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The asymmetry parameter for the ground state, mirror decay of polarized P has been measured.
The P were produced with the 28Si(cT,p) reaction, and the sample polarization was determined
from a simultaneous measurement of the asymmetry for the pure Gamow-Teller transition to the
first excited state in 2°Si at 1.27 MeV. The result, 4, =0.681+0.086, is in good agreement with

the V' — A theory of nuclear 8 decay.

I. INTRODUCTION

The conserved-vector-current hypothesis (CVC) and
isospin invariance require, subject to small corrections,
that the product ft of the statistical rate function and the
half-life for superallowed Fermi transitions is a universal
constant. Although the present situation is not entirely
satisfactory (see Wilkinson' for a recent review),
significant improvements in experimental accuracy®* and
in the treatment of the isospin nonconservation and radi-
ative correction terms® ® permit a critical test of CVC
and the three-generation standard model."3 73

The beta decay between mirror nuclei provides an
equally populous sector to which the CVC hypothesis
and isospin-invariance constraints apply. Mirror transi-
tions are, in addition, sensitive to a varity of extensions of
the usual ¥ — A theory of nuclear beta decay; e.g., the
well characterized’ but generally unmeasured recoil order
terms, as well as exotic extensions of the standard mod-
el.'® An auxiliary measurement is required to determine
the Gamow-Teller contribution, and as a consequence
only four transitions have been studied to date. Here
again recent experiments have improved the accuracy for
free-neutron decay” '* and clarified a long-standing anom-
aly for 3°Ar decay.!! The investigation of a wider variety
of mirror transitions may be possible with the application
of two techniques that lend themselves to the production
of polarized mirror nuclei that decay by positron emis-
sion. These are the transfer of polarization in reactions
initiated by polarized beams, employed in Ref. 11 and
this experiment, and the utilization!?> of on-line, low-
temperature nuclear orientation.

We report here a measurement of the asymmetry pa-
rameter A for °P decay to the ground state of °Si. The
2P was produced and polarized using the 2%Si(d, n )2°P re-
action initiated with vector polarized deuterons, and the
pure Gamow-Teller transition to the first excited state of
“%Si was used to determine the nuclear polarization. The
formalism required for the analysis of this experiment is
given in Sec. II, followed in Secs. III and IV by a descrip-
tion of the experiment and the data analysis procedure.
The result is presented and discussed in Sec. V.

II. FORMALISM

The fundamental quantity extracted from measure-
ments of the integrated beta-decay transition probability
for superallowed Fermi decays is*

K

7t ermi = ’
F G2|Cy M|

where K is a product of fundamental constants, G, is the
vector coupling constant for nucleon decay, C, is the
zero-momentum-vector form factor, M is the Fermi ma-
trix element, and 8 and 8. are nucleus-dependent radia-
tive and isospin nonconservation corrections to f and
|M|% respectively. CVC requires C;,=1 for all transi-
tions, and the simple isospin structure of these transitions
gives |Mp|2=[T(T +1 I Tzf]S,{fB{f. Other contri-
butions, such as recoil order terms, possible scalar
current contributions, etc., are known>!® to be small.
Hence, for isospin T =1 and the corrected |C, M |*=2,
the CVC aspect of the standard model predicts that
Ftgermi 18 a universal constant. Recent analyses!** verify
Eq. (1) at the level of +0.04%, although there is an ap-
proximately +0.1% systematic uncertainty in the evalua-
tion>* of 8.

The axial-vector (Gamow-Teller) contribution to the
transition rate must be included in Eq. (1) when T =1
mirror decays are considered. With this additional term,
written as a ratio of the Gamow-Teller and Fermi form
factors and matrix elements p=C Mg /CyMp, Eq. (1)
generalizes to

(1 +P2)7tm|rmr = —'2——&—2
GV lCVMF[

=(14+p2)[f,(1+8)(1—=8.)]t, ()

where f, is the vector statistical rate function.'* Since
here |CVMFIZE 1, Egs. (1) and (2) can be combined into
the simple relation

(1 +p2)7tm1rror :27[Fermi . (3)

Unfortunately C Mgt is not simply calculated, and a
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test for equality in Eq. (3) requires that p be obtained
from an auxiliary measurement. An alternative approach
is to use Eq. (3) as the defining equation for p and then
predict other observables, such as the asymmetry param-
eter for polarized nucleus beta decay, which can then be
compared with experiment.

