仇 (5.28) 

were used in the derivation [WI74] 怜1I90][YA85]. This is 14 % larger than αthω= 0.213 
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うらjMeV. Furthermore, when asymmetry l1y = 0.10:t 0.05 in the axial charge is taken 

into account, this deviation becomes larger than ap陀・ This implies the violation of 

the CVC hypothesis at 20 % level. Although this derivation is rather simple and 

may contain a deficiency from the viewpoint of the precise theoretical treatment, the 

renormalization effect should be at least taken into account in the weak ma♂letism 

term. Further theoretical studies are necessary. 
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Figure 5.6 Results on the weak ma伊letism term. 
The data of the alignment correlation terms of Osaka85 
and Osaka92 were reanalyzed, and were averaged together 
with the present result. Theoretical value was given by 
Koshigiri et al. [K086]. 
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5.4 Results on other nuclei 

In order tostudy a demity dependence of the enhancement in axial charges in detail, (B 2 /80 )ー = -0.29 士 0.04 %/MeV for 8Li [MI95][YA961, (5.29) 

measurements of the alignment correlation terms in other systems are novv in I and 

progress [MA96]. The candidates are 8Li(r = 2+, T 1/2 = 840 ms) and 8B (r ニ 2+， T1 / 2 ご
770 ms) mirror pair in the A = 8, 20p(r = 2+, T1/2 = 11 s) and 2oNa(r = 2+, T1 / 2 ニ 560

ms) in the A = 20 system, and 41Sc(r = 7/2+, T1/2 = 596 ms) in the A = 41 system. The 

A = 13 system, 13B and 130 , will be also a testing ground for understanding the large 

enhancements in axial charges, together with the A = 12 system. The decay schemes 

are shown in Pigure 5.7 -5.10. 

Por the A = 8 system, the proton halo structure due to very small separation 

energy of the valence nucleon is suggested for 8B from anomalously large 

quadrupole moment [MI92][KI93]. Also for 8Li, the skin structure is suggested in 

order to reproduce the quadrupole moment [MI93]. Thus, the valence nuc1eons in 

these nuclei are weakly bound, and the nuclear density around the decaying nucleon 

is expected to be low comparing with the density around nucleons tightly bound in 

nucleus. In the A = 20 system, the nuclear density around the valence nucleon is 

higher than that of A = 8 system. Thus, the density dependence of the enhancement 

in axial charges is expected to be derived. Thus, the axial charges even in light 

region, p-and sd-shell nuclei, will bring us fruitful knowledges about the density 

effect. Besides, the axial charge of 41Sc ゚ -decay in the A = 41 system, which is the 

doubly closed shell +1 nucleon nucleus, wiU provide us with a clear know ledge 

about the single nucleon in the nucleus. 

The preliminary results for 8Li and 20F are shown in Figure 5.11 and 5.12, 

respectively. The details of the experiments are described in the appendixe:s. By the 

simple analysis, the alignment correlation coefficients were determined to be 
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(B2/BO)_ = -0.40 ::t 0.19 %/MeV for 20p [KI96]. 
(5.30) 

The alignment correlation coefficient of 8Li is not explained by the impulse 

calculation only, as is shown in Figure 5.11. However, the mesonic effect in the axial 

charge is in reverse direction in order to reproduce the experimental value. So, the 

large enhancement in the axial charge is not confirmed for 8Li. For 20p, the error is 

too large to extract the enhancement in the axial charge. 

Here, it should be mentioned that for the A =8 and 20 systems, the angular 

correlation experiments, ß-αand ß-y, were performed to search for the second class 

current. The present experiments provide essentially the same quantity as those 

experiments. However, the higher order matrix elements in the alignment 

correlation term contribute in the different manner from those of the angular 

correlations. So, the knowledges about the higher order terms are expected to be 

studied experimentally. As a result, axial charges are expected to be obtained 

unambiguously from both experiments. Although the definite results on the axial 

charges are not obtained yet, it will be given when the measurements on the 

alignment correlation terms of the mirror nuclei are completed. Purther 

experimental studies are now in progress. 
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Figure 5.7 Decay scheme of the A = 8 system. 
Figure 5.8 Decay scheme of the A = 20 system. 
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T =: 1/2 
7/2- 596.3 ms 

