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New measurement of theb-g directional correlation in 22Na

C. J. Bowers, S. J. Freedman, B. Fujikawa, A. O. Macchiavelli, R. W. MacLeod, J. Reich, S. Q. Shang, P. A. Vette
E. Wasserman

Lawrence Berkeley National Laboratory, University of California, Berkeley, California 94720
and Physics Department, University of California, Berkeley, California 94720

~Received 19 December 1997!

We have measured theb-g directional correlation coefficientA22 in the decay of22Na to the 21 1275 keV
excited state of22Ne. We findA225(5.362.5)31024. This measurement has higher precision but disagrees
with most previous experiments. The value forA22, combined with other experimental inputs, gives recoil-
order form factors in disagreement with theoretical estimates. This experiment demonstrates the capabilities of
Gammasphere as an instrument for preciseb-g correlation measurements.@S0556-2813~99!01702-1#

PACS number~s!: 23.40.2s, 23.20.En, 27.30.1t
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I. INTRODUCTION

The allowed approximation description of nuclearb de-
cay accounts for only thel 50 part of the lepton current. In
this approximation, there is nob-g directional correlation.
Interference between allowed and higher-order matrix e
ments (lÞ0) leads to nonzero directional correlations. Ho
ever, the correlation is suppressed by the ratio of forbid
to allowed matrix elements, typically 1025. With suppressed
allowed matrix elements, theb-g directional correlation may
be larger. Theb1 decay of 22Na to the 1275 keV excited
state of 22Ne (31→21) ~see Fig. 1! proceeds by allowed
Gamow-Teller decay. However, the large logft value of this
decay~7.42! indicates a suppression of;100. If the mecha-
nism responsible for the suppression of the allowed ma
element does not also reduce the relevant forbidden ma
elements, then theb-g directional correlation should b
;1023.

The large logft value for 22Na has stimulated interest i
observing and constraining second-order corrections to
decay~Refs.@1–6#!. Measurements of the electron capture
b1-decay branching ratio (e/b1) disagree with allowed-
order calculations@6#, suggesting that higher order matr
elements in22Na are large. For example, Firestoneet al. @5#
have shown that the inclusion of large higher order ma
elements in the calculation ofe/b1 can remove the discrep
ancy between experiment and theory, while Skalseyet al. @7#
argued that corrections beyond second order in recoil
probably negligible. Kunzeet al. @6# concluded that the dis
crepancy between the measurede/b1 with allowed-order
calculations remained significant. Large second-order te
would result in a largeb-g directional correlation or othe
observables. Precise measurements of these observable
strain second-order fundamental form factors ofb decay,
including those related to so-called second-class current
tributions to hadronic weak interactions@8,9#. The accessib-
lity of other observables of interest in the22Na(31)
→22Ne(21) system, from which one can construct a co
plete set of form factors for the decay and thus infer forb
den order contributions motivates our experiment. Moreov
the existence of inconsistent but precise measurements o
22Na angular correlation~see Table II! invites a resolution.
PRC 590556-2813/99/59~2!/1113~6!/$15.00
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Second-class terms are expected to be zero from symm
arguments, but isospin symmetry breaking can result in sm
second-class induced tensor currents@10#. Limits on the ex-
istence of second-class currents derive from measuremen
the A512 isotriplet of theb7 directional correlation with
aligned nuclei using contributions from weak magnetis
terms from other observables@11–15#. The most recent mea
surements inA512 by Minamisonoet al. have indicated a
small but nonzero second-class induced tensor term10.01
,2M f T / f a,10.43. Constraining second-class terms us
only observables in22Na requires calculations of first-clas
contributions to induced terms, and a complete set
complementary measurements to constrain the forbidd
order form factors.