The measurement of A4 exploits the angular depen-
dence of the transition rate for allowed nuclear beta de-
cay,7 viz.,

w(0)=W, , 4)

1+%PA cos(8)

where v (¢) is the speed of the positron (light), P is the nu-
clear polarization, and 0 is the angle between v and P.
Using detectors at =0 and 7 in combination with rever-
sal of the nuclear polarization (+P), an asymmetry

R —1

TR ®

‘)4=(P)6,U/CA

is measured, where

172
__ | N,+P)N(m,—P)
R N(0,—P)N(m,+P) ’ -

Here (P ), ,. denotes the averaging over the angular ac-
ceptance of the detectors and the phase space distribution
of the beta spectrum, and N(6,tP) is the number of
counts observed for each detector-polarization combina-
tion. The asymmetry parameter 4 can only be obtained
from the asymmetry A if the nuclear polarization
(P)g,, is known. In the present experiment the depen-
dence on the nuclear polarization is removed by simul-
taneously measuring the asymmetry A, for the pure
Gamow-Teller transition to the first excited state in °P at
1.27 MeV. The asymmetry parameter for this transition
is known from angular momentum coupling alone. This
technique, which has also been used!"!> for *°Ar, relies
on the fact that the decay to the excited state can be iso-
lated by coincidences with a subsequent decay y ray.
After experimental corrections to the ground-state and
excited-state asymmetries, it is the ratio A, ; /A, that is
directly measured in the experiment.

In the V' — A approximation the asymmetry parame-
ters for the 2°P ground state, J =3, mirror transition and
pure Gamow-Teller J =1 —J =1 excited-state transition
can be written’

2_73
Ag, = 2 (p =V 7
31 14p?
and A4,=—1. Previous analyses'"'1® for **Ar decay

have used the measured asymmetry parameter and ft
value in Egs. (2) and (7) to eliminate p and obtain the
quark mixing (Cabibbo) angle 68,, where G, =cos(6,)Gy.
This procedure has the disadvantage that the resultant
error on 6, [or, for that matter, on G}? in Eq. (2)] is non-
linear, and moreover the contribution of systematic
effects in the asymmetry parameter measurement is
difficult to discern. In this work Eq. (3) is evaluated to
obtain p, with the sign of p given by shell-model calcula-
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tions or magnetic-moment systematics,!” and then Eq. (7)
gives the mirror transition asymmetry parameter
A, =Agz. Since A, is known, the ratio Ag /A,
which typically has small statistical and systematic un-
certainties and a linear error structure, is compared to
the experimental result A, ; /A.,. The essential point is
that contributions outside of ¥ — 4 will in general lead to
a violation of the equality

Ag.s.

A

AEX

A—g; =1. (8)

ex

III. EXPERIMENTAL DETAILS

Polarized P was produced using the *Si(d, %P )n reac-
tion. Vector-polarized deuterons from a polarized-ion
source!® were accelerated by a tandem accelerator,
momentum analyzed, and focused on the target, a
1.0X 1.0X0.035 cm? crystal wafer of high-purity, natural
isotopic abundance silicon oriented at 45° relative to the
beam direction and to the beta detectors. A tantalum col-
limator with a 1.6-mm-diameter aperture, placed 25-cm
upstream from the target, defined the beam spot on target
and intercepted approximately 0.05% of the total beam
current. The beam current on the target was limited to
20 nA by detector gain stability, accidental rate, and pile-
up rate considerations.

The detector apparatus is shown schematically in Fig.
1. Positrons emitted by the target passed through 25-um
Kapton windows were detected in two, three-element
telescopes placed above and below the target chamber.
The first two elements, 1-mm-thick plastic scintillators
AE, and AE,, defined the acceptance of the telescopes;
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FIG. 1. Diagram of the target and detector apparatus used
for the experiment. The beta detectors have cylindrical symme-
try about a vertical axis through their center. The soft iron flux
return for the magnet and lead shielding for the Nal y-ray
detector are not shown.
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viewed from the target, each telescope subtended a solid
angle of 0.66 sr. The third element was the E detector, a
15-cm-diameter X 9-cm-thick plastic scintillator, which
stopped the positrons and measured their energy. Each
scintillator was coupled to a photomultiplier tube with a
light guide. An 11.4-cm-diameter X 10.7-cm-thick Nal
crystal, placed 6.3 cm from the target and shielded from
positrons by 5 cm of lucite, was used to detect y rays.
Two magnet coils, used to produce a vertical
polarization-holding field at the target, partially obstruct-
ed the Nal detector and reduced its effective solid angle
to 0.55 sr. Anode signals from photomultiplier tubes
were split and used as inputs to charge integrating
analog-to-digital converters (ADC) to provide pulse-
height information and as inputs to constant-fraction
discriminators to provide timing information.

The experiment was conducted in the following
fashion. The target was first activated for 4 s, the nomi-
nal half-life!® of ?°P, during which time the photomulti-
plier tube cathodes were positively biased to reduce their
gain. The beam was then deflected from the target, the
photocathodes were grounded, and the detectors allowed
to stabilize for 250 ms. Data were then recorded in three
time intervals of 2, 2, and 4 s, to monitor the sample po-
larization relaxation time and half-life. The beam polar-
ization was then reversed and the cycle repeated.