41SC 

QEC = 6.4953 Me V 

7/2-

41Ca 

Figure 5.9 Decay scheme of the A = 41 system. 
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3/2- 17.4 ms 

13B 

Qß- ニ 13.437MeV

T ニ 3/2

3/2-

1/2-

13C 

3/2-

1/2- 9.96m 

〆 13N

3/2- 8.9 ms 

130 

Figure 5.10 Decay scheme of the A =13 system. 
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Figure 5.12 Alignmentcorrelation termof20p. 
The fittingline by the simpleanalysis is shown. 
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Figure 5.11 Alignmentcorrelation term of 8Li. 
The fittingline by the simpleanalysis is shown, 
where the analyzed data is shown by the closed 
circles. Several theoretical calculations [TR巧][K094] 
are also shown. None of them Can explain the present 
resultwell. 
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Chapter 6 

Conclusion 

renormalization effect inside the nucleus, more experimental and theoretical studies 

for other nuclei are encouraged. For this purpose, systematic studies on a density 

dependence of the enhancement in the axial charges, using halo nuclei, and also 

us匤g heavier nuclei where a nucleon transforms from its inner core, are also 

匇portant. We have already begun such studies on A ニ 8， 20, and 41 systems. 

In addition, the induced tensor terrn in the axial-vector current has been 

M叫resent stu叫ldj川e hav釘ve叩pr陀附e虻C凶刊

the -゚ray angular distributions of the mass A = 12 system, in order to investigate I 
5U.I.C I the full analysis of the alignment correlation terms of 12B and 12N. The present 

anomalously large enhancement in the axial charge. For the reliable measurement, I I study has disclosed a possible non-zero value of the second class current for the first 

the hyperfine interactions of 12B and 12N implanted in Mg crystal have been fully I I time. The result is consistent with a prediction based on the QCD sum rule, 2MfT/fA 

studied again, and we obtained the character of the second location for the implanted I I = +0.0152 :t 0.0053, which originates from a small ma恰 and charge difference 

nuclei. Using these knowledges, the spin rnanipulation technique has been much I I between the up and down quarks. Through the present study, investigations on the 

improved from the previous experiments, so that, the reliability of the alignment t in_mor1 
f m-medium renormalization effect are greatly encouraged, which willlead to the 

cr 帥on became h ゆer. I q仰仰u凶附叫a訂叫rk ef 白附ct inside the nucleus 

As a result, the axial charge matrix element was determined with much 

improved precision to be Yave. = 4.69 士 0.05 (stat.) :t 0.22 (syst.), and the additional 

enhancement 16 % in the axial charge was found in the A = 12 system, even after the 

the soft-pion contribution (41 0/0) and the core polarization effect in the nuclear 

structure were considered. This additional enhancement could not be accounted for 

by the short-range exchange currents of heavy mesons, i.e., the soft-pion effect and 

the short-range exchange explained ~40 % again. Therefore, we need to assume that 

the additional enhancernent arise from the in-rnedium renormalization effect. The 

nucleon mass renormalization was extracted to be 8 士 4 % in the A = 12 system. Th�s 

renormalization factor is fairly consistent with those derived from the analyses of 

the magnetic moments of mirror nuclei. Thus, the in-rnediurn renorrnali.zation 

effect may have been found in the axial charge. In order to rnake much clear the 
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Chapter 7 

These materials were evaporated on a Mo ribbon (3.2 x 430 x 0.15 mm), using an 
Target 
material 

Appendixes 

7.1 Preparation of the target 

The prod uction targets used for the experiment were enriched 11 B (99 0/0 

concentration) and enriched 10B (90 % concentration) for 12B and 12N, respectively. 

electron bombarder, as shown in Figure 7.1. Before evaporation, the surfaces of the 

backing ribbons were cleaned up under the ultrasonic wave in water, methyl alcohol, 

acetone, and trichloroethylene. This evaporation process took about 10 hours at a 

vacuum of ~ 10-6 torr. To keep thickness uniform, the target ribbons were rotated 

during evaporation. Three target ribbons were produced at a time. The thickness of 

the target was typically 300μg/cm2 for 11B and 1oB. The thickness was monitored by 

Figure 7.1 Schernatic view of target evaporation. 

the change of colors of the target thin layer and it was measured by the increased 

weight of Al foil. If necessary, this evaporation process was repeated twice 1:0 get 

sufficiently thick target. The heater current was 8 A, and the acceleration voltage was 

6 kV. 

