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The G-parity irregular induced tensor form factor in the weak nucleon axial vector current has been precisely
determined by measuring the alignment correlation terms irBthay angular distributions of the purely spin
aligned mirror pair?B(I"=1%, T;,=20.2 mg and >N(1"=1", T,,=11.0 mg in order to place a new limit
on the applicability of theG-parity conservation law. The coefficient of the induced tensor term was deter-
mined to be Mf;/f,=—0.21+0.09 (stat) =0.07 (syst)+0.05 (theory) at a 90% confidence level. The
previously obtained data in the year 1996 was reanalyzed to be added to the present result. The combined result
is 2Mf/f,=—0.15+0.12+0.05(theory at a 90% confidence level. The obtained induced tensor coefficient
is vanishingly small and is consistent with the theoretical prediction based on QCD in the framework of which
the induced tensor form factor is proportional to the mass difference between up and down quarks. Also we set
constraints on the Kubodera-Delorme-Rho parameters from the present result together with the results of
correlation-type experiments in the mass 8 and 20 systems ag=—(0.12+0.14)x10 % MeV ™! and\
=+(0.30£0.88)x 102 in the 1o level.
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I. INTRODUCTION proton, the difference of the mass beconés—M,=2.05
MeV, which is well reproduced by a calculation based on
In parity violating weak processe§-parity symmetry is  QCD [1].

another important symmetry to be tested in order to clarify The search for th&-parity irregular current in nucleg®
the validity of the symmetry betweef decays of mirror decay has been continued since the classification u@der
pairs, namely, the proton and the neutron decays or morgansformation was introduced by Weinbgg&j. Recent de-
fundamentally between up and down quarks. Correctly subvelopment and the history of the search for thgarity ir-
tracting the charge asymmetry between mirror pairs,Ghe regular term is well described in the arti¢tg] by Wilkinson
symmetry may be broken because of the mass differencand the status of these investigations in the mid 1980s is
between mirror pairs or more fundamentally between up andescribed in a review articlpd]. A great deal of work has
down quarks. In this sense, tkeparity irregular term can be been carried out especially in determinifig,, value asym-
one of the keys to know how close we can get to the fundametries in several pairs of mirror Gamow-Teller transitions
mental level of the nucleo8 decay of zero momentum [5]. As well, many correlation-type experiments have been
transfer as a direct decay of the quarks. We know well thatarried out such ag-l correlation (3-ray angular distribu-
the process of the nucleon or the nuclgadecay is the result tion relative to the nuclear orientatiph6,7], 8-« [8], and

of the quark decay, that is—u-+e~ + v, inside the nucleon 8-y [9] angular correlations, particularly in the mass 8, 12,
or the nucleus but the intrinsic process, the decay of a bar@nd 20 systems. The existence of eparity irregular cur-
quark, cannot be detected directly. We may expect howeveient was not found within the relatively large experimental
that the emitted electron i decay would carry information error. Still though, previous works did not exclude a small
about the intrinsic process since the electron is a product ddut finite amount ofG-parity violation resulting from the
the direct decay of the quark. In extraction of this informa-mass and charge differences between the mirror pairs or up
tion, however, we need complete knowledge about the stru@nd down quark§10,11. Here, it is noted that th&-parity

ture of the nucleus or the nucleon. One of the examples ofiolation resulting from the charge difference was predicted
the manifestation of the quarks inside the nucleon is thdo be of the order of the fine structure constant.

anomalous magnetic moment of the nucleon, which is well Since 1980, in order to place a new constraint on the
explained by the simple quark model. Also the mass differG-parity irregular current in nuclear weak decay, we have
ence between a neutron and a proton is shown to be causedntinued to measure the alignment correlation term in the
by the difference in quarks making up the neutrduid) and massA=12 system. We have improved the experimental
the proton (tud). Subtracting the effect of the charge of the technique and also carefully examined systematic errors af-
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fecting our results and conclusiof$2,13. Parallel to our dw

experimental progress, advances have been made in under- m“pE(Eo—E)ZBo(E)

standing the axial charge asymmetry in mirfbdecayq 14]

as well as on the relevant refined nuclear structure and wave B,(E

functions of leptons in thg-decay procesgl5,16. The lat- +Ampz(0059)

est value of theG-parity violating term derived from the 0

alignment correlation experiment in the mass 12 system  whereE(E,) is the 8-ray energy(end-point energy 6 is the

[13] is 2Mf;/fp=+0.22£0.05 (stat)+0.15 (syst)=0.05  angle between the polarization direction and the direction of

(theory in the 1o level. This result however, has a large the emittedg ray, p is the electron momentun®; are the

systematic error due to the spurious asymmetryBimay  |egendre polynomialsB, /B, is the polarization correlation

counting. In the present study this large systematic error wagrm, andB, /B, is the alignment correlation term. TheBe

avoided by a newly developed timing program used for theandA are the degree of the nuclear spin polarization and the

measurement of the alignment correlation terms. nuclear spin alignment, respectively, which are defined as
P=a,;—a_;, A=1-3a, with a,;+a,+a_,=1 for
nuclear spin =1, wherea; are the magnetic substate popu-

B1(E)

1+P
Bo(E)

P,(cosb)

, ()

Il. NUCLEAR B DECAY lations. Neglecting higher-order terms in the impulse ap-
A Interaction Hamiltonian prOIX|mat|on the alignment correlation term is simply de-
scribed as
Weak nuclear processes are described with the well-
known current-current-type V-A interactiohl5] as H, 1ByE) 2 ol fry y= @
=\12(V,+A)[ Yeyr(1+ v5) ¢, ]+ H.c., whereV, andA, EBoE) 3|~ a fa) 2M]’

are the vector and the axial vector currents, respectively. Due

to the strong interaction in the nucleus, Lorenz invariancevhereM is the nucleon mass and the subscriptrefers to
allows for several other currents. As a result, the most genelectron or positron decays. The first teann Eq. (4) is due
eral forms of the vector and the axial vector currents madéo the weak magnetism and is given by the strong form of the
up of the Dirac matricey, as well as the four-momentum conserved vector curref€VC) theory. The third term is the

transferk, are given by ratio of the timelike component in the main axial vector cur-
. rent, also called the axial charge and the main axial vector
V= oyt fwo K, +if k) i, (1) currenty=—2M [iysr/ [ o. Thus, the correlation coefficient

contains the weak magnetism term, the coefficient of the
induced tensor term, and the axial charge.
Ay=pys(fayatfroy K, +ifpky) ¥, 3] .
C. G parity
. _ _ . G parity is the parity operation in charge space. The

with oy ,=[ 7y, 7,1/2i andk,=k,—k,. Along with the main  transformation is defined by the product of the charge con-
vector fy, and the main axial vectof, currents, four other jugation C and the charge symmetry operatiobl
currents are _included i_n the representation. They are the exp(~T,), which is the rotation about the y axis by 180°
weak magnetisnfiy, the induced scaldfs, the induced ten- in the charge space, &= C exp(=T,). For instance, under
sor fr, and the induced pseudoscafarcurrents. The form  the G transformation a neutro~ decay current is trans-
factors are real if time-reversal invariance holds and genefformed into a protor3™ decay current. For the present nu-
ally they are the functions df?. The structure of the weak clei, U relates thee™ decay of1%B to thee™ decay of 12N

nucleon currents is characterized by the magnitudes of thosghereasC relates thee™ decay of N to thee™ decay of
Six fqrm factors in the vector and the axial vector currentsizy By CPT conservation, this is equivalent to teé de-
and is well described in Ref17]. cay of ”N. Each term of the hadronic weak curred,
=V, +A,, in Egs.(1) and (2) is classified in terms of its
behavior,AJ,=+GAJ,G 1. G parities for those six terms
are given byG=+1 for f,,, fy, andf; terms andG=

A theory of nuclearB decay was formulated by Morita —1 for f,, fp, andfgterms. In the usual sign convention the
et al.[15] in which higher-order corrections such as the Cou-leading term in the vector current transforms without change
lomb correction for the finite size of the nucleus and higherof sign under thes-parity operation and the leading term in
partial waves of the lepton wave function were properlythe axial current changes sign. For instance, in the axial tran-
taken into account. For the present experiment it is necessasyjtion if the G parity of an exchange meson changes sign as
to employ a formalism with higher-order corrections sincethat meson makes its contribution to the overall nucléar
we are concerned with the small recoil terms in phdecay. decay, by itself3 decaying between two nucleons, its con-
The B-ray angular distribution for the mags= 12 of 2B tribution is G-parity regular and if it does not change sign its
and >N decaying into the ground state 14C, that is, (", T,  contribution isG-parity irregular. That is, those currents that
T,: 1%, 1,¥1)— (0", 0, 0 from oriented nucleus is given are transformed a&V, G 1=+V, for vector current and
by GA,G 1= —A, for axial vector current ar&-parity regular