Timing signals from the AE, and AE, detectors of a
telescope were put into a coincidence circuit with a
resolving time of 90 ns to form a fB-event signal. A
second coincidence circuit, with a resolving time of 160
ns, was used to generate [By-event signals from the S-
event signal and the Nal detector timing signal. The Nal
detector electronics included a pileup detection circuit to
identify events where two y-ray timing signals occurred
between 170 ns and 1.0 us of each other. Typical 3- and
By-event rates were 40 kHz and 100 Hz, respectively.
The B events were scaled by 100 to reduce the acquisition
system dead time. These scaled [3-event signals and By-
event signals were combined to form an ADC gate, a
time-to-digital converter start signal, and a computer in-
terrupt. For each event the computer recorded the fol-
lowing information, which was subsequently archived on
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tape: the pulse height in the AE,, AE,, E, and Nal
detectors, the relative timing between the AE, detector
and the AE,, E, and Nal detectors, and a series of flags
indicating the deuteron beam polarization direction, the
telescope, counting interval within a cycle, B or By event,
and the Nal pileup detector status (TRUE or FALSE).
The information obtained from the Nal detector was not
used in the analysis of the B events, but was acquired to
maintain equal computer dead times for B8 and By events.

The beam energy, target temperature, and strength of
the magnetic-holding field were varied to maximize the
polarization of the P sample. Figure 2 shows the mea-
sured ground-state asymmetry, which is proportional to
the °P polarization, as a function of these parameters
and of the time after activation. The arrows in panels
A -C indicate the parameter values chosen for the exper-
iment and also the value used in the other panels. The
arrow in the panel D indicates that the data in panels
A - C were measured during the 2 s counting interval im-
mediately following activation. The maximum polariza-
tion transfer coefficient and relaxation time,?
K;z0.084i0.001 and T[=11.2+%0.6 s, respectively, and
deuteron beam vector polarization p =0.60+0.01 give a
nuclear polarization P=~0.075 at the time of *P forma-
tion and an average (including the contribution of previ-
ous cycles) polarization of 0.038 over the 8 s counting
period. The ground-state asymmetry was observed to de-
crease about 15% per day, the most likely cause being ra-
diation damage to the target that results in a decrease in
T,. The data in Fig. 2, taken at different times, exhibit
this effect. The target was replaced about once a day to
reduce this polarization loss.

IV. DATA ANALYSIS

A. General remarks

A total of 2X10'° events were observed during three
running periods, with about 3X10% events archived to
tape. Data were sorted by telescope, polarization direc-
tion, and counting interval into energy and timing spec-
tra. After applying constraints or “cuts” and correc-
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FIG. 2. The P ground-state asymmetry, PA,,,is shown as a function of the deuteron bombarding energy, target temperature,

magnitude of the external holding field, and time after activation in panels 4 —D, respectively. The curves shown in panels 4 —C are
guides for the eye only, and the arrows indicate the values chosen for the asymmetry measurement. The data in these panels is from
the first 2 s measuring interval after activation, as indicated by the arrow in panel D. The straight line in panel D is an exponential fit
which gives a polarization relaxation time 7, =11.240.6 s. See the text for details on the polarization and the transfer coefficient K e



tions, these spectra were analyzed to obtain the asym-
metries for the ground- and first excited-state transitions
in the decay of °P.

Three cuts were applied to all events. A minimum
pulse height was required in both the AE, and AE,
detectors. These two cuts removed most events where
the positron passed through a light guide, with the emis-
sion of Cerenkov radiation, rather than through the scin-
tillator. The residual light guide event contribution to
the AE, and AE, detector spectra was $0.5% and
< 2%, respectively (see Sec. IV D). Accepted events were
also required to have relative AE-AE, timing within a 6
ns cut centered on the 1.5-ns full width at half maximum
(FWHM) “true” coincidence peak. The accidental con-
tribution within the timing cut was <0.15%.

B. Ground-state transition

Figure 3 shows a 3-event E detector pulse-height spec-
trum for a small portion of the events (but typical of the
size into which the events were binned to study short-
term systematic effects) obtained using the cuts described
above. The peak in the spectrum at about 0.3 MeV re-
sults from events where a positron generates a AE-AE,
coincidence, stops and annihilates before reaching the E
detector, with one of the resulting 511-keV photons
Compton scattering in the E detector. The shape of the
peak results from summing the relatively flat Computon
scattering distribution and the positron phase-space dis-
tribution. This explanation was confirmed by observing
coincidences between one telescope and the opposite E
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FIG. 3. An E beta detector pulse-height spectrum typical of
the size used to search for short-term systematic effects is
shown. This spectrum is for the first 2 s counting interval, and
it corresponds to =~0.25% of the events archived to tape. The
peak at about 0.3-MeV results from Compton scattering of 511-
keV ¥ rays (see the text for details). A software cut at 0.6-MeV
beta kinetic energy, indicated by the arrow, was applied prior to
the analysis of the Nal y-ray events, and also prior to extracting
the ground-state asymmetry.
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detector, with the first telescope serving as the source of
the annihilation radiation. The complex, low-energy por-
tion of the spectrum was excluded by cutting the E detec-
tor spectra to include only those events above the arrow
shown in Fig. 3. This threshold corresponds to an energy
deposited in the E detector of approximately 600 keV, or
a total beta kinetic energy of =1.1 MeV. After this cut
was applied, the accidental contribution to the E detector
spectra, within an 8 ns cut centered on the 2.2-ns FWHM
“true” coincidence peak, was <0.05%.

