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A comparison of the positron polarization from the decays of Al and Al is reported. A new

instrument to perform these measurements has been installed on-line at a cyclotron and is de-

scribed. The theoretical motivation for this experiment is discussed. Polarization data and results
of systematic tests are reported. No difference in polarization was found at the level of 0.48%.

I. INTRODUCTION

We present the first on-line measurements of longitudi-
nal P+ polarization made with a new system that we call
the Positron Polarization Comparator (PPC). The instru-
ment is intended to make comparisons between different
isotopes rather than absolute measurements. It has been
installed on-line at the Princeton Cyclotron to give access
to isotopes having half-lives as short as a few seconds.

The motivation for our work is an exploration of fun-
damental aspects of the weak interaction. Here theoreti-
cal studies' have shown that departures of order 0.1'Fo

from the simple U/c law for polarization as a result of the
presence of any of the following effects: (a) Fierz interfer-
ence terms, (b) the existence of right-handed 8' bosons
having masses of order 0.5 TeV, (c) second-class currents,
and (d) time-reversal invariance (T) violation, cannot be
excluded on the basis of existing data.

In addition, effects of nuclear structure on beta decay
can give rise to similar departures from the u/c law, and
must be fully taken into account if the fundamental
effects are to be identified or if correct limits on their ex-
istence are to be set.

The way that the experiments proceed is that pairs of
isotopes are selected for which several of the listed effects
are to be nil, or are safely predicted to be the same for
both isotopes. An observed result must therefore be due
to one or a combination of the remaining effects. Some-
times one of the effects can reliably be calculated, further
reducing the range of possible interpretations of the ex-
perimental results.

We have investigated the decays of Al (mixed Fermi
and Gamow-Teller) and Al (pure Fermi) for a number
of technical reasons (see the following) as well as because
these isotopes could reveal a polarization difference aris-
ing from (a), (b), or (d) above, but are not expected to ex-
hibit second-class currents. There will be a polarization

difference arising from the weak magnetism term in Al
decay, but we have calculated that this will amount to
only 3.5 X 10 "of the polarization.

Polarization comparisons of pure Gamow-Teller de-
cays with pure Fermi decays have greater sensitivity to
effects of (b) compared to a mixed/Fermi comparison. In
our particular case, Al/ Al, a factor of 2.5 dilution in
sensitivity to right-handed currents is obtained (see Sec.
III). Naturally we would have preferred to use a pure
Gamow-Teller transition in our comparison; however, we
have experienced great difticulty in producing the ap-
propriate enriched Si targets that would be necessary to
activate the pure Gamow-Teller isotope P. We there-
fore commenced our research with the more simply fabri-
cated Mg target so as to gain experience in running our
system on-line, as well as to investigate the Al nucleus
for its own sake. Work with P is, in fact, now com-
mencing (Sec. III).

The isotopes Al and Al are readily produced using
a proton beam incident upon enriched magnesium tar-
gets. Further pragmatic reasons for the choice of these
particular isotopes are their similar beta end-point ener-
gies and half-lives (Table I). The results reported here are
preliminary, but only in the sense that our general type of
instruments offers the long-term possibility of precision
below the level of 0.1%, which is not likely to be
achieved by other known means in the foreseeable future.

The precision of the result presented here, 0.48%, is
comparable to that of the work of Wicher et al. Their
result had a precision of 0.4% in the P+ polarization
comparison of the decays of P and Al . The method
of polarization analysis that was used to obtain the Wich-
er et al. result is Bhabha scattering, a technique consid-
erably less statistically e%cient than ours, based on posi-
tronium formation. The Bhabha-scattering result of
0.4% is considered by those authors to be the most pre-
cise achievable with their technique.
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TABLE I. Decay data on "Al and ' Al .

Isotope

Al

26Alm

7.18 s

6.36 s

Emax (Me+)p+

3.211
~ 2e2
—1.6

3.256

%%u
p+

99.1

0.05
0.84

100

logft

3.57
6.2
43
3.48

Transition

m1xed
G-T
6-T

Fermi

Another project similar to ours is the work of Girard
et al. They use a P+ polarirneter like ours, exploiting
the properties of positronium formation in a magnetic
field. A comparison of the P+ polarization from the de-
cays of ' 0 and ' C with a precision of 5.6% has been
published by this group. These authors believe that
eventual precisions of 0.1% are achievable.