B. B-ray angular distribution from oriented nuclei
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and those transformed oppositely &eparity irregular cur-

rents. If each current of Eq$l) and (2) has a definiteG

parity, thefg andf; terms should vanish because they have

differentG parities from those of their leading terms. Adopt-  Incident be

ing the CVC theory,gV,=0, we havefs=0. We cannot, Cut views
however, set a similar constraint for the axial vector current

since the pion decay to a muon is strictly forbidden under the <—— Rotation

= /A
condition A, =0. Weinberg first introduced the classifica- -—Target area
tion of these currents in terms & parity [2]. Consequently ~  —---—=: % A M
) ; . FITTEEIIIT t yok
in the weak nucleon currents only tHie term in the axial 5 e s2 /C 7 D i y°~ ¢
vector current break§ parity. If f5 exists this term does not =X W W Magnet coil
L /, \ A A

appear in the 1—0" transition[4]. From the difference of W Plastic chamber

the alignment correlation terms given in Hg) between'?B ¥4 Rotating i

and 1°N, f; can be extracted as i i target wheel Mg eatcher
[ A counter

E B(E) _ 1 Ba(E) :f a_ﬁ_}_ﬂ 5) i i C counter

E BO(E) g E BO(E) N 3 fA 2M )’ [ B counter

whereAy is the possible asymmetry in the axial charge de- ED
fined asAy=[y. (**N) —y_(*?B)]/2. On the other hand, the light pulse
sum gives the axial charge as /
[ 1 BA(E) [ 1 Bz(E)} 2y o o Fcounter
RERYE In
E Bo(E) 12 E Bo(E) 12\ M Compressed

air jet
wherey=[y, (**N)+y_(*?B)]/2. The axial charge is one of _ _
the most important parameters for the study on the meson FIG. 1. Main part of the reaction and NMR chamber. The
exchange current in nuclei and the nuclear medium effect oMacuum chamber is not shown in the figure. The part of the chamber

the nucleon inside the nucleus. A detailed discussion on the/ose to theg-ray path to the counter system is made of plastic to
axial charge can be found elsewh§i]. reduce the scattere@ rays. The target ribbon is attached to the

rotating target systerttarget arep which rotates at a period of 75
ms. 12B(*?N) produced through the nuclear reaction is implanted
into Mg catcher and thg rays from the stopped nuclei are detected

The 128 and 12N nuclei were produced at the Osaka Uni- by the counter telescopes placed above and below the catcher.
versity 4.75-MV Van de Graaff accelerator. The reaction

chamber and part of the experimental apparatus are shown {@30 mm x 3.2 mm) attached to a rotating target holder with
Fig. 1. All the components of the experimental equipmenthe grazing angle of 10° relative to the incident beam direc-
other than counter telescopes and the electromagnet wefign. The target, withstanding currents up to a@\, was
contained in a steel vacuum chamigeot shown in the fig- cooled from inside the holder by a compressed air jet. A
ure). Part of the chamber was made of plastic to reduce scatypical counting rate of3 rays from stopped?B (*2N) in the
tered B rays. The energy of the scattered electrons is veryg catcher detected by two sets of counter telescopes was 4
much reduced {4 MeV) by the plastic before reaching the kcps (200 cps at a beam intensity of 1A (30 uA). The
p-ray counters even if electrons are scattered by the steghrget wheel rotated at a frequency of 75 ms. The Mo target
wall. The experimental procedure consisted of four stepsribbon was attached to one-third of the circumference of the
These steps are summarized in the following Secs. Ill Atarget wheel as illustrated in Fig. 1. The pulsed incident
Production of the polarized nuclei; 11l B, Recoil implantation heam was synchronized to the rotation of the target wheel so
into the Mg catcher; 11l C and 1lI D, Spin manipulation from that we had the beam on target for 25 ms. During the beam-
polarization to alignment; IIIE,B-ray detection of the off time (50 mg, the target wheel was hidden in a radiation
aligned nuclei. shield to avoid background radiation from the target, and

during this time theB-ray counting and the spin manipula-

A. Production of 2B and 2N tion were performed.

I1l. EXPERIMENT

The B(*>N) nuclei were produced through the nuclear o _
reaction'B(d,p)*?B (*°B(*He,n)'N). A 1.5-MeV deuteron B. Recoil implantation
(3.0-MeV 3®He) beam provided by the 4.75-MV Van de  The produced'®B (*?N) were ejected at a recoil angle
Graaff accelerator at Osaka University was used to bombard0°—75° (20°-55°), which was chosen by the target groove
a 'B(98.0%; B 2.099 ['°B(90.4%; B 9.699 or and the effective area of the catcher so that maximum polar-
108(99.8%; B 0.299] enriched reaction targe{300 ization was obtained. The nuclei were then implanted into a
wglcn?) evaporated on a 0.15-mm-thick Mo backing ribbonrecoil catcher of Mg single crystahcp placed under an
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external magnetic field dfl ;=600 Oe applied parallel to the hvg (3 cog -1 _

direction of the polarization. The typical size of the catcher Em=—hv m+ B |\~ 2 + 77 Sinf B cos 2y
was 15 mmx 20 mm in area and 50@m in thickness. The

maximum recoil energy of?B (*’N) was 0.44 MeV(1.5 X{3m?—I(1+1)},

MeV), and the maximum implantation depth in the catcher

was 1.5um (2.7 um). The energy spread resulting from the 3eqQ

nuclear reaction and the target thickness, resulted in an im- VQ:2|(2|—_1)h- (8

plantation depth in the catcher distributed almost uniformly
from the surface to the maximum depth. The polarization
created through the nuclear reaction was about 12086
and a small alignment of 2%8%) was also produced. The
degree of polarization produced was measured with th
B-NMR (nuclear magnetic resonancechnique by detect-
ing the asymmetrig3-ray distribution relative to the polar- ing resonance frequency, and between substates)—
ization direction with a set of plastic scintillation counter —1, denotedF, , are well i'separated so that a specific tran-
telescopes placed abovep) and below(down) the catcher  gjtion between selected substates can be induced. Here the
relative to the direction of the polarization axis. resonance frequencies are given in a first-order perturbation
calculation byFy = v —vo/2 andF = v +vo/2. The quad-
rupole coupling constant in Mg is knowi9] to beeq@h
=—(47.00.1) kHz for 2B and eqQh=—(59.3+1.7)
1. Principle of the spin manipulation kHz for ¥N. The alignment was created from the polariza-
tion by use of spin manipulation. For the spin manipulation,
The polarization resulting from the nuclear reaction wastwo types of rf applications were used. One is an adiabatic
artificially converted into the alignment with, ideally, no re- t55t passagéAFP) field denoted byF, andF,, which in-
sidual polarization. By the use of spin manipulation, we wergerchanges the populations of two specific magnetic sub-
able not only to produce a large alignment compared with thetates. A typical AFP-field condition fot?B and °N was
small initial alignment produced through the nuclear reactiorng,, = + 15 kHz,t,=1 ms, andH,~ 10 Oe, wherery, is the
technique, but we were also able to create both positive anflequency modulatiort, is the rf-sweep time, and; is the
negative alignments. In this technique we use NMR with amagnitude of rf, respectively. The other is a depolarization
magnetic interaction between the magnetic momenof (D) field denoted byF, andF,,, which equalizes the popu-
12B8(12N) and an external magnetic field, superposed on |ations of two specific magnetic substates. A typibafield
the electric interaction between a quadrupole mont@mif  condition wasF,=+10 kHz, t;=2 ms, andH;~5 Oe.
128(12N) and the electric field gradienf in the Mg single  Applying a set of rf fields, the population in the unequally
crystal. The crystak axis of the Mg catcher was placed separated magnetic substates are equalized and/or inter-
parallel toH,. The interaction Hamiltonian is written &,  changed so that the positive and the negative alignment are
=Hy+Hg, where produced.