Several beta emitters, produced by (d,n), (d,p), and
(d,a) reactions on the natural silicon target, contribute to
the E detector spectrum. The contributions of °P, 2°A1™,
28A1, and *°P were deduced from the By-event spectra
and from a separate measurement of the decay rate dur-
ing a 60 s interval following a 4 s activation. A constant
background, consistent with the decay of *'Si (¢, ,,=2.6
h), was also observed. No evidence was found for reac-
tion products from possible carbon or oxygen contam-
inants in the target.

Of the four identified contributions to the E detector
spectrum, only 2°P is expected to exhibit an asymmetry
for the following reasons. First, the half-lives of Al and
3P are much longer than the 12.25 s spin-reversal cycle
time. As a consequence, averaging over many spin-
reversal cycles leads to a reduction in the asymmetry by a
multiplicative factor € which is typically small; e.g.,
€=0.01 or 0.03 for polarization relaxation times of 12.25
s or infinity, respectively. Analysis of the By events gave
zero asymmetry within statistics for 28Al, and the same
result is assumed true for *°P. Second, °Al™ has spin
J =0, and the asymmetry identically vanishes. Thus the
reduction in the E detector asymmetry is simply given by
the fractional contribution of °P to the integral of the E
detector pulsed-height distribution. Summed over the 8 s
counting interval and the pulse-height cut shown in Fig.
3, the P contribution is 0.908+0.008. To obtain the
asymmetry for the *P ground-state transition, the S-
event asymmetry must be further increased by
(0.740.01)% to account for the 1.2% *°P branches to
the excited states in 2°Si. This last correction was calcu-
lated using the known excited-state branching ratios,’
which gives an excited-state contribution of 0.44% of the
B events above the E detector cut, and the final excited-
state asymmetry A ., measured in the present experiment.

C. Excited-state transition

1. The y-ray spectrum

The asymmetry for the 1.1% 2°P branch to the 1.27-
MeV first excited state in 2°Si was obtained from the Nal
detector photopeak y-ray intensities measured in coin-
cidence with the 8 events. A coincident Nal y-ray spec-
trum with only the AE, and AE, cuts described in Sec.
IV A is shown in Fig. 4. Here again the sample size is
typical of the binning used to search for short-term sys-
tematic effects. The threshold of the Nal discriminator
was set (as indicated by the arrow in Fig. 4) at 700-keV
y-ray energy, slightly above the dominant 511-keV an-
nihilation radiation contribution to the 3-y coincidences.
The events appearing below this threshold are a minis-
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cule fraction of the potential number of events in this
pulse-height region, and these events arise as an artifact
of the rise-time dependence of the Nal discriminator
threshold. These subthreshold events also suffer a pulse-
height distortion due to the narrow, 120-ns width of the
ADC gate. The peaks in Fig. 4 labeled 4 and C corre-
spond to the P transition to the first and third excited
states in 2°Si at 1.27 and 2.43 MeV, respectively. Peak B
is from 28A1 decay to the first excited state of 2%Si at 1.78
MeV (a 100% branch). Including the E detector pulse-
height cut (see Sec. IV B) removed most events for decay
to the 2.43-MeV state, as shown in Fig. 5 panel 4, and
this branch was not included in the analysis. This figure
also shows that the y-ray spectra were cut to exclude
events with low y-ray energies, leading to a considerable
improvement in the true coincidence peak shape in the
B-event—Nal timing spectra. There is significant back-
ground under the 1.27-MeV photopeak arising from
acidental and pileup events, positron annihilation in
flight, and Compton scattering of the 1.78-MeV y ray
from 28Al decay. We discuss each of these backgrounds
in turn.

2. Accidental and pileup event corrections

All acceptable By events were required to have relative
B-event—Nal timing within a 12 ns cut centered on the
2.6-ns FWHM “true” coincidence peak and a FALSE
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FIG. 4. Nal y-ray detector pulse-height spectrum typical of
the size used to search for short-term systematic effects (this
spectrum is from the first 2 s counting interval, and it corre-
sponds to =0.25% of the events archived to tape). No cuts
were applied to the beta E detector pulse-height spectrum or to
the coincidence timing spectrum. The 700-keV Nal discrimina-
tor threshold is indicated by the arrow, and the subthreshold
events arise as an artifact of the rise-time dependence of the
discriminator. The peaks labeled A and C correspond to the de-
cay of P to the 1.27- and 2.43-MeV levels in?°Si, respectively.
Peak B is from 2®Al decay to the first excited state in 2*Si at 1.78
MeV.
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signal from the Nal pileup detection circuit. This re-
quirement reduced the accidental events in the E detector
spectra to <0.01%. The accidental contribution to the
1.27 and 1.78 photopeaks in the Nal spectra was larger,
~2.5% and 1%, respectively. The accidental Nal ener-
gy spectra were determined in the usual way, by placing a
cut on the flat accidental background adjacent to the
“true” coincidence peak in the B-event—Nal timing spec-
tra. The accidental spectra were then subtracted from
the accepted By-event—Nal spectra.