II. THE b-g ANGULAR CORRELATION

In this experiment we measure a correlation of the for

W~u!}11
3

2
A22cos2 u, ~2.1!

whereuA22u!1, andu is the angle between theb1 and the
subsequentg-ray momenta. Using the expansion in Ref.@5#

FIG. 1. Decay scheme of22Na, energies in keV.
1113 ©1999 The American Physical Society
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A2252
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21Mc1
S c12b2d1

8

3
c2M ~E02E!c1D

'S 5.1
b

Ac1
E15.1

d

Ac1
E23.5

c2

c1R2
E~E02E!D

31025 MeV21, ~2.2!

whereE (E0) is the total~maximum! energy of theb par-
ticle (E051056 keV), M is the nuclear mass,R is the
nuclear radius, andA is the nucleon number. The form fac
tors c, b, andd are associated with the Gamow-Teller, we
magnetism, and induced tensor matrix elements. To this
der, it is sufficient to retain the momentum-transfer~q! de-
pendence only for the Gamow-Teller form factor, defini
c(q2)[c11c2q21•••. In principle, a measurement ofA22
as a function of theb1 energy can distinguish the relativ
contribution ofc2 from that ofb andd.

To measureA22, we used the Gammasphere array at
88-inch Cyclotron at Lawrence Berkeley National Labo
tory. Gammasphere is a spherical array of Compt
suppressed Ge detectors into which we inserted a22Na
source and ab detector, in order to detect coincidences b
tween theb detector and 1275 keVg rays in each Ge detec
tor. To normalize the coincidence counts accounting for
different Ge detector efficiencies which vary by;20%, we
also collected single 1275 keVg rays for each detector. Th
number of singles counts for a Ge detector at angleu relative
to the b detector,Ns(u)5e(u)Ns8(u), whereNs8(u) is the
number of g rays emitted in directionu and e(u) is the
efficiency of the Ge detector at angleu. Similarly, Nc(u)
5e(u)Nc8(u) for coincidence counts. Then the ratio of coi
cidences to singles is

Nc~u!

Ns~u!
5

e~u!Nc8~u!

e~u!Ns8~u!
5

Nc8~u!

Ns8~u!
}W~u!. ~2.3!

We have assumed thate(u) is the same for singles and co
incidence counts. We determineA22 from a fit of the
coincidence-to-singles ratio as a function of detector angleu.

III. DETECTORS

During the experiment, Gammasphere was configu
with 100 Compton-suppressed Ge detectors@16,17#. The Ge
detectors occupy~at most! 110 hexagonal surfaces of a 12
element polyhedron surrounding an 18 cm radius tar
chamber. The 12 pentagonal surfaces of the polyhedron
used for entrance and exit beam ports~not used in this ex-
periment!, or for additional detectors.

Each Ge detector assembly is a cylindrical Ge dete
surrounded by six bismuth germanate~BGO! scintillators on
the sides and one BGO scintillator in back. The BGO det
tors are normally used to improve the photopeak
Compton-scattered ratio in the Ge detector spectrum by
erating them in anticoincidence. In this experiment, howev
the BGO detectors were not used, since theg ray of interest
~1275 keV! has negligible background from Compton sc
tering of g rays of higher energy, as illustrated in Fig.
Moreover, it is essential to avoid detector-dependent va
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tions in the full-energy coincidence to singles efficiency.
coincidence events, the positron normally annihilates in
b detector, while in singles events, the positron is mo
likely to have annihilated at the inner surface of the vacu
chamber. The difference in triggering and event reject
could cause a systematic difference between the coincide
and singles efficiency. The BGO detectors were disabled
turning off the photomultiplier tubes’ high voltage supply.

Each;7 cm dia.38 cm Ge detector is 25 cm from th
22Na source, subtending 0.5% solid angle, and the proba
ity for a 1275 keVg ray which hits a detector to deposit it
full energy is roughly 25%. Therefore, each Ge detector
;0.1% probability of absorbing the full energy of ag ray
coming from the center of the array. The full width at ha
maximum~FWHM! of the full energy peak is typically 2.3
keV. Annihiliation photons at 511 keV are completely r
solved. Annihilation in-flight photons at 1275 keV are a ne
ligible contribution.

To measure an event in a Ge detector, a fast linear sig
from a Ge detector is discriminated, adding a constant v
age pulse to an analog sum bus. An adjustable discrimin
on the bus sets the minimum multiplicity of Ge detector h
required to trigger an event acquisition. The threshold w
one or more Ge detector hits, forming the pretrigger. Afte
pretrigger is generated, the slow Ge detector signals are d
tized with 14-bit resolution. A constant fraction discrimin
tor on each detector signal also provides the start signal f
time to amplitude converter~we call this signal GeTAC!.
Each GeTAC receives a stop signal from the delayed pret
ger signal.