Here, v, is the Larmor frequency and and+y are the polar
angles between the principal axis of the electric field gradient
and the external magnetic field. In the present experimental
Bondition B=0° and =0, the energy splits between the
magnetic substatem= 10, denoted~ as a correspond-

C. Spin manipulation

2. Timing program for the creation of alignment

Hu=—uHo, The spin manipulation for the artificial creation of the
alignment ang3-ray detection were performed in accordance
with the timing programs controlled by a microcomputer.
There were two types of newly developed timing programs
used in this experiment. One was a timing program named
“main sequence” program for the creation of the positive
and the negative alignment and the measuremem-ody

Here, | is the nuclear spin of the implanted nucleas;QYh energy spectra from the aligned nuclei. The other was a tim-
is the quadrupole coupling constant, dnd(l_) is the rais-  iNg program named “test sequence” program in which the
ing (lowering operator of the magnetic substare For 2B efficiency of the spin manipulation was checked. Each pro-
and 12N in the Mg crystal, the electric field gradient is sym- 9ram consisted of several production beam cycles synchro-
metric around the crystal axis due to the symmetry of the Nized with the rotating target. _

crystal so that the asymmetry parametgrof the electric a. Main sequence program set of main sequence pro-
field gradient becomes zerg=(Vyyx—Vyy)/Vz,=0. Here ~ 9rams processed fou+r kinds of beam cycles, which are illus-
the electric field gradient is defined by the principal compo-trated in Fig. 2. The\y andAy, cycles for the production of
nents ofV;, =d?V/dX;dX; as|Vyx<|Vyy|<|Vz;] andV,, the positive and negative alignment were the principal part of
=g. In the first-order perturbation calculation, the energythe experiment and measured tfgeray spectra from the
levels E,, for the magnetic substates are unequally split ~aligned nuclei. In theAy, cycle, by applying a depolarizing
because of the quadrupole interaction field Fyy before counting portion | and sequentially applying

eqQ

B 2 N2 2
HE_MT—D 311+ +5(15+12) . (D
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97, <2 Dal
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FIG. 2. New timing program(main sequence progranmand g 4 FOH
magnetic substates populations. The main sequence program is il-5 ~ 12
lustrated in which positive and negative alignment are produced. -§ ‘o B
The regions labeled from | to VI are the counting times. The F ¢l 1
squares and the ellipses between the counting times represent the I'S . +
for spin manipulation. The rf hatched with gray represents the pro- a ® Ajcycle
duction of positive alignment, white represents negative alignment, < 8 KA O Aj;cycle 7]
and hatched lines the destruction of the second componen®Jhe
and Ay, cycles are shown in the upper part of the figure together 10k 0 i
with the change of the magnetic substates populations by the spin
manipulation. After the spin manipulation by use of the NMR tech- t ! } } !

nigue was completed following the end of the production time, 0 10 20 30 40

B-ray counting was started. In the lower part, #i& andPy, cycles Time (ms)

are shown from whicly was determined. A set of main sequence

program consistend of 20 pairs &f; and Ay, cycles, which were FIG. 3. Typical result of the spin manipulation in the main se-

followed by 10 pairs 0Py, andPy, cycles. The sets were repeated quence program. The upper part of the figure is the resul@wf

until the preset counting statistics were obtained. and the lower part of2B. A in the ordinate is the asymmetry pa-
rameter 1 for 2B and+1 for 2N). The full circles are for

an AFP fieldF, before counting portion I, we obtained the the polarization change in th&; cycle and the open circles, in the

positive alignment in portion Il. To confirm the alignment in Ay cycle. The lines in the figure schematically illustrate the change

portion |1, the alignment was converted back again into thef the polarization by the spin mqnipulation. At time zero, the inci-

polarization in portion IIl. Right after counting portion 111, dentbeam was chopped. The alignments were successfully created

alignment with the opposite sign was produced in countin n pqrtlons Iland V._The smaller _p(_)l_.';\rlza%tlon/i\q;I cycle relative to

portion V. To start from the negative alignment in another hat in theAy, cycl_e is due to the initial alignment produced through

T — B . the nuclear reaction.

beam cycle oA\, , we replaced th€ andF | rf set with the

F_ and IfH rf set. The typical result of the polarization _ _ - )

changes irA,, andA,, as a function of time are illustrated in gram consisted of 2_0 pa|rs+éi,\¢,| andf‘M cycles, which were

Fig. 3. The alignments were successfully created in portionéollowed by 10 pairs ofPy and Py cycles. The set was

Il and V. The other parts of the main sequence program werkepeated until a preset counting statistics were obta+|ned. An

the P, and Py, cycles for the measurement of the geometri-ideal spin manipulation yields the alignment &g =

cal center. These cycles were performed to determine the+3P,—Aq)/2 and Ay =(=3Py—Ay)/4, wherePy is the

counting rate ratiaqy corresponding to zero polarization. As initial polarization, Ay is the initial alignment produced

shown in Fig. 2 the time-dependent decay of the polarizatiohrough the nuclear reaction, aAd is the alignment created

produced through the nuclear reaction was measured in the counting portioni. The difference of the positive and the

Py cycle with no rf, while in theP,, cycle the time- negative alignment becomes 4.5 times larger than the initial

dependent decay of the inverted polarization created byolarization A:(AIT_AIT)+(AJ_A\7):4_5PO, which

Fu-F_-Fy rf was measured. A set of the main sequence proreached actual values of 40% féfB and 85% for'°N as
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TABLE I. Result of the spin manipulation. As defined in Sec.

. o X . Beam Counting Time LED[(o
lNIC 2, P is the initial polarization produced through the nuclear  , |°GF T
reaction, @ is the efficiency of the spin inversion defined by the A7 - f 1 u m v eycis
invertedP’'=aP, n(F.) [ 7(Fy)] is the efficiency for creation of S I I o —
the positive (negative alignment,A=(A; —A;)+(Ay —Ay), is AF Beea):Itl - - ]
the effective alignmentAP= (P, —P,)+(Py—Py) is the re- !
sidual polarization in alignment section, amg(P) [T,(A)] is the L
spin lattice relaxation time of the polarizatigalignmeni. Ly 4 F, I | i I l
FL
12 12 s | I
B N L I I v
P (%) 11.25+0.01 20.12-0.06 g B F RE
o (%) ~94.8£0.04 ~94.9+0.09 Bolarizakivn | | 1l 111 |
7(FL) (%) 98.13+0.08 99.1-0.3
n(Fy) (%) 98.29+0.07 99.1:0.3 LBt
~ P I hi§ m v Pr
A (%) 39.99+0.06 84.2-0.4 T Gl
AP (%) —0.09+0.01 0.28-0.05 Next LED 5
++
T,(P) (M9 78.1+0.4 2473 e MT 1 m W HJ: P
o+ | |cycle
T1(A) (my 30.4+0.3 75+8 o =
P R 1 I I v '(
listed in Table I. This large effective alignment makes the

experiment very efficient and reliable.

. b. _Test sequence prpgrarﬁ'.hough an |d_eal Spin-ma- FIG. 4. New timing progranitest sequence prograrand mag-
n'pu"'_Sted _'n Table I. _Th's large eﬁeCt'Ve_ fi“gnmem makesnetic substates populations. The test sequence program is illustrated
the ation yields the difference of the positive and the negay, \yhich the efficiency of the spin manipulation were measured.
tive alignment toA=4.5P, actuallyA varied from the ideal The regions labeled from | to IV are the counting times. The
amount because of the imperfect efficiency of the spin masquares and the ellipses between the counting times represent the rf
nipulation. To determine the true alignment, the efficiencyfor spin manipulation. The rf hatched with gray represents the pro-
for the interchange of two specific populations of magneticduction of positive alignment and white represents negative align-
states & +«a;,;) had to be measured in a set of test se-ment. TheA; and A7 cycles are shown in the upper part of the
quence program. As shown in Fig. 4 five kinds of beamfigure together with the change of the magnetic substates popula-
cycles were used for this determination. They wafeand  tions by the spin manipulation. In the lower part fg, Py , and
A7 cycles for the measurement of the degree of achievemeritr  ¢Y¢les are shown from which the geometrical cegtand the
of spin manipulation for the creation of the positive and theSPIN lattice relaxation tim&@, were (_jetermlned. The test sequence
negative alignment, respectively. The procedure of the tedy ogram was performed f.%rBl (?2’3) In every S_T(lo'h) run of the
sequence program was the same as that of the main sequer??:%m sequence program ("N) experiment.
program except for the absence of counting portions Il and V, D. Mg catcher
where thegB-ray energy spectrum from the aligned nuclei .
was measured. Right after the alignment was produced, tt}% ?tﬁatche_r was _cu;[houtlfrom ?ﬂl])ulk 't\/'% smFgIetﬁryste;It_so
alignment was immediately converted back again to polar- at thec axis was In the ptane ot the caltcher. For the cutling,

ization. Thus, the deviation between the initial and the finaP spark slicer was used to minimize the damage on the sur-
polarization represents the achievement of the applied rf fiel&ace of tnedcr‘gstgl. In the next step, the surfac.ehof .th.e cat'c(:jher
andT;,. A typical result of the polarization change as a func-WagS etched by ; @m at room temperature with citric ac

tion of time in test sequence program is illustrated in Fig. 5,(5/0 concentrationto the thickness of about 50Am, to
where part of the beam cycles are shown. In additif, remove damages and defects on the surface produced by the

p- dp- | 4T by d . h slicing process. After the etching, the residuals on the surface
T, andPy - Cycles measurt_eg andT, by detecting the qqq quenched by deionized water and the water was blown
time-dependent decay of the initial polarlzat_lon. The test Seqf by a jet of dry N, gas. The x-ray diffraction pattern of the
quence program was performed for 1hh) in every 5-h . qia \was checked to confirm the orientation of thaxis