A separate Nal discriminator with the threshold set at
250-keV y-ray energy was used as the input to the Nal
pileup detection circuit. Since the measured pileup detec-
tion efficiency was (87.8+1.7)%, 12.2% of the “true”
coincidence events with a TRUE signal from the Nal
pileup detector was subtracted from the accepted Nal
spectra. This amounted to = 1% of the integrated counts
for the 1.27 and 1.78 MeV photopeaks. The combined,
normalized accidental and pileup spectrum correspond-
ing to the events shown in Fig. 5 panel 4 is shown in Fig.
S panel B.

3. Positron annihilation in-flight contribution

A fraction of positrons emitted from the target annihi-
late in flight. The kinematically favored outcome of such
an annihilation is to produce two photons, where one re-
ceives the bulk of the total available energy and is emit-

Number of Counts

1 1.5 2 2.5
y—Ray Energy (MeV)

FIG. 5. The Nal y-ray spectra shown here correspond to
events where the beta energy deposited in the E detector is
above the software cut shown in Fig. 3, and a software cut for
the Nal spectrum at E,=0.65 MEV has also been introduced.
The regions used for the analysis of the 1.27-MeV y ray from
2P decay and 1.78-MeV y ray from 2®Al decay indicated by
joined arrows. Panel A shows the events corresponding to the
“true” coincidence peak in the By-event timing spectrum mea-
sured during the first 2 s counting interval. Panel B is the nor-
malized accidental and pileup event contribution that must be
subtracted from the events in panel 4. Finally, panel C shows
the normalized annihilation in flight spectrum obtained from a
separate experiment using >’Si decay. This contribution was
also subtracted from the events in panel 4.



ted in a forward direction relative to the positron’s
momentum. Events of this type give rise to a y-ray back-
ground which has an asymmetry nearly equal to that of
the P ground state. Because the ground-state asym-
metry is opposite in sign and about a factor of 2 larger
than the 1.27-MeV y-ray asymmetry, it is essential to ac-
curately subtract this background.

The decay of ?’Si, produced with the *’Al(p,n) reac-
tion, was used to measure the annihilation-in-flight (AIF)
background. This is an allowed, positron transition with
an end-point energy of 3.85 MeV, ¢,,,=4.2 s, and no
excited-state branches.!” Thus, excepting the 100-keV
difference in end-point energy, the 3- and y-ray spectra
are identical to those produced by the *’P ground-state
decay. The number of events in the cut, 3-event, E detec-
tor spectra was used to normalize the 2’Si AIF By-event
Nal spectra to the Si(d,n) By-event Nal spectra. The E
detector pulse-height gains and cuts were sufficiently well
matched that this normalization was accurate to within
1%. Differences in dead time for the two experiments
were also included. This normalization procedure au-
tomatically takes into account the asymmetry of the f3-
events, which are the source of the AIF background.
The AIF background was =~10% and 7% for the 1.27
and 1.78 MeV photopeaks, respectively. The AIF contri-
bution to the events in Fig. 5 panel A4 is shown in Fig. 5
panel C. Aside from the slight enhancement near the
AJR end point, which arises from an unidentified weak
contaminant, the shape of the AIF spectrum agrees with
earlier work.?!

Although a P measurement was performed immedi-
ately prior to the Al(p,n) experiment to calibrate the y-
ray energy scale, the uncertainty of this calibration led us
to assign an additional +=129% systematic error to the
AIF background subtraction. Finally, the effect of the
difference in the 2P and ?’Si end-point energies was in-
vestigated. To do this, the *’Si experiment was repeated
with a 0.25-mm aluminum sheet (=100-keV thick for 2
MeV positrons) placed between the AE; and AE, detec-
tors of each telescope. A comparison of the two *’Si ex-
periments showed no statistically significant difference in
either the shape or intensity of the AIF spectrum. More-
over, this result implies the AIF background is insensitive
to the orientation of the silicon target, which is 120-keV
thick for 2-MeV positrons.

4. Contribution from %4l

The 2*Al contribution to the By-event—Nal spectrum
is produced by the *°Si(d,a) reaction on the natural sil-
icon target. As discussed previously, the asymmetry for
the 2Al decay, averaged over repetitive 12.25 s spin-
reversal cycles, was measured to be zero. Compton
scattering of 1.78-MeV y-rays from this decay in the Nal
detector contributes a =~23% background under 1.27-
MeV photopeak. This background contribution was
measured in the following way. An aluminum target was
periodically substituted for the silicon target in order to
produce a pure 28Al sample with the 2’Al(d,p) reaction.
The y-ray spectra was used to accurately determine the
ratio of 1.78-MeV y-ray counts in the 1.27-MeV photo-
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peak region to the number of counts in the 1.78-MeV
photopeak. Finally, this ratio, typically 0.399+0.002,
and the number of counts in the 1.78-MeV photopeak in
spectra such as Fig. 4 peak A, were used to subtract the
28A1 background. In addition to the statistical error in
the number of counts in the 1.78-MeV photopeak, two
other uncertainties enter into this subtraction. The first
of these arises from background under the 1.78-MeV
photopeak in the silicon target spectra. This background
is mainly due to 2°P decays to the 2.43-MeV level in 2°Si
and to the simultaneous detection of 1.27- and 0.511-
MeV (positron annihilation) y rays. Fortunately, this
background is small (< 3%) and has the same asymmetry
as the 1.27-MeV y rays. This background was ignored,
with the consequence that the statistical error in the
asymmetry of the 1.27-MeV transition is slightly in-
creased. The second uncertainty is a possible systematic
error in choosing the cuts for the 1.78-MeV photopeak.
A study of this uncertainty led us to assign a 5% sys-
tematic error to the Al background subtraction.