The 22Na source and theb detector were inserted into th
center of the Gammasphere array through the access po
27 ° relative to the beamline. The angular position of theb
detector is known to about 2 °, and the associated fractio
systematic error inA22 is ,0.1%. The b detector is a
3 mm thick312.5 mm diameter disk of Bicron 404 plast
scintillator attached to a Hamamatsu R1450 photomultip
tube ~PMT!. The 6 mCi source was deposited from NaC
solution onto a 1 mm spot and sandwiched between tw
1 mg/cm2 Kapton foils@18,19#. The source was mounted o
a nylon fixture 10.7 mm from the end of the scintillato
According to Monte Carlo simulations, this source to dete
tor distance optimizes highb detector solid angle versu

FIG. 2. Singleg event energy spectrum summed for all G
Gammasphere detectors.
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PRC 59 1115NEW MEASUREMENT OF THEb-g DIRECTIONAL . . .
finite detector size. The source was centered in the Gam
sphere array to within 0.5 mm. This position uncertainty c
responds to a 4% uncertainty inA22. The solid angle sub-
tended by theb detector is;6% of 4p. The thickness of
the scintillator was chosen to stopb1 particles with maxi-
mum energy~546 keV!, while minimizing the Compton scat
tering background from 511 keVg rays.

A LeCroy fast encoding and readout ADC~FERA! digi-
tized theb detector signal. The FERA was gated by a co
cidence between a discriminatedb detector pulse and th
pretrigger from the Ge array. The delays and gate wid
were chosen so that the timing of the FERA gate was de
mined only by theb detector signal. This was required b
cause the timing of the pretrigger relative to theb detector
signal varies by up to 20 ns, depending on which Ge dete
generated the pretrigger. Gating the FERA with the Ge p
trigger alone would result in systematically differentb en-
ergy spectra associated with each Ge detector. For ev
with no b signal, the FERA is gated by the Ge pretrigg
alone. This arrangement makes singles and coincide
events appear identical to the downstream data acquis
electronics, avoiding possible systematic differences in
readout process. The level discriminator on theb signal also
starts a TAC (bTAC), which is stopped by the delayed pr
trigger signal.

For each hit Ge detector, the digitized energy, the GeT
value, and a detector identifier are recorded. For each ev
the beta energy andbTAC are also included. For events wit
no detectedb, the beta energy is at the pedestal of t
FERA. Each event is processed on-line by a ‘‘farm’’
crate-based processors which apply energy and timing
rections to the Ge detector data. The data stream was wr
to several 8 mm tapes in parallel for off-line data sortin
The deadtime was;15 ms, and with the 6mCi source
used here, the measurement was count rate limited.

IV. ANALYSIS

The results presented here are based on data runs in
ary and June of 1997, with a total of 9 days of data acqu
tion. Approximately 83109 events were written to tape, wit
4.53109 photopeak 1275 keVg ’s. To reduce the amount o
data written to tape, we used online Gammasphere e
processing to reject events without at least oneg with energy
above;1000 keV.

For each detector, coincidentb-g and singleg events are
selected in the off-line analysis. We identify photopeak 12
keV g ’s within a 10 keV energy window for both coinci
dences and singles. For singles counts, the 1275 keVg is
required to be in prompt coincidence with the pretrigg
This requirement is enforced by placing a cut on GeTA
illustrated in Fig. 3. Coincidenceg counts are identified by
making the same cut on GeTAC, and a cut on the differe
between GeTAC and theb-TAC, in order to selectg ’s ac-
companied by prompt b ’s. We use the difference
(GeTAC-bTAC) to eliminate Ge detector dependent timin
offsets in thebTAC value. The energy of theb is required to
be in the range of;1202505 keV. This eliminates a low
energy background in theb1 spectrum and spurious high
energy counts above the end-point energy. The measurb
energy spectrum is shown in Fig. 4. Accidentalb-g coinci-
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dences are subtracted based on an equal-length timing
dow on the GeTAC-bTAC spectrum shown in Fig. 3.