-
・
・
且 ー11-



7.2 Preparation of the stopper 

The preparation of the Mg stopper is very important in the present experin1ent. A 

small contamination on the surface easily decreases the polarization to be observed, 

because of the low implantation energy obtained in the recoiled nucleus. 

A rod (20 m m<� x 100 mm  long) of bulk Mg single crystal was shaped for the 

stopper. After determination of the orientation of the crystalline c-axis by the X-ray 

diffraction pattern, the rod was sliced and shaped (12 x 16 mm2, 500μm thickness) as 

shown in Figure 7.2, using the spark erosion machine. The Figure 7.3 shows a 

schematic view of cutting process of the Mg crystal. Using the spark slicer, the 

damages on the surface were minimized. Typical thickness of the damage is -100μrn. 

After shaping, the surface of the Mg stopper was etched with citric acid (10 0/0 

concentration) by about -100μm from both sides to make 300-μm thick sample, in 

order to remove damages and defects on the surface introduced by the machining. 

The residuals on the surface were blown away by the dry N2 gas flow. The X-ray 

diffraction pattern was checked again, in order to confirm the orientation of the 

c-axis and the structure near the surface, as shown in Figure 7.4. The Mg stopper was 

mounted on an Al backing plate by Ag paste, which was cooled by the water flow to 

prevent heat up the sample by the irradiation from the target and the eddy current 

from rf fields. 
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Figure 7.2 Shape of the stopper. 

-lV-

lcm 



High voltage 
terrninal 

Spark machine 

Figure 7.3 Schematic view of cutting Mg crystal hy the spark slicer. 
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c // X-ray 

Figure 7.4 X-ray diffraction pattern of Mg crystal. 
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7.3 十NMR method 

The conventional -゚NMR method is briefly mentioned for comparison of the 

present experimental method. Four processes are repeated sequentially, as is 

described in the section 3.1. The polarized nuclei are produced through the nuclear 

reaction, and are implanted into the stopper. The polarization produced by the 

nuclear reaction is destroyed by depolarizing rf fields or inverted by AFP rf fields. 

The change of the polarization is observed from the counting-rate ratio of the 

counters placed above and below relative to the polarization axis. Thus, NMR 

resonances are obtained as a function of frequency of applied rf field. 

7.3.1 Depolarization 

The polarized spin ensemble produced by the nuclear reaction processes around the 

external magnetic field, as shown in Figure 7.5(a). The equation of motion for this 

precess卲n 1S wr� tten as 

dfi _ A';-; " ﾜ 一一 = yfl x Ho 
dt" U 

(7.1) 

paralle1 to the Ho field is destroyed by the resonant H1 field , as shown in Figure 

7.5( c) ・ In the experiment, the frequency of the H1 field is modulated several times 

around the resonance frequency. The difference between ma伊etic substate 

populations are averaged and the spin is depolarized. 

7.3.2 Adiabatic Fast Passage (AFP) 

When a strong H1 field is swept slowly around the resonance frequency, the 

polarization is inverted. The adiabatic condition for this process is that the 

precession frequency around the effective field must be large enough, compared with 

the sweep velocity, which is usually most severe at the resonance frequency. This 

AFP condition is written as 

(仰1か (7.3) 

In order to invert the polarization effectively, the amplitude of the applied H
1 
field is 

modulated, as shown in Figure 7.6. Thus, the initial polarization paraIlel to the 

external field Ho foIlows the change of the direction of the effective 白eld and finally 

where μis the magnetic moment and yis the gyromagnetic ratio. When a H1 field is I becomes anti-pa凶lel to the external field by above mentioned handling. In crystals, 

applied perpendicular to the direction of the external field Ho , the spin ensemble I the implanted nucleus has the magnetic interaction with the surrounding host 

p附e脱s around the effective field Heff in the 附ating frame of the H1 field, as I nUclei, and the spin is dynamically fluctuated by the magnetic field caused by the 

shown in Figure 7.5(b). If the frequencyωof the H 1 field satisfies the condition, I nuclear dipole-dipole interaction. So, for AFP, the applied field must be strong 

enough compared with this disturbing field , 

ω ニ)'Ho， (7.2) 

戸11 >>2πD， (7.4) 

then the spin ensemble processes around the H1 field. Thus, the initial polarization 
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where 0 is corresponding to the dipolar broadening. In the present experiment, 

however, D is negligibly small and the line width of the resonances is mainly 

determined by the distribution of the electric field gradient f1q which is a static 
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トNQR method 7.4 

The -゚NQR method has been developed in order to detect polarization-change much 

As described in effectively, in the presence of the quadrupole interaction [MI93c]. 