5. The low-energy y-ray spectrum

Prior to the cuts and background subtractions de-
scribed above, the asymmetry of the *’P y-ray spectrum
adjacent to, but lower in energy than, the 1.27-MeV pho-
topeak was larger in magnitude and opposite in sign to
the asymmetry of the photopeak itself, indicating a large
fraction of the events were associated with the ground-
state decay. After performing all cuts and corrections,
the asymmetries of these two regions agreed within er-
rors. However, because of the relatively large back-
ground subtractions required and the poor statistical ac-
curacy achieved, the lower-energy portion of the y-ray
spectrum was not included in the calculations of the
excited-state transition asymmetry.

D. Sources of false asymmetry and systematic uncertainties

The measurement of asymmetries using a symmetric
(up-down) detector arrangement and common data pro-
cessing electronics cancels or makes negligibly small
some corrections and sources of systematic uncertainty.
These include detector solid angle effects, spin-dependent
beam current modulations, and differences in dead time
correlated with spin reversal. However, detector gain
shifts correlated with deuteron spin reversal will generate
a false asymmetry. No such shifts were observed, and
this sets conservative upper limits of +1X10™* and
+2X10™* for ground-state and first excited-state asym-
metries, respectively. Likewise the <+1um spin-
correlated beam motion measured?? for our polarized-ion
source and tandem accelerator could produce a false
asymmetry of at most S+107° in our experiment. This
false asymmetry does not cancel in the asymmetry ratio
[Eq. (9)] because the ground-state and first excited-state
asymmetries have opposite signs. No dependence on tar-
get orientation or magnetic-holding field direction is ex-
pected, and none was observed.

Three additional contributions which may affect the
ratio A, ; /A, were investigated. First, the scattering
of positrons prior to entering a detector, or scattering out
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TABLE I. Systematic uncertainties in A, ; /A, associated
with background subtractions in the By-event—Nal y-ray spec-
tra, with possible sources of false asymmetries, with averaging
cos(6) over the beta detector solid angle, and with averaging
v /c over the beta spectrum. See Secs. IV C and IV D for details.

Systematic contribution Uncertainty in A, /A,

Annihilation in flight subtraction +0.102
A1 subtraction +0.021
B detector gain shifts +0.032
Spin-correlated beam motion +0.008
Positron scattering +0.010
(cos(6)) +0.002
(v/c) +0.001
Total systematic uncertainty +0.110

of a telescope without depositing the full energy, distorts
the pulse-height spectrum and typically reduces the mea-
sured asymmetry. The measured backscattering contri-
bution from a thick sheet of steel placed behind one AE,
detector into the opposite telescope was (0.07+0.01)% of
the total number of events. A simple modeling of the ap-
paratus gave the result that (0.530.2)% of the positrons
above the E detector threshold were first scattered in the
target, or from the target chamber, detectors, or holding
field magnet. Such a contribution would reduce the
asymmetries by <1%, and the ratio A, /A, is quite
insensitive to this reduction if the energy dependence of
the scattering, above our nominal 1-MeV threshold, is
not too large. A factor of two difference in the reduction
of the asymmetries for the ground state and 1.27-MeV
transitions due to positron scattering produces at most a.
0.01 difference on the ratio A, ; /A.,, and a systematic
uncertainty of this size is included in the error calcula-
tion. Second, multiple scattering of the positrons, princi-
pally in the AE, detector, changes the effective solid an-
gle for the ground- and first excited-state transitions (this
multiple scattering also contributes to the difference in
the fraction of light guide events in the AE, and AE,
spectra). A numerical integration over the ground- and
first excited-state energy distributions showed the effect is
small, <20 mrad difference in the effective cone half-
angle, and produces a systematic error of <0.002 in the
ratio A, ; /A, Finally, the uncertainty in the E detec-
tor cut shown in Fig. 3 produces an uncertainty in the
average value of v /c integrated over the beta spectrum.
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Again, the ratio A, ; /A, is quite insensitive to this un-
certainty, with a resultant systematic error of only 0.001.
The final results are corrected for averaging cos(6) over
the beta detector solid angle and v /c over the beta spec-
tra using the cut shown in Fig. 2. These corrections are
not large; viz., {cos(@))=0.895 and 0.903 and
{v/c)=0.977 and 0.968 for the ground and 1.27-MeV
transitions, respectively.