The angular correlation coefficient is determined by
ting the ratios for each detector to the linear functi
Nc(u)/Ns(u)5R1a cos2u ~where u is the included angle
between theb andg detectors!, minimizing x2 to extracta.
Geometric corrections described below are applied toa
yielding A22. Figure 5 shows all of the data binned by com
mon detector angles with the best fit (Nc(u)/Ns(u)2R)/R
5(a/R)cos2u function for the January and June data sets.
arrive at our final value ofA22, the data were averaged b
calculatinga/R for each of the 15 individual data tapes p
run and averaging the results. Statistical uncertainty for e
detector per tape is derived from the number of counts
served. The statistical error on the tape-averageda/R derived
from this procedure is increased byAx2 to account for an
elevated reducedx2 of ;1.4 for the distribution ofa/R
among 15 tapes. This scatter is larger than expected,
consistent with a time drift in the extractedR term, although

FIG. 3. Time spectrum summed for allg detectors generated b
subtractingbTAC from GeTAC for all g events. Prompt singles
and coincidence event windows are shown in shaded bars.
small peak to the left of the coincidence window is caused by d
tal overflow in thebTAC spectrum~shifted by the subtraction! and
the small peak just outside the coincidence window to the righ
generated by three germanium detectors with anomalously s
timing response~removed from the final analysis!.

FIG. 4. b1 energy spectrum for events with a coincident 12
keV g. Energy uncertainty is about 8 keV.
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1116 PRC 59C. J. BOWERSet al.
a linear drift in time ofa/R is not statiscially resolved in ou
data. We observe a resolved time drift in the constant
term R of 0.3% among the tapes in the June run, like
caused by time drifts in triggering electronics among theg
detectors or gain drift in theb detector photomultiplier tube
Any systematic shift ina/R caused by the time drift inR
should be accounted for within our renormalized statisti
uncertainty.

We performed an additional analysis on the June 1
data set in which theb energy spectrum was divided int
four equal statistics bins. We calculated (Nc /Ns)(u) for each
bin, using only 1275 keVg events coincident with ab1 of
appropriate energy. The results for the extractedA22 for each
energy range are shown in Table I with statistical err
given for each energy bin. The energy scale uncertainty
keV per bin. Systematic uncertainty for eachA22 is 0.5
31024. These results are consistent with the linear dep
dence ofA22 on b1 energy predicted by Eq.~2.2!, but the
statistical errors are large.

The data acquired in January 1997 is not used for thb
energy-dependent analysis. For this run, the FERA digitiz
theb energy signal was gated with the delayed Ge pretrig
alone, resulting in slightly differentb energy spectra for co
incidences with different Ge detectors, as discussed in
previous section. It is still possible to use the data from Ja
ary 1997 for a full-spectrumA22 by using only the level
discriminator to determine whether or not ab of sufficient
energy had hit the detector. For this data, the digitizedb
energy was ignored.

FIG. 5. Averaged coincidence/singles ratio as a function og
detector angle in the array—Ge detectors at the same angle
been binned together for both data runs. The constant termR ~see
main text! has been subtracted and the data normalized toR to
exhibit the angular depedence more clearly.

TABLE I. MeasuredA22 values for differentb energy bins.
Energy uncertainty for each bin is 8 keV and only statistical err
are shown forA22. Systematic error for each bin is 0.531024.

b1 Energy~keV! A22(31024)

110–216 4.266.0
216–291 4.066.0
291–361 22.366.1
361–505 12.366.1
te
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V. CORRECTIONS

To extractA22, we correct for the solid angles ofb andg
detectors. We apply an angular correction factorQ2b•Q2g to
our fit-extracted cos2u term a

A225a/~Q2bQ2g!, ~5.1!

whereQ2g andQ2b are the convolution of the angular co
relation and detector angle. For our geometry inside Gam
sphere, the productQ2b•Q2g50.73660.029 where the un-
certainty results from the spatial variation of theb detector
efficiency across the surface of the detector~depending on
incident positron angle and energy! by an estimated 20%
and the 0.5 mm measurement uncertainty of the diameter
position of theb detector relative to the source.