(10.'h) run of the main sequence program B8 ("N) €X- " and the structure near the surface. The Mg catcher was
penment. The results o_f spin _ma_lnlpulatlt_)n are summarizeqh, s nted on the tip of an Al holder of 0.5 mm thickness,
in Table 1. In the table is the initial polarization produced \hich \was attached on the coil holder along with an rf coil.
through the nuclear reaction; is the efficiency of the spin - 16 packing was cooled by water flow to prevent heating
inversion defined by the invertéd’ =aP, 7(F\) [7(FW)]  que to irradiation of the production target and from eddy
is the efficiency for creation of the positiveegative align-  ¢rents created by the rf fields. During the experiment, the
ment, A= (A —Ay)+(Ay —Ay) is the effective alignment, surface of the catcher slowly became contaminated by the
AP= (P, —P,)+(Py—Py) is the residual polarization in sputtered target due to beam irradiation. This resulted in a
the alignment portion, an@;(P) [T,(A)] is the spin lattice decrease in the measured polarization. To remove the con-
relaxation time of the polarizatiotalignmeni. tamination and to recover the polarization, the surface of the
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nent is strongly dependent on the way the surface of the Mg
20 W+ g

ce_ltcher is treated. Thu_s, in the present expeﬁment a spark
I I slicer was used for cutting out a catcher and its surface was

S 15 et +—O— s etched. Every time a newly treated catcher was used, the

& B —— ® Ajcycle .

= o A% cvele amount of the second component was shown to be #&ro,

g T yl =0, within the experimental error by detecting the NMR

8 1o} " Preyele i signal from that component. To ensure the absence of the

k| I v effects from the second component in the final result, we

£ — — ———— destroyed the polarization of the second component by ap-

X ol _ lying a set of rf fields before each measurement of the en-
5 p

< 12y ergy spectra as illustrated in Fig. 2. Moreover, since the crys-

tal ¢ axis of Mg catcher was placed parallel to the external

ok . , , 4 magnetic field, the two sets of resonance frequencies result-

0 10 20 30 40 ing from the main and the second component were well
' ’ ’ : ; separated. Thus the spin manipulation for the main compo-
nent was not affected by the second component at all.

<
!
1

'
[}
I
|

—— E. B-ray energy spectrum

|
|

1. B-ray detectors

The B rays from aligned?B and N in counting portions
Il and V were detected with a 150 mp< 175 mm plastic
—— scintillation counter named thE counter. The counter was
A large enough to measure the entBeray energy and was
— 2g placed abovdup) and below(down) the catcher relative to
the polarization direction. The counter system telescope is
: : : : : shown in Fig. 1. The solid angle of each telescope (1.4
0 10 20 30 40 X 1072 sr/4mr) was defined by two sets of thin plastic scin-
Time (ms) tillation counters named th8 counter (55 mmpx1 mm)
placed right in front of theE counter and a counter named
FIG. 5. Result of the spin manipulation in test sequence prothe A counter(12 mmgpx0.5 mm), which was placed close to
gram. The upper part of the figure is f&iN and the lower part for  the catcher. The cone shaped plastic scintillation veto counter
'2B. Ain the ordinate is the asymmetry parameter( for'*’Band  named theC counter was used to reject unwantgdrays
+1 for 2N).The full circles are for the polarization change in the scattered by the return yokes of the air cB«MR magnet.
At cycle and the open circles, in the cycle. The lines in the g prevent the photomultiplier tubéBMTS) of the E counter
figure schematically illustrate the change of the polarization by th&rgm saturation due to the prompt radiation during produc-
spin manipulation. An alignment was created between the countinggp, time, the high voltage fed to the first dynode of the
portions | and II(lll and 1IV) and immediately converted back to PMTs was dropped during beam-on time so as not to amplify
polarization. The difference of the polarization between portions lthose photoelectrons. Using this method we were able to
and Il (Ill and 1V) is due to the efficiency of the manipulation and avoid unwanted effects in the-ray counting time. Because
to the_Tl. The full squares are_for the polarization change inRke of the long data acquisition tim@everal weeks th'e stabil-
cycle in which no rfwas applied for the measurement of ity of the energy counter system had to be very high for the

Mg catcher was etched every 72 h. For reliable spin manipu@ccurate Qetermination of t'he alig_nment _qorrelation terms. In
lation accurate knowledge of the quadrupole interaction i$h€ experiment, a pulse-height-gain stabilizer was used in the
very important. Recently, we found a new minority location @Mplifier system. A standard light pulse from an light-
of 128 and 12N in Mg (second componen19], which might emitting diode(LED) pulser maintained at a constant tem-
affect the result of the spin manipulation and, in the worstPerature was used at the end of every beam cycle to ensure
case, would have about 15% of population relative to thdhe stabll!ty of theE counter, as illustrated in Flgs. 2 and 4.
population of the well-known majority locatiofmain com- The stablllty of the counter_system was monitored by the
poneni. From detailed studies, it has been shown tiathe ~ change in the center of gravity of tiferay energy spectrum
second component is caused by micrograins introduced int@nd the variation of the center of gravity was found to be
the crystal during the growth process and/or of the cuttinqs/_"Fh'” (0+1)% for both the™B and N spectra. This sta-
and treatment of the crystaR) the ¢ axis of the micrograin ility was suff|C|ent for the precise measurement of align-
is perpendicular to that of the bulk crystal, af®l the abso- ment correlation terms._The small t|me-dependent energy
lute value of the electric field gradient for the second com-Shift was properly taken into account as a systematic error as
ponent is the same as that for the main component and pefiscussed later.
pendicular to thec axis of the bulk crystal. The coupling

constant for the second componenegQ h~ —45 kHz for

2B andeqQh~ —60 kHz for >N with q vertical to thec Real events were selected by the trigger signal
axis of the bulk crystal. The amount of the second compoANBNCNE in the coincidence unit. Furthermore, two sig-

A x Polarization (%)
I do &

T T

] 1

5
|

é

2. Trigger signal
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120F - - tioned above to reject all the unwanted events. The selected
2 100} true events were digitized by the ADC after being amplified.
2 gL 2p The spectrum data were finally read out through a CAMAC
O crate controller. The linear signals that originated from the
5 60- LED standard light pulser were led to the gain stabilizer
g_ 40l loop. The gain shift of the system, detected by the change of
© pulse height of the LED light, was fed back to the amplifier
S 20 so as to cancel the gain shift.

4. Counter response function

The B-ray energy spectrum from unoriented nuclei is
given as

Residual

S(E)=pE(Eq—E)*F(+Z,E)[1+Ro(E,E0)], (9

= ~ whereF (£ Z,E) is the Fermi function an®y(E, Ey) is the
20 radiative correction. The measurgdray spectra, however,
varied from the shape given IS(E) because of the response
of the B-ray counter.8 rays in the plastic scintillation
counter loose kinetic energy by electric excitation in the
plastic and by the bremsstrahlung process. Since the energy
5| deposition by the monochromatig ray in the plastic has a
low energy tail in the pulse height spectrum, because a part
of the bremsstrahlung may escape from the surface of the
counter without depositing its energy in the counter, and also
has a high energy tail because of the positron annihilation, a
simple minded theoretical response function does not repro-
duce the lower energy tail and the shape at the higher energy
tail at all. Scattere@ rays in the Mg catcher also contributed
to the lower energy tail. Thus in the present analysis the
0 5 10 15 character of the monochromajizray energy deposition was
B-Ray Energy (MeV) studied based on Monte Carlo simulation of the electromag-
netic cascade showekGs4 [20]. The response function
FIG. 6. 8-ray energy spectrum of?B and >N. The upper part R(X,E) of 8 ray with monochromatic enerdy is dependent
shows a typical energy spectrum ¥B and the lower part ofN. upon the energy deposit functidify,E), which was simu-
The dots are the experimental data and the solid lines are the best fifted using theecs4 code taking into account the geometry
of the simulated energy spectrum to the data. Together with thef the counter system and the NMR chamber and the effects
spectrum, the residualsNG,;— Ni)/Ngy, are plotted, wheréNe,,  of annihilation gamma in flight and also the one or two pho-
and Ny, are the experimental data and the fit result, respectivelyigng escaped in scintillator were taken into account. The re-

The errors are from the experimental data. The fitting regions Wergponse function is given by the energy deposit function con-
4.1-13.0 MeV for”B and 4.6-15.1 MeV for'™N indicated by | quted with the counter resolution

arrows. For this typical spectrum we had/v=1.29 for 1B and
1 (x=y)?
R(X,E):f f(y,E) F{_ 5
20

x?/v=1.00 for ¥N.
—eX
N2mo

Ic-ilerex is the observed energy,is the energy deposit, ang

és the resolution of the counter, wheweis expected to have
the form oo E and oy is a constant. Thus, the observed
energy spectruriV(E) is given by the statistical shajE)

in EQ. (9) convoluted with the response function

103 B-Ray Counts
=
T

Residual

dy. (10

nals arriving within the timing interval of 500 ns were re-
jected as pile-up events. The signals from these rejecte
events were consistent with back-scatteferthys or cosmic
rays. The resultant events were further inhibited during th
10 us busy time of the analog-to-digital convert&DC).