In the Sec. 3.3, the resonance frequency is split into 21 frequencies, 1 being the spin. 

conventional -゚NMR method, each resonance is observed as a function of 

The polarization-change observed in each resonance is very small, since frequency. 

the effect is proportional to the difference between neighboring substate 

In the ゚ -NQR method, a set of 21 rf fields are applied sequentially on populations. 

The resonance freq uencies these resonances, to manipulate the total polarization. 

The 

polarization-change is therefore observed as a function of the quadrupole coupling 

In the depolar包ation method, 21 rf fields are constant, as shown in Figure 7.7. 

In the AFP sequentially applied several times, and the polarization is destroyed. 

-
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Figure 7.8 -゚NQR method (AFP). 
The polarization is inverted by applying 
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Figure 7.7 -゚NQR method (depolarization). 

The ゚ -NQR spectrum (upper figure) is observed 
as a function of the coupling frequency by applying 
the frequenci匂f1 and 12 several times (lower figure). 
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7.5 Calibration of rf field 

The magnitude of the rf field must be calibrated to apply adequate power of the H
1 

field. It is difficult to measure the voltage of the rf coil directly, due to high voltage. 

For this purpose, the voltage divided by capacitors to ~ 1/100 is monitored. Ten 

capacitors of 1 pF connected in series are set in parallel to the rf coil and the voltage 

at the first capacitor was monitored by the oscilloscope whose probe has the input 

capacitance of about 13 pF. The voltage is reduced by a factor of ~ 1/100 which is 

calibrated at the lower power. When a ratio r of the voltage at the monitor point to 

the direct point is known, the magnitude of the rf field is calibrated as follows 

H1= I_ a rV倖t1=α一一一一
1. 4 21俳'

(7.5) 

where αis the performance factor of the rf coil which is the ma伊letic field strength 

at one ampere, and V出t is measured voltage at the monitor point. L and f are the 

inductance of the rf coil and applied frequency, respectively. 

-xv-

7.6 Uncertainty from beam fluctuation 

The alignment correlation terms are determined from the asymmetry between the 

A + and A -cycles in the main sequence, as described in the section 4.3, so that the 

difference of production between the A + and A -cyc1es cause by the beam fluctuation 

could give a small spurious asymmetry in determining the alignment correlation 

terms, although the repetition of both cycles is expected to average out the difference. 

When the production rates of both cycles are defined as T+ and T-, respectively, 

the counting rates in the alignment section are written as 

u1t = T+Gu{l 干 <p/E>pt + (A + 干 <p/E>Pト)α平<E>} ，

Un- 二 T-Gu{1 平 <p/E>P + (A- 平 <p/E>P)α干<E>}，

Dn + = T+Gd{1 ::t <p /E>pt + (A + ::t <p /E>pt)α干<E>}，

Du-= T-Gd{1 士 <pjE>V + (A -::tくP /E>V)α干くE>}，
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where T+ /T-gives the time asymmetry caused by the beam fluctuation, and Gu/G
d 
is 

the geometrical asyrnmetry. <E> represents the average value of energy. From 

above equations, the time asymmetry is extracted to be 
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(7.10) 

where the first order quantity from the residual polarization pt are canceled, and the 

second order O(〆) can be neglected. Similarly, the counting rates in the polarization 

section are written as 
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ut = T+G u {l 平 PI++AI+α子<E>}， (7.11) 

(7.12) 

(7.13) 

(7.14) 

U1-= T-Gu{l干 Pr- 十 A 1-α平<E> }，

Dt = T+Cd{l ::t Pt + A tα干<E>} ，

ﾐ1-= T-Cd{l ::t Pr-+ A 1-α干<E> }，

where the definition PrI ニ <p/E>pT(l + α平<E>) was used, and A1
I are the alignments 

in the polarization section, which are about a half of A I in the alignment section 

with opposite signs, as shown in Figure 7.9. From the eq. (7.11) ー (7.14) ， the t:ime 

asymmetry is extracted as follows 

Rff号/~::~=(手)l-2(三7142)α干 <E>} (7.15) 

where 

A ご At ~ - .4 ・ー」γ一」です~A1 -A� ~ P� + P� . 
1-P1

-
1-P� 

(7.16) 

Here, the ratio k is introduced as 

P; +Pt .. 
k 三 2~1 '-1 ~1. 