Angular anisotropy introduced byb1 scattering from the
source holder material should increase the effective s
angle of theb detector by roughly 1%.b1 scattering from
the aluminum Gammasphere target chamber is estimate
produce a count rate 1024 times the unscattered rate. For th
3 mm thickb detector, the ratio of events where a 511 ke
annihilation photon triggers the detector to trueb events can
be estimated to be roughly 1.531024, thus negligible in ex-
tracting the coincidence/singles ratio.

A correction for background under the 1275 keV pho
peak in the coincidence/singles ratio amounted to roug
1023 of the ratio in early an analysis of a subset of the da
and thus was ignored in our final analysis. Measured ba
ground count rates under the photopeak would extrapolat
a background rate during the data run. The background
during the run was roughly 231023 times the singles rate
Fitting the angular dependence of the background 1275
g data in the array yielded a cos2u angular correlation pa-
rameter with theb detector direction of 0.022~9!, so the
projection of backround counts to the measuredA22 would
be at most (231023)30.02254.431025, substantially
smaller than our statistical error. The observed angular c
relation from the background data is caused by fiveg detec-
tors in the forward beam direction with 1275 keV rates fi
times higher than the rest of the detectors in the array, pr
ably due to22Na activation of the aluminum target chamb
in this region. Eliminating these detectors from the analy
resulted in a change of ourA22 value of only 231025.

Seven of the 100 operational Ge detectors were left ou
our analysis. In four cases, the FWHM of the 1275 keV pe
was anomalously large and showed a low-energy tail ch
acteristic of radiation damage. For three other detectors,
GeTAC-bTAC spectrum had coincidence timing pea
roughly three times as wide as the other detectors.

For the data set taken in June 1997, the coinciden
singles ratios among the detectors yield an angular corr
tion ~corrected for solid angle! of A225(3.463.3)31024

~statistical error only!. The January 1997 data yieldA22
5(7.563.6)31024 ~statistical error only!. Averaging to-
gether the two data sets, we obtainA225(5.362.460.5)
31024, where the first error is statistical and the seco

ve
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systematic. The systematic uncertainty stems from ba
ground subtraction and solid angle correction uncertainty
scribed above.

As a test of our technique, we also measured the w
known g-g angular correlation in60Co. A 10 mCi 60Co
source was used with 92 Ge detectors. The trigger wa
single Ge detector hit, and;2.53108 events were written to
tape. For each detector, 1173 and 1332 keVg 60Ni photo-
peaks were defined with 10 keV energy windows and
requirement of a prompt coincidence with the triggeringg
ray. For each of the;8000 pairs of detectors, the number
coincidences between an 1173 keVg in one and a 1332 kev
g in the other were divided by the product of the sing
counts. The average coincidence to singles ratio is plo
versus the included angle between detector pairs as show
Fig. 6. Pairs of detectors with similar included angle ha
been binned together. For theg-g angular correlation in
60Ni, we measureA225(0.09960.004), ~statistical uncer-
tainty! compared to the expected theoretical value of 0.10
from Ref. @20#, and the experimental valueA225(0.1010
60.0011) measured in Ref.@21#. Our value A445(0.004
60.004) is consistent with the theoretical value of 0.0
@20#, and the measuredA445(0.009260.0007) @21#.

VI. DISCUSSION

Previous measurements ofA22 for 22Na are shown in
Table II and in Fig. 7. Our results differ significantly from
several measurements with comparable stated precis
most strongly disagreeing with experiments described
Refs. @1# and @2#. One source of systematic error in the
measurements is the prompt summing of the 1275 and
keV g ’s. 511 keVg ’s are produced when positrons annih
late in theb detector, creating a false angular correlatio
Measurements ofA22 with absorbers of varying thicknes
were used to extrapolate to an ideal large absorber thick
where the effect of the 511 keVg summing is negligible, but
the corrections applied to the results were large compare
A22.