All the discriminators were inhibited during beam-on time
and rf time.

3. Linear signal W(E)=f S(u)R(E,uw)dpu, (17

To ensure as high a counting rate as possible the linear
signals obtained from the dynode of the PMT whereE is the observed energy andis the incident energy.
(HAMAMATSU R1250) of an E counter had a relatively The reliability of the simulation was checked by measuring
short decay constant of aboutuls and were further short- monochromatigd3* and3~ rays using a spectrometer. From
ened by the delay line clipping method to about 500 ns. Aftethe experimental check, we find a{®0)% difference be-
the clipping they were selected by the trigger signals mentween the lower energy tail of the shape of the experimental

015501-8



NEW LIMIT OF THE G-PARITY IRREGULAR WEAK . .. PHYSICAL REVIEW C65 015501

response function and that of simulated one, which was?B(E,,~13.369 MeV, 2°F(E,,t=5.390 Me\}, and
taken into account in evaluating a systematic error. The ob28p|(E,, ~=2.863 Me\j were produced and measured. For
tained simulated energy spectrum was used for the jgast the 12N experiment, *’N(Egn= 16.3161 MeV, *%P(Eqnq
fitting to the measured energy spectra. A typical result of the=3.210 MeVj, and *°O(E,,& 1.732 Me\} were produced
fitting is shown in Fig. 6. The fitting parameters were theand measured. In the extraction of the end-point energy, the
zero energy channel, the end-point channel, and the normalast y? fitting of the simulated energy spectrum was per-
ization of the amplitude. In this fit, the counter resolution formed in which the free parameters were the Zero_point en-

00=0.12 MeV* for the up counter system and, ergy, the end-point energy, and the normalization factor.
=0.08 MeV ! for the down counter system were used.

These values were determined by fitting the simulated energy IV. ANALYSIS
spectrum to another set of experimental data obtained for the
determination of the resolution. We found excellent agree-
ment between the simulated spectrum and the experimental The alignment correlation term can be extracted from the
data. B-ray counting ratio of positively and negatively aligned nu-
clei for a givenp-ray energyE; =E;+ AE. In this analysis,
E; ranged from 5 MeV to 13 MeV in total energy fdrB

The energy scale was determined by measuring the ena@nd from 5 MeV to 15 MeV in total energy fot?N and
point energies of3-ray spectra from sever@d emitters pro- AE=0.5 MeV. The double ratio of up or down counters in
duced through nuclear reactions. For th® experiment, portions Il and V in the main sequence program is defined by

A. Principle of the extraction of B,/B

5. Energy scaling

ol

TNy (E) T™NG(E) B
Bol(

TNy (E) TNy (E))

Ei)ipﬁrBl(Ei)+A|TBz(Ei) Bo(Ej) * P\J;Bl(éi)"_A\J;BZ(Ei)
E)) =Py By(E) +A) Bo(E)) Bo(E)) =Py B1(E) +AyBy(E))

Ruon(Ei) =

UorD
(12)

UorD

whereT* andT* are the possible time-dependent asymmedn the actual analysis the higher-order contributions from the
try in the B-ray counting inA,, andAy, cycles caused by the alignment and the small residual polarization were properly
intensity fluctuation of the incident bearN,-i are the@B-ray  taken into account by directly solving E(L2).

counting from the positive- and the negative- alignments

in counting portiorj in the main sequence program, and the B. Weak magnetism
upper and lower signs are for up and down counters, respec- )
tively. Here it should be noted that in E€L2) the time- We shall extract the strength of the induced tensor current

dependent asymmet§* and T* are completely canceled from the experimental data on th&ray asymmetry. As is
out. Neglecting higher-order contributions from the align-S€en in Eq.(5), this is possible if the weak magnetism is

ment and the residual polarization, the alignment correlatiogiven to a good precision. In the strong form of the CVC, the
term is ideally given by weak magnetism appears in the ratio of the nuclear matrix

elements of the vector and the axial vector current,

BoE)|  _Ruon(E)-1FAP
Bo(E) J o A 1 v
; T
whereA= (A —A,) +(Ay —Ay) is the effective alignment f A
and AP=(P,; —P,))+(Py—Py) is the residual polariza-
tion caused by the imperfect spin manipulation, which was
negligibly small|AP/A|<0.35% as shown in Table I. More- 1 fV{(l_ZMfW/fv)f ‘T+f ']
over, summing the alignment correlation terms obtained =7 5M
from up and down counters, the small but finite effects of the fAf o
residual polarization can be rejected as
Bo(E) _1|[Ba(E)| | |Ba(E) ny !
Bo(Ei) 2 |[Bo(E)], [Bo(ED], RN R _f ; (15)
g

=—[Ry(E)-1+Rp(E)-1]. (14 _
2A where u, and i, are the anomalous magnetic moments of
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the free nucleon withu =1+ u,— u,=4.706. In this expres- Although there is a possible contribution of 2.9% for the
sion we have suppressed exchange currents terms for siraxchange currents to the individual matrix elemehds the
plicity. effects are mostly canceled in the ratipdf) - /(f )o. The
The presence of the weak magnetism is direct proof of theuclear model we have adopted in calculatifigr] - /(f o),
strong form of CVC, namely, the universality of the mag-is given in the next section. The nucleon wave functions are
netic form factors between the isovector component of thdound so as to fit the separation energy of each nucleon. For
electromagnetic and the weak interactions. As a result many°C we adopt an average of nucleon wave functions*fér
experiments to detect the weak magnetism have been pegind *°N. In this model we have (o)~ /(f ¢)o=1.026 and
formed. In these experiments, the spectral shape iBtheey  0.975 for the electron and positron decays, respectively.
energy spectrum is slightly affected by the weak magnetism Now we derive (V), and (fA)- for the experimental
and is given bydW- (E)/dExpE(E,— E)?(1+8aE/3). Al- data of they- and B-transition rates. The/-decay width of
though several measurements of the spectral shape facttite analogM1 transition'’C* (15.11 Me\} — '%C (ground
have been performd@1], we did not use those experimental stat¢ is precisely measured through the photon or the elec-
results in determining the value of the weak magnetism. Theron scattering ort°C. The y-decay widthl",, can be written
precision of the results is not high due to the unavoidableisryz|(fv)o|2aE~°;/6|v|2, whereE,, is the energy of they
p-ray scattering problem and the lack of the knowledge ofray under consideration and is the fine structure constant.
the detectors response to monochromgtiays, although all TheT',, was evaluated from the 12 data of experimd@®,
the data are consistent with the CVC prediction. which employed photon or electron scattering. The weighted
The best quantity to determine the weak magnetism is thtnean value of all the available datalis=(38.2+0.6) eV.
transition strength of thé11-y ray decaying from the 15.11- | the derivation of (V),, the isospin mixing of ther=0
MeV excited state in‘*C to its ground state. The 15.11-MeV component from the 12.71-MeV excited state ¥C was
state forms an isospin triad tog'e'ther with the ground states Qroperly taken into accouri£3]. An admixture of 6% given
12B and '°N. We use the transition rates of the ma#ss 12  in the study of the electron scatterifigd] is adopted in the
system ing and y decays to evaluate the magnitude of thepresent analysis. The 6% isospin mixing results in an en-
weak magnetism and we modify the formuled) slightly as  hancement of the weak magnetism by 0.6% and thus the
below, effect of the possible variation of the assumed value of the
mixing on the weak magnetism is small. The ratio of fhe
2a=a_+ay, (16)  values of the Gamow-Teller transition and the super allowed
_ 0—0 transition is related to the axial vector matrix element
with as in the following formula:

I, o )4
|

2

F

2 9

The experimentalft values adopted arét(*’B)=(11668

+54) s andft(*2N) = (13 183+-91) s. We obtained the ratio
E= of nuclear matrix elements,

[

I Kl It
fo

J

J4,

Finally, the experimental value of the weak magnetism is

where the subscripts-, +, and 0 stand for the electron, detéermined to be

positron, andy decays, respectively. In E¢L7), (fV), and

(JA)+ can be determined experimentally. There are, how- a= 4.04-0.03
ever, no experimental data ofi\{) - to good enough preci- 2M
sion for our purpose. We adopt theoretically estimated values

(fo)z /([ o)y in place of (V)= /(SV)g. The approximation in the 1o level, where the error comes from the contribution
is justified since the nuclear matrix elements of the isovectoof the statistical error of’,, and ft values, which is taken
currentfV is dominated by [ o and a small contribution of into account as a systematic error in the final result. We
less than 1% fronf| term, which may depend on the charge notice here that the different nuclear models for
asymmetry. This means that the possible asymmetry of théf o)+ /(f o)y do not introduce any significant effect to the
weak magnetism contributes only a small fraction of the 1%numerical value in Eq(20).

= _402:0.03 and— =—4.06+0.03.
(17) -

(19

N

<

—

>
|

S
o

(20
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C. Possible asymmetry in the axial charge the paper of Guichon and Samdi®0], which studied pos-

sible charge asymmetry in nuclear form factors appearing in

the B8 decays of the\= 12 system. They estimated this asym-

p-shell nuclei. Deviation from unity of this ratio is expected metry by mul_tiplying transition operators With th_e factors

if there is a difference of nuclear structure in mirror nuclei.WhOS.e numerlgal values are those_of overlappmg integrals of
the single-particle wave functions in Blomgvist's wdik6].

(There would be the effect originated from the induced teNrhis method is, in principle, good for the Gamow-Teller ma-

sor current in theg decay. This was eliminated in the case of vy elements but not justified for the axial charge operator,
the massA=8 system by studying the dependence on th&jnce it contains the derivatives of nucleon coordinates
maximum electron energ§25].) Blomqvist explained this through the nucleon momentum operator. In &4, this is
asymmetry by investigating the difference of the nuclearcorrectly performed by taking into account the derivative
structure due to the binding energy difference of the decaypperators operating on the nucleon wave functions explicitly.
ing nucleons in the mas&=12 system[26]. At the same  Although there is no explicit value aiy in Ref. [30], we
time, Wilkinson made an extensive investigation on the samean easily evaluate it by using their numerical tables. We
subject with an essentially identical method as that of Blom-obtainedAy=0.058 for the Hauge-Maripuu model. Further-
gvist in a wide range of the@®sd-shell nuclei and discussed more, we can also use their numerical tables for the Cohen-
nuclear structure effec{®7]. As is seen in these two inves- Kurath model and we obtaity=0.059. This shows that the
tigations, the mirror asymmetry of the Gamow-Teller matrix variation due to configuration mixing parameters is negli-
elements is sizable due to the charge asymmetric nuclegible, at least, forAy, although it is sizable for absolute
structure. Thus it would be worthwhile to study such an ef-values of matrix elements and there still remains the effect of
fect in the axial charge, even though most of the investigathe derivative operator.
tions of B-ray angular distribution or correlation-type experi-  Finally, we adopt here the theoretical value
ments usually assume the charge symmetry for the mirror
decays, because the physical observables in these experi- y+(N)—y_(¥B)
' . ) Ay= =0.10+0.05 (theory. (21)

ments are related to the ratio of the nuclear matrix elements. 2
For the present measurement of the alignment correlation
term, not only are the counting statistics high but also therhe ambiguity =0.05 is conservatively assumed to cover
experimental technique and the theoretical analysis are relfwo other values 1.13 and 0.06. In the analysis, we evaluated
able enough to consider such contribution from charge asynPur present experimental result as
metry.

The strength of the induced tensor current is derived from
the observed quantity with an estimated valueAgf given
by a theory, see Ed5). Herey is defined by the ratio of the
axial charge to Gamow-Teller matrix elementsy Here the contribution of the exchange currentsAtp is
=—2M/[ivysr/f o, andAy is the difference ofy_('?B) and  relatively small compared with the aboxey values. This is
y. (**N). We have two publications available fay. First of ~ because the matrix elements of the axial charge due to the
all we introduce here the theoretical valuesA§ in Ref. exchange currents consists of parts coming from the core and
[14]. They adopted the method by Blomqvj&6] but with  valence nucleons while those in the impulse approximation
the Hauge-Maripuu mod¢R8] with seven parent states for are due to the valence nucleons only.
the residualA=11 system.(Ref. [26] adopted the Cohen-
Kurath model[29] with three parent statgsThe Wood- D. Systematic corrections and errors
Saxon central potential depth parameter is varied so as to fit

. . We made some systematic corrections to our experimen-
the correct separation energy for the decaying nucleon fotrall determined alignment correlation terms and evaluated
each parent states, which is 3.370 MeV 88 and 0.601 Y g

MeV for 12N. Potential parameters other than the centraltehrfolgCgr;?rlgggsnongof:r(;zﬁt(')?gi gi;::r&seﬁﬁézdassystematlc
depth are the same as those in H&6|. As a result, they '

Possible charge asymmetry in the miri8rdecays was
once discussed in connection with thievalue ratio of the

f
oM -

fr
2M — "

+Ay. (22
fa

fit

expt

obtainedAy=0.10(denoted by the Blomgvist model in Ref. B,(E) B,(E)
[14]) with a good fit to theft-value ratio. In order to see a 27 =]] c;x 2 , (23
variation of the valueAy by a simplified model, they as- Bo(Eplcon 1 Bo(ED | Uneorr

sumed a similar model as above but with a fixed Wood-

Saxon central potential of 40.2 MeV by neglecting the parentvherei’s are (), P, branching ratio(BR), responsgRES),

state dependence. This modelenoted by WSWF in Ref. and HD defined below anfdranges from 5 to 13 MeV for
[14]) gives Ay=0.13, with a fairly large deviation of the 2B and from 5 to 15 MeV for'?N by 1-MeV steps. Since
ft-value ratio from experimental data. They also gave ahe alignment was deduced from the observed polarization
value ofAy=0.22 for a simple harmonic oscillator model by averaged ovepB-ray energy, corrections to the observed po-
adjusting the oscillator strength parameters to fit the obiarization and hence to the alignment are energy indepen-
servedft-value ratio, just for the purpose of estimating thedent. Corrections of the alignment correlation terms them-
order of magnitude foAy. Therefore, this value is not used selves are energy dependent. The correction factors
in our further discussion. On the other hand, we have to refeconsidered in the present analysis are summarized in Table
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TABLE II. Correction to the alignment correlation terms and systematic errors. The values of energy-
independent part multiplied by the energy-dependent @éE) shown in Fig. 7 are listed, whel€ is the
B-ray total energy. The values of the systematic errors are given in relative percentage to the alignment
correlation coefficient and the absolute values of the total systematic errors are shown in the last row.

lZB 12N
Correction C error (%) C error (%)
Solid angle 1.054 0.33 1.055 0.36
(p/E) 0.997 <0.01 0.998 <0.01
Polarization correlation term 1.001 0.01 0.974 0.02
Alignment calculation 0.08 0.24
Energy scaling 0.50 0.50
Beam position 0.80 0.20
Catcher thickness 0.29 0.28
Decay branch 0.988gR(E) 0.03 0.97TgR(E) 0.03
Counter responsg CredE) 0.80 CredE) 0.81
HD* admixture? 0.990Cp(E) 0.13
Sum 1.31 111
Total systematic error in alignment
correlation coefficient (1/2) <0.01 0.06

#These corrections have contributions from both the energy-independent and -dependent parts.