ゐ4
(7.17) 

Thus, the eq. (7.15) is written as 

-XVl1-
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Using the eq. (7.10) and (7.18), the time asymmetry is finally written as 
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(7.19) 

Similarly, the time asymmetry is derived from counting section 11 and 111, as follows 

中+ 1 
・一

主=吋×Rb)M ， (7.20) 

with 

R2-udIDdI/1412 
HI 

11iiI DdI/1-P-I 
(7.21) 

今
〆
』

'
K
 

(7.22) 

In the present experiment, the tirne asymmetries were calculated to be 0.021 士 0.006

% and -0.063 ::t 0.040 % for 12B and 12N, respectively. Therefore, the correction to the 

alignmen t terms are -0.103 士 0.031 % and 0.1 21 士 0.076 % for 12B and 12N, 

respectively, dividing the time asymrnetries by the degree of alignments. These 

Corrections should be included in the analysis of the ali伊ment correlation terms. In 

the e present analysis, however, this effect was included in the systematic error 

Without correction. The effect of the T+ /T-was evaluated from the change of the 
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alignment correlation coefficients determined by the linear fitting, when the time 

asymmetries are introduced. 
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Figure 7.9 
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7.7 Experimental details of 8Li and 20F 7.7.2 Spin manipulation for 1 = 2 nuclei 

The spin alignments of both signs are created by the modified spin manipulation 

7.7.1 Experimental conditions I technique, as shown in Figure 7.10. Firstly, the populations between magnetic 

The 叫erimen 凶 method for 8Li and 20句'F is e 蹴nt 凶y 恥 same as 出伽a抗t fおor 12乍B and I卜5似ゆ仰uゆ伽b加Sはt附sm ニ 1 付 2 and-之2 付 -1 ar陀e 句叩ua凶al悶db句y 恥 de句po叶l叩a枇tion technique. In the 

12N. The produ伽n conditions and theωppers are d蜘削， which are 1附d in I next 岬， four rf fields are s何回nωlyappl凶 to create alignments. With this 

Table 7.1. However，恥 most di伽e削n凶t po凶 1S 恥 S平P戸in manip凶u叫l凶a

2 case白s. This is described in detail in the next section. I alignment cycles, created after the f白i仕r凶st de叩P仰O叶la加a訂r山a抗tions， ar陀e the same which has the 

8Li 20F 

F 2+ 2+ 

T1/2 838ms 11.00 s 

Ep (max.) 12.964 MeV 5.39086 MeV 

Reaction 7Li( d, P )8Li 19F( d, P )2oF 

Beam energy 3.5 MeV 3.5 MeV 

Bearn intensity (typ.) 5μA 10μA 

Recoil angle 100 

~ 400 250 

~ 400 

Recoil energy (typ.) 1.7MeV 1MeV 

-゚ray yield (typ.) 1.5 X 103 cps 8 X 103 cps 

Stopper Zn 恥19F2
恥1agnetic field 6000e 23000e 

eqQ/h ~ 33.5 kHz ~-5.77MHz 

Table 7.1 Experirnental conditions for 8Li and 2oF. 

-XX1-

advantage in determination of the obtained alignment. In the case of 1 = 2, the 

substate populations are not determined uniquely from measurement of up and 

down asymmetry even after the equalization of 2 sets of substate populations. In this 

manipulation, the difference between positive and negative alignment can be 

calcula ted as 

M=-~8(3η-22 PT -~(5-6η) 一一 I- (P自 +P両)
10η-1 ~ 10η-1 ,- Jl - 11 

(7.23) 

where ηis the average degree of achievement of the AFP rf fields. PI is the 

polarization in the counting section 1, and Pn::t are the residual polarizations in the 

alignment section. Similarly, the alignrnent is calculated from the polarizations in 

the counting section II and III, as 

-54η+36 
M ニ PIII+(pa+町).

44η-35 H<  44η-35 
(7.24) 
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