FIG. 6. Coincidence/singles ratio as a function of included an
between detector pairs for 1173/1332 keVg coincidences from
60Ni. Ge detector pairs with similar angles have been binned
gether for clarity.
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In our measurement this extrapolation is unnecessary.
use of 100 independent detectors greatly reduces the pro
summing effects while still maintaining high detection ef
ciency. In addition, the high resolution of Ge detectors,
opposed to NaI detectors used in the previous measurem
reduces the effect of summing in to the 1275 keV photope
Finally, the position of theb detector is such that it is stil
roughly in the geometrical center of the Ge array. Therefo
positron annihilation in theb detector results in essentiall
isotropic distribution of 511 keVg ’s in the Ge array. Using
Gammasphere, prompt summing has a negligible effect
the measured asymmetry.

Our measurement ofA22, combined with existing results
for other 22Na observables gives values for the form facto
of interest, which can be compared with shell-model ba
calculations from Ref.@7# using matrix elements calculate
in Ref. @22#. Reference@5# describes the dependence of t
various accessible observables on the form factors, which
summarize here:

R512~1.56B20.7D10.0013H118.0C2!31023,
~6.1!

S52~1.79B20.17D10.00074H27.78C2!

31023 MeV21, ~6.2!

PL512~2.46B20.13C211.23D10.0039H !31024b,
~6.3!

A225~4.4B14.4D20.6C2!31025. ~6.4!

e

-

FIG. 7. Comparison of our measurement ofA22 ~circle! with
earlier experiments~squares! listed in Table II.

TABLE II. Measured values of22Na b-g directional correlation
A22.

Author A22(31023) Eb (keV)

Steffen~1959! @1# 21.860.3 350
Daniel and Eakins~1960! @24# 220.062.0
Subba Rao~1961! @25# 215.063.0 120-450
Grabowskiet al. ~1965! @26# 21.065.0 400
Müller ~1965! @2# 20.360.5 140-250
Müller ~1965! @2# 20.360.4 250-480
Sastryet al. ~1968! @27# 21.061.2 400
This result 0.5360.25 120-505
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1118 PRC 59C. J. BOWERSet al.
The observables are respectively the skew ratio of the m
surede/b1 rate to allowed order theory (R), the shape fac-
tor of theb1 spectrum (S), the longitudinal polarization of
the emitted b1 (PL), and the b-g angular correlation
~evaluated at a totalb1 energy of 850 keV!. The dependence
of the recoil order form factors is exhibited, wit
the reparametrization B[b/Ac1 , D[d/Ac1 , C2
[c2 /Rc1 , H[h/A2c1 , with R the nuclear radius,A the
nucleon number,h the induced pseudoscalar form factor, a
c1 and c2 the terms in the recoil order expansion of t
Gamow-Teller coupling.

The value ofA22 depends most strongly on the weak ma
netism and the induced tensor terms,B andD, respectively.
The value of the weak magnetism form factor in the dec
can be fixed by the measured value of the width of the a
log M1 (21→31) transition in 22Na, GM153.6(1.7)
31024 eV @23#. This result, together with a theoretical bia
for a negative value ofB from Refs. @23# and @7#, implies
B5214(4). We canthen extractD526(7) from our mea-
suredA22. Although the choice of experimental inputs
determine all of the form factors is problematic, our det
mination of D is nearly independent of contributions fro
observables other thanA22, GM1 , and logft. This result is to
.

s
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o,
-

i,
A

s.
a-

-

y
a-

-

be compared with the calculation of the first-class part
D52.5 with an estimated uncertainty of 20% in Ref.@7#. In
principle, this disagreement with the prediction ofD could
be attributed to a large second-class current contribution,
this amplitude of second-class tensor interaction is stron
excluded by theA512 experiments@11#. Therefore, it seems
more likely that either the theoretical estimate of the fir
class part ofD, or the extraction of the weak magnetism ter
B from GM1 is incorrect. More precise measurements ofGM1
from the (21→31) branching ratio, as well as reassessm
of the calculated transition matrix elements are required.
establish a more reliable set of form factors, our group
pursuing a magnetic spectrometer measurement of the s
factor of the b spectrum in 22Na as well as a newGM1
measurement.
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