We gather the systematic uncertainties, expressed in
terms of the ratio A,  /A.,, in Table I. No correction
for these possible systematic effects was applied to the ex-
perimentally determined ratio, and there is no evidence
that these effects will preferentially increase or decrease
the measured ratio.

E. Numerical example of the analysis

Although small portions of the data set were examined
for time-dependent and systematic effects, the data were
eventually grouped into five statistically significant
groups. Within each group, the beam polarization, target
orientation, and magnetic-holding field orientation were
constant. The numerical evaluations of the ground- and
excited-state asymmetries for one group, as various
corrections were applied, are given in Tables II and III,
respectively. Because the background corrections are
large and in general time dependent, the results for the
three separate measurement intervals are given for the
transition to the 1.27-MeV level in 2°Si. A fit to the time
dependence of the 1.78-MeV Si y-ray corrected asym-
metry (last column of Table III) using the relaxation time
T,=11.2 s obtained from the ground-state transition (see
Fig. 2) gives y*=1.2 for two degrees of freedom. The
significant background subtractions increase the excited-
state asymmetry by a factor of 3. Similar results were ob-
tained for the other four groups.

V. RESULTS AND DISCUSSION

A. Results

The ratio A, /A, for each of the five data sets is
given in Table IV. The weighted mean is —2.042 with a
statistical uncertainty of £0.233. The y-squared per de-
gree of freedom (y?/v) is 0.84. When combined with the
systematic error of +0.110 from Table I, the final result
is Ay o /A o= —2.04£0.26.

TABLE II. Evolution of the cut beta-spectrum asymmetry as corrections are made to obtain A
for 2P decay to the ground state of °Si. These data are from the fourth measurement, and are aver-
aged over the 8 s measuring interval (panel D of Fig. 2 shows the time dependence of the cut B-event
asymmetry). The final results are corrected for averaging cos(6) over the beta detector solid angle and
v /c over the beta spectrum using the cut shown in Fig. 3.

Measured Corrected
Percent of asymmetry asymmetry
Beta-detector spectrum the events X100 X100
Cut B events 100 2.10+0.01
2A1™, 28A1, 3°P, and *'Si 9.20+0.80 0.0010.20 2.29+0.01
»Si excited states 0.40+0.01 —0.86+0.18 2.31+0.02
Final result 90.40+0.80 2.50+0.02
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TABLE III. Evolution of the asymmetry for 1.27-MeV photopeak region of the y-ray spectrum as
corrections are made to obtain A ., for 2P decay to the 1.27-MeV first excited state in 2°Si. These data
are from the fourth measurement, and are given for the three measuring intervals of 2, 2, and 4 s (la-
beled T1-T3, respectively). The final results are corrected for averaging cos(6) over the beta detector
solid angle and v /c over the beta spectrum using the cut shown in Fig. 3.

Measurement Corrected
Measurement Percent of asymmetry asymmetry
1.27-MeV transition interval the events X 100 X100

Cut 1.27-MeV y ray T1 34.15+0.09 —0.33£0.19
T2 27.19+0.08 —0.51+0.21
T3 38.66+£0.10 —0.14%0.18

Accidentals and pileup T1 1.57+£0.02 2.38+0.54 —0.45+0.20

T2 1.05+0.01 2.75+0.65 —0.64+0.22

T3 1.25+0.01 1.23+0.59 —0.19+0.19

Annihilation in flight T1 3.60+0.03 2.57+0.01 —0.83+0.25

T2 2.88+0.02 2.10+0.01 —0.96+0.27

T3 4.09+0.03 1.64+0.01 —0.38+0.22

1.78-MeV %Si y ray T1 3.74+0.04 —0.161£0.43 —0.93+0.29

T2 3.95+0.04 0.09+0.40 —1.17£0.33

T3 8.78+0.06 0.02+0.28 —0.51+0.31

Final result 69.08+0.12 —0.94+0.19
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Naviliat-Cuncic et al.?® have recently compiled the Ft
values and made predictions of the asymmetry parameter
A4, for all mirror transitions in the 1p and 2s 1d shells.
Their calculations include the revised>® radiative correc-
tion terms and isospin nonconservation corrections?*
similar to those employed elsewhere."'>> Detailed calcu-
lations of the isospin corrections, such as those per-
formed by Ormand and Brown* for superallowed transi-
tions, are generally not available for these mirror transi-
tions. Likewise, reliable estimates of the recoil order
corrections are also lacking for many of the transitions.
However, these remaining corrections are believed to be
small,"”? corresponding to a $0.3% and S 1% change
in A4, for the isospin and recoil corrections, respectively.
Equation (8) can be evaluated using A4, =—1, the
Naviliat-Cuncic et al. asymmetry parameter for 2°P,

is in agreement with the expected value of unity. Assum-
ing that the calculation of 4., and the real asymmetry
parameter for the excited state are equal, the experimen-
tal value for the mirror transition asymmetry parameter
is 4, , =0.681+0.086.