Il. The energy-dependent corrections are illustrated in Fig. from the catcher. The correction factor affects the slope of
in solid lines together with the total correction in dotted the alignment correlation terms by5.38% for ?B and
lines. The effects of the corrections of the alignment corre-+5.51% for 12N.

lation terms on B1f;/f4 andy can be roughly estimated  b. g-ray energy dependence of the angular distribution.
from the change of the slope of the alignment correlationn the g-ray angular distribution, the polarization term is
terms as a function of thg-ray energy(alignment correla-  given by T P(p/E)(B;/By)P;(cosf). Because the factor
tion coefficient as shown in Eq(S). The systematic errors (5/Eyg. /B, is slightly deviated from unity, the difference

are also shown in Table Il in relative percentage to the slope,aads to be corrected. The correction fadByr is energy
Each correction is explained briefly below. independent and is givén by

a. The finite solid angle of the-ray detectorsThe degree
of alignment was deduced from the polarization. The polar-
ization term, however, has a different angular distribution
from that of the alignment. Since the counter solid angle was
finite, the observed polarization is the average of the
P,(cos#) dependence over the present solid angle while the
alignment correlation term is the averageRof cos6) depen-
dence as shown in Eq3). Thus the calculated alignment
correlation term has a correction factor
JP1(cosd)dQ/[P,(cosh)d(). The actual angular distribution,
however, suffers from the scattering effect caused by the Mgyhere theR(,E) is the counter-response function. This fac-
catcher and thus the distribution is modified. This was takefor affects the slope of the alignment correlation terms by
into account by th&Gs4simulation[20]. The correction fac- g 2194 for 128 and — 2.82% for 12\.

tor Cq is then given by c. B-decay branchesThe 8 decays of'?B and *°N have
small decay branches to the excited states?6f Since the
branch to the first excited state has a different maximum
B-ray energy and a change of spif 42" from that of
main branch to the ground state, which results in the change
of angular distribution, the measured alignment and polariza-
tion are distorted due to the small mixture from the branch.
The latest branching ratiqd.28% and 1.898% fot’B and
12N, respectively were used for the correction. The energy-
dependent pai€5x(E) and energy independent p&fy of

the correction factors are given by

f f S(u)P(p/E)(B1/Bo)R(u,E)dudE

CP= ’ (25)

| [ stwriuErduae

ffpl(cose)g(a,E)S(E)dEdQ
CQ:

: (24)
fsz(cosa)g(e,E)S(E)dEdQ

whereg(6,E) is the scattering effect of thg rays emitted
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cal shape due to the response of fBieay counter as dis-
106 ’ Crga | cussed above. Because of the response, the alignment effect
! at the given energy spreads out into another energy region.
o 104} - The correction factoCre4 E) for this effect is energy de-
g pendent and is given by
£ 102 i
8 f S(w)R(w,E)dp
g LO00F 1 CredE)=E ; (27
E | stwpr(uEdn
o 098} -
which affects the slope of the alignment correlation term by
0.96 - - —3.86% for 2B and —4.07% for 1N.
e. Admixture of thedD™ beam in the*He beam In the
094} - production of 2N a small but finite admixture of HD beam
produced'?B, to disturb the measuretdN energy spectrum.
The HD' can be mixed in théHe beam through the residual
H and D atoms on the wall of the ion source and in the canal
Look | of the gas inlet forming HD molecules, and ionized and ac-
5 celerated by the Van de Graaff accelerator. Since the mixed
5 HD" in 3He beam cannot be separated out by the analyzer
ot magnet, it hit residual*’B in the *°B enriched target
£ o095k | [1%B(90.4%; B 9.6%) or °B (99.8%; B 0.29%)] and
5 produced unwanted?B through the*'B(d,p)*?B reaction.
g Due to large cross section of the,p) reaction, this con-
) tamination can be significant with even a small admixture.
O 090k i This contamination was monitored from the analysis of the
) B-ray time spectra and the polarization correlation term,
which is sensitive to the admixture éfB, to obtain the ratio
of the yield of the unwanted?B to that of N to be (1
+0.5)%. The energy-dependent pﬂﬁD(E) and energy-
0.85 1 L . 1 ! . P . .
4 6 3 10 12 14 16 independent parC/, of the correction factors are given by

B-Ray Total Energy (MeV)

FIG. 7. Energy-dependent and total correction factors. The total A f [SCR)F Sinl ) Jdpe
correction factor is defined in ER3) asCry=1I1;,C; . The energy- Chp(E) =
dependent correction factors fdfB(upped and 2N(lower) are f S(u)R(wm,E)du
shown in the solid lines as functions @fray total energy in the

analyzed energy region. The dotted lines are the total correction

factors, which include energy-independent part. Each correction J f S(u)R(w,E)dudE
factor is defined in Sec. IV D. CEID:

» | [ 15+ St 1R E 0t

. (29

9 f Sy(w)R(u,E)dp

Car(E)=| 1— 0 , respectively. HereS is the mixed?B energy spectrum.
f S(w)R(u,E)du These factors affect the slope of the alignment correlation

terms by—0.25% for 2N.
f. Propagation of the error in the observed alignmértie
3 f Sy()R(u,E)dudE error in alignment affects evenly all the data points of differ-
cP 1> (26) ent energy bins. Although the origin of the effect was statis-
BR™ ’

2

tical, the error was taken into account as a systematic error
f S(p)R(p,E)dudE from the nature of the error.

g. Energy scalingThe energy scale was experimentally
respectively. Heres, is the g-ray spectrum of the decay to determined by producing severgtemitting unstable nuclei
the first excited state of’C. These factors affect the slope of and by detecting their end-point energies. The nonlinearity of
the alignment correlation terms by 0.42% for 2B and the scale, which was mainly caused by the gain shift of the
—1.48% for 12N, counter system during the long run, directly affects the slope

d. Response function of tiferay detectorsThe observed of the alignment correlation term but the sensitivity of the
B-ray energy spectrum is distorted from its original statisti-present procedure to the nonlinearity is limited. The stability
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T T T T TABLE lll. Result of the theoretical curve best fits to the data.

The results of the data obtained in the present and 1996 studies are
] summarized. Errors are evaluated at a 90% CL and all the values

are in units of 1/R1. The asymmetry in the axial chargky
=0.10+0.05 discussed in Sec. IV C was used.

~ Study Mfr/fa Error

S stat. syst. theory

=

& n Without Ay

'5 Present -0.31 0.09 0.07

% Previous(1996 -0.02 0.17 0.15

=

S With Ay

g Present -0.21 0.09 0.07 0.05

E Previous(1996 +0.08 0.17 0.15 0.05

cj) —

2
Mean —-0.15 0.12 0.05
Study y Error

stat. syst.
2001 Data
Present 4.96 0.09 0.05
-6t L L 1 = Previous(1996 4.65 0.17 0.14
0 5 10 15 Mean 4.90 0.10

B-Ray Total Energy (MeV)

FIG. 8. Alignment correlation terms dfB and *°N obtained in . . . .
the present study. The corrected alignment correlation terméof figure the fqll circles are.the preser)t alignment correlation
and 12N are shown as functions g8-ray total energy. The full terms used in the extraction of the final resul_t ar_1d the open
circles are the data used in the extraction of the final result and opeifcleés at low g-ray energy are not. The solid line is the
circles are not. The solid lines are the theoretical curve’s best fit téheoretical curve’s best fit to the data as discussed below.
the present datg?/v=1.02 was obtained.

of the counter system was monitored by the change in the A. Resilts of our present study
center of gravity of theg-ray energy spectrum and was  The G-parity irregular induced tensor term should be de-
found to be within=1% for both the'B and 12N experi- termined by considering the higher-order effects. With this in
ments. The possible effect within the present sensitivity wasnind, we have adopted a formulation of the angular distri-
taken into account as a systematic error. bution, which introduces higher-order partial waves for lep-

h. Incident beam position on the targéthe gravitation tons, Coulomb corrections for the finite size of nuclei, and
center of the incident beam irradiated on the production tarradiative correctiongl5,16. Using the full formula, we have
get may slightly move within the designed region during themade a leask? fit of the theoretical curves fot?B and 12N
long run, which resulted in a slight change in the distributionsimultaneously to a set of’B and °N data resulting in
of the recoiling nucleus on the surface of the catcher. Theslightly curved lines for alignment terms as functions of
B-ray scattering effect and the energy loss in the catcheB-ray energy shown in Fig. 8 as solid lines. The experimen-
depends on that distribution and thus is affected by the beart@l data points used for the extraction of the final result were
position changes. This effect was evaluated by Hes4  from 4.5 MeV to 13.5 MeM(data points of 5 MeV-13 MeV
simulation and taken into account as a systematic error. in Fig. 8 for B and from 4.5 MeV to 15.5 Me\Vdata

i. Catcher thicknessAs previously described, the Mg points of 5 MeV—15 MeV in Fig. 8for 12N. The free pa-
catcher was etched every 72 h because of the decrease in tteameters for the fit weré; and the axial chargg.
polarization due to the contamination on the surface of the From the fit of the theoretical curves to the experimental
catcher. Each time the Mg catcher was etched, its decrease data, we obtain the results listed in Table Ill, where we had
thickness affected thg-ray scattering effect and the energy the reduceck® minimum, y?/v=1.02, v being the degree of
loss in the catcher. The effect was evaluated by #ie4  freedom of the fit. In order to extra€t, the experimentally
simulation and taken into account as a systematic error.  determined weak magnetism= (4.04+0.03)/2M, given in

Sec. IVB was used. We haveMX;/f,=—0.31+0.09
(stat)=0.07 (syst) andy=4.96+0.09 (stat) +0.05(syst) at
V- RESULT AND DISCUSSION a 90% confidence levéCL), where the possible asymmetry

The alignment correlation terms were obtained as a funcin the axial charges is not initially taken into account. Fi-
tion of the B-ray total energy as shown in Fig. 8 after the nally, considering the charge asymmetry in the axial charge,
careful consideration of the corrections and errors. In thisAy=0.10+0.05, discussed in Sec. IVC, we obtained the
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form factor of theG-parity irregular induced tensor term quark massesn,=5 MeV andmy=9 MeV, were used. It is

from the data obtained in the present study as noted that the contribution from the electromagnetic effect is
f small.
2M 1 =—-0.21+0.09 (stat)=0.07 (syst)=*=0.05 (theory
fa (29 C. Kubodera-Delorme-Rho model
29

Since our focus is wittB decay of complex nuclei, in the
formalism, anyG-parity irregular signal will stem from the
ei\INev vertex and meson exchange current effects. In the
following we take into account the mesonic contribution and
the off-shell effect following the Kubodera-Delorme-Rho
(KDR) model[31]. In the formalism we consider the process
B. Combined results of our present and earlier studies w— mev to be the most likely direct mesonic source of a

To combine the present result with the previous oneG-parity violating current, since theNN coupling constant
obtained in the year 199(13], we applied newly studied is large and thew is the lightest meson with appropriate
systematic corrections to the alignment correlation terms obguantum numbers. The meson is emitted by one nucleon
tained in the work of13] and considered systematic errors. and ther is absorbed by another, the— wev decay taking
We did not include results obtained in 1985 and 1992, whictplace between the two nucleons. The- wev process is
were also discussed [13] because they have large system-G-parity irregular because and are of the sam& parity
atic errors resulting from the counter response and from thevhile the G parity associated with the leading term changes
unknown hyperfine interaction in the Mg catcher at that time sign in the axial weak hadronic current. In a complex nuclei,
which has been solved in the present and the R} ex- nucleons are of the off-shell. The induced tensor term takes
periment. The main part of the reanalysis of the systematithe expanded form
correction was made in th@-ray scattering effect in the Mg
catcher, which affects the correction of the counter solid if o\ K, 5= (fro K, vs+if TPy vs). (33
angle. The correction facto€,=1.031 for the alignment ) ) ) .
correlation terms was replaced by 1.054 188 and by 1.055 Here the second term is associated with an exchange-

for 12N. As a result from the reanalyzed data obtained in theducedNN pair andk and P refer to the difference and the
year 1996 we have sum of the initial and final nucleon four-momenta, respec-

tively. This leads us to define the constant

at a 90% CL. This result is consistent with but more precis
than previous result§12,13. The induced tensor term is
vanishingly small ands symmetry is well maintained.

fr

2M +0.08+0.17 (stat)*0.15 (syst)=0.05 (theory) {=—(fr+f4). (34)

(30

fa
The w— wev exchange term is measured by a form factor

. F., which leads to the exchange related constant
at a 90% CL. The systematic errors due to Bieay scatter- @ 9

ing was added, which turned out to be small relative to the 3.2 =

J . . . Mz9anN| ., 9anNFo
original one. In this result the asymmetry in the axial charge = > - 5 (35)
was taken into account. Finally, combining the previous and 247M 9annmy,

present results we have , ) .
In this model the correlation coefficient is denoted and

is expressed by using a parameter containing the coupling

f_T =—0.15+0.12+0.05 (theory (31  constants for exchange and off-mass-shell currkns

2M
fa
k={+NL~—f, (36)

at a 90% CL. Here the quadratic sum of the statistical and the

systematic errors was used for the weight of the sum. IfhereL is the matrix element of the two-body-transition
another form, adding these errors we have operatorg31,32. In the KDR model, thus, th&-parity ir-
regular observables may be expressed with a combination of

f { and A and these contributions cannot be separated in a
—0.31=2M —<0.02 (32)  single experiment on a single pair of mirror transitions.
A To set a constraint on the KDR parameters with the results
of the latest correlation experiments in other mass systems,
at a 90% CL. The induced tensor term turns out to be vanwe will follow the analysis in Ref{32]. For this purpose, the
ishingly small andG symmetry is maintained. Recently, a statistical error of the present result in E§1), which was
theoretical prediction of; [11] was calculated based on the evaluated at a 90% CL, is reduced to the [evel to have
QCD sum rules. In this QCD framewofk is proportionalto  2Mf;/f,=—0.15£0.09+0.05 (theory) in order to com-
the mass difference between the up and down quarks roughbjine the other experimental results. From the present result
estimated to be @ f/f,~(m,—my)~0.004. The precise we havex=—(0.10+-0.09)x10 3 MeV 1. Also we have
calculation gives BIf;/f,=+0.0152-0.0053, which is «=—(0.19+0.18)x10 3 MeV ! from theB-a correlation
consistent with the present experimental limit. Here the freeexperiment in the masA=8 [8,33], and «=—(0.27
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eliminate the largest systematic error in the previous experi-
ment a new timing program for spin manipulation gday
counting was developed. This resulted in reducing the sys-
tematic error by 1/2. Also thg-ray energy counter response
to the monochromatigd ray was studied by means of the
Monte Carlo simulation codecs4 As a result a good agree-
ment between the experiment@iray energy spectrum and
the simulated one was accomplished. From the present mea-
surement we have the coefficient of the induced tensor term
as Mf/fa=—-0.21+0.09 (stat.}-0.07 (syst.}x0.05
(theory) at a 90% CL, which is consistent with but more
reliable than previous results. If we combine the present re-
sult with the previous result in 199@3], the corrections and
systematic errors of which were newly considered and ap-
plied, we have #1f;/f,=—0.15+0.12+0.05 (theory at a
90% CL, which is consistent with the theoretical calculation
based on QCD in which the induced tensor coefficient is

proportional to the mass difference between up and down
FIG. 9. Limits on the KDR parameters. The slopes indicated byduarks. In the framework of the KDR model we determine
the massA=8 and 20 are the experimental results frfgi83 and  the amplitude of theG-parity violating parameterg that
[9,34), respectively. The ellipse is thg=1 contour. originate from theNNev term and the exchange and off-
mass-shell currents N\, as (=-(0.12£0.14)

+0.40)x 102 MeV~! from the B-y correlation experi- X107° MeV™* and \=+(0.30+0.88)x10 ° in the 1o
ment in the mas# =20 [9,34]. The constraint on the KDR level. In this extraction the results of correlation type experi-
parameters is shown in Fig. 9. In this extraction we used th&ents in the mas&=8 and 20 other than our result were
values ofL without short range correlation in RéB2]. The  considered. Here the binding energy difference between mir-

solid ellipse is ay?=1 contour for these three correlation ror pairs has been considered only in the mass12 sys-
experiments. We derive in thesllevel, tem. In order to have a more accurate result, the measure-

ment of the alignment term in the ma&s=8, 20 and other
mirror mass systems are going to be performed. Also the
theoretical works on the charge asymmetry between mirror
pairs and on the nuclear-model-dependent matrace very

. uch awaited.
Here it has to be noted that the present result was correcte‘g

for nuclear-structure-dependent binding energy effexys

and the other two were not. For a more detailed discussion, _
we are going to measure the alignment correlation terms in The authors express their thanks to G. F. Krebs at
the massA=8 and 20 systems. Also theoretical studies inLawrence Berkeley National Laboratory for valuable discus-
b|nd|ng energy difference between mirror pairs and in theSlons. We also would like to thank the crew of the Van de

matrix element of the two-body-transition operatdrsare ~ Graaff Laboratory of Osaka University, M. Sakamoto, T.
highly needed. Sakurai, and K. Ohsawa. The present work was financially

supported in part by the Japan Society for the Promotion of
Science for Young Scientists and by the Grant-in-Aid for
Scientific Research from the Ministry of Education, Culture

We have measured the alignment correlation terms in thand Science, Japan, and also by the Yamada Science Foun-
B-ray angular distributions fromt?B and '>N. In order to  dation.

{=-(0.12£0.14x 10 3 MeV 1,

A=+(0.30+0.88 x 10 3. (37
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