B. Comparison with other mirror transitions

The results for the five mirror transitions investigated
so far are collected in Table V, and the ratio
R= A/ Az for these transitions is shown in Fig. 6.
The statistical factor F for the neutron is very well deter-

1.4 — r ]
A4, =—0.6061£0.0044, and the measured ratio [ ]
Ay s /A x=—2.0410.26. The result L )
A 12 — -
= &2 1=1.12+0.14, 9) - * ;
A Ft A ex : 1
R 1.0 é % |
TABLE IV. Results from five separate measurements of i ] ]
Ay s /A The y-squared per degree of freedom (x2/v) about L J
the weighted mean is 0.84. The systematic error contribution is 0.8 — 17 19 29 35 —]
taken from Table I. t n F Ne P Ar ]
Measurement Ay /A, [ ]
0.6 — —
1 —2.491+1.226 S i
2 —1.621+0.540 r 1
3 —1.8030.344 [ ]
4 —2.659+0.538 0.4
5 —2.688+0.733
. _ 2,
Welghteq mean 2.042+0.233 X /v=0.84 FIG. 6. The ratio #= A,/ Ay for the five mirror transi-
Systematlc error +0.110 tions studied to date. The numerical values are given in Table
Final result —2.04 £0.26

V.
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TABLE V. Results of 7t calculations, asymmetry parameter 43 calculations, asymmetry parameter
Ao, measurements, and the ratios # = A, / A5, for the five mirror transitions studied to date. Recoil
order corrections are in general not included. See the text for details.

Nucleus Ft? Az Aexp R=Aep/ Azt
n 1056.3+3.1° —0.11623+0.000 85 —0.1146+0.0019¢ 0.986+0.018
3 2314.0+6.9 0.9971540.000 16 0.960 +0.082¢ 0.962+0.082
Ne 1725.1+4.4 —0.03957+0.000 89 —0.0391+0.0014¢ 0.988+0.042
Ne 1726.8+0.4f —0.03991+0.000 16 —0.0363+0.00088 0.910+0.020
0p 4869.1+18.1 0.6061 +0.0044 0.681 +0.086" 1.12 +0.14
BAr 5717.7+14.2 0.4201 £0.0071 0.49 +0.10' 1.17 £0.24
BAr 0.22 +0.03 0.524+0.071

#Unless otherwise noted, Ft values are from Ref. 23.

"Reference 10.
‘Reference 9.

dReference 12.
‘Reference 25.

mined,! and the recoil order corrections”’ are small be-
cause of the low transition energy. For '"Ne the recoil
order corrections to 72 are again negligible because the
experimental value for the asymmetry parameter results
from an extrapolation®>?® to zero energy. Thus the
shortcomings in the analysis by Naviliat-Cuncic et al. do
not limit the accuracy with which the experimentally
determined asymmetry parameter can be compared to
A:7t-

With the exception of the most recent, unpublished re-
sults?®?7 for °Ne and the early results for 3*Ar decay that
were analyzed by Hardy and Towner,'® all transitions are
in good agreement with the usual assumptions of the
V — A theory of nuclear beta decay. The "Ne disagree-
ment was originally pointed out by Deutsch,® and should
not be considered seriously until it is confirmed. The
anomalous **Ar result is in disagreement with the recent
measurement of Garnett et al.,!! and speculations as to
the origin of this apparent violation of CVC have also
been laid to rest.?® In principle the 2*Al result?® could be
included in an analysis of the mirror transitions, but
Adelberger et al.?® argue persuasively that this is a pure
Fermi transition, and as such it should be treated on an
equal footing with other superallowed decays.

C. Future directions

In general the anticipated deviations from V — A4 are
much smaller than the uncertainties in 52 given in Table
V. For example, recoil order and, perhaps, unexpected
isospin nonconservation contributions probably will enter
only at the level of <0.5%, and will be much smaller for
neutron decay. Exotic contributions, such as from a mas-

"The half-life was taken from Ref. 27.
8Reference 26.

"The present work.

'Reference 11.

JFrom the analysis of Ref. 16.

sive right-handed gauge boson in left-right symmetric
theories,® are limited to a similar level for semileptonic
decays. There are exceptions, however. For example, the
neutron and '°Ne decays exhibit enhanced sensitivity to
the left-right mixing angle (approximately 2% and 6% in
R at the present semileptonic limits, respectively), but
constraints from purely leptonic muon decay and unitari-
ty are quite restrictive® and should apply to semileptonic
decays also.

The difficulty encountered with producing polarized
nuclei by polarization transfer reactions is that the polar-
izations achieved are typically quite small, and the final
error scales roughly as 1/P. The low-temperature “brute
force” polarization technique'? is more promising in this
respect, but it is encumbered by an approximately 2%
systematic uncertainty in the polarization. This uncer-
tainty can in principle be reduced by using the excited-
state ratio method employed here, but the activities
presently achievable are far too meager for such an ex-
periment. Optical pumping techniques® are also poten-
tially promising, but have yet to be successfully applied
to decays of interest. Therefore achieving a significant
asymmetry parameter test of the V' — A4 theory in mirror
transitions, even at the level of the recoil order contribu-
tions, will be quite difficult.
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