II. THE EXPERIMENT

Our new PPC system is the successor to several earlier
instruments'* that exploited the phenomenon of posi-
tronium formation in a magnetic field. A major draw-
back to this technique, when applied to P-decay posi-
trons, is the P+ depolarization in slowing down to posi-
tronium formation energies (=10 eV). We avoid this
problem by comparing the P+ polarization from two
sources, but using positrons of the same energy. In the
PPC, positrons from a radioactive source are momentum
selected by a magnetic spectrometer and directed into the
aperture of a polarimeter magnet. Within the 'Geld of the
magnet, they enter a pellet of magnesium-oxide powder
(grain size 5 nm) in which they slow down to energies of a
few electron volts, at which a quarter of them form posi-
tronium. The relationship between the magnetic induc-
tion and the relative formation fractions of the positroni-
um substates has been studied in detail by Gerber et aI.
It is this relationship that we continue to use in our new
instrument, which, however, incorporates several major
changes since the pioneer researches of Skalsey.

Our new equipment is illustrated in Fig. 1. The PPC

includes a 30 cm Varian nuclear magnetic resonance
(NMR) electromagnet, which we have operated at 8.8
kG, coaxial with a two-lens magnetic momentum selector
(the spectrometer). The Varian magnet has had its yoke
and one pole piece bored out axially to permit transmis-
sion of particles into the pole gap (see Fig. 2). Parallel to
the bored pole face there is a 1-mm-thick transmission
plastic scintillator (to time the arrival of positrons) and
beyond, against the second pole face, is the pellet of
compressed MgO. Positrons from the source with an
average energy of 930 keV and energy resolution of 12%
are focused into a nearly parallel beam at the entrance to
the polarimeter. Since the properties of the spectrometer
have been described in detail by Holdsworth and Paul,
they will not be repeated here. In the PPC, the velocities
of positrons entering the polarimeter are inclined at an-
gles up to 3 deg to the spectrometer axis. Within the pole
gap of the polarimeter, we have overcome some of the
geometrical problems experienced with a previous polar-
imeter: Shielding between the transmission counter and
the annihilation detectors has proved p. major advantage
of the PPC, reducing the fraction of observed positron
decays not from the MgO target from 7% to less than
0.1%. The larger volume of scintillator in the new detec-
tors has increased detection efficiency to about 13% of all
positron annihilations in the MgO pellet, provided the
detector outputs are summed through an OR gate. All
photomultiplier tubes are magnetically shielded and lo-
cated far enough away from the magnet (50 cm from pho-
tocathode to magnet gap) so that there is no change in
gain when the Geld is reversed. Field reversals are per-
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FIG. 1. Positron Polarization Comparator (PPC). The main elements of the PPC are the positron polarimeter and the two-lens,
P-ray spectrometer. The source transport mechanism allows one source to be counted while another is being activated. Rapid inter-
change is programmed as desired with up to eight targets on the transport chain.
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FIG. 2. MgO/detector region. Positrons from the P-ray
spectrometer are focused onto the thin scintillator start detector
through an axial hole in the jnagnet pole piece. About 80% of
the positions stop in the MgO, and their annihilations are ob-
served in the plastic scintillator stop detectors (one of two
shown). The other 20% of the positrons backscatter from the
MgO pellet and most stop in the start detector. The tungsten
y-ray shielding prevents these annihilations from being ob-
served by the stop detectors.

formed at approximate 12 h intervals. When we reverse
the polarimeter field, we also reverse the fields in the two
spectrometer coils. This procedure is used to equalize, as
closely as possible, the counting rates at the polarimeter
for the two field directions. We observe about 20% fewer
counts when the polarimeter field and positron spin are
antiparallel as opposed to parallel.

An entirely new feature of the PPC is the chain-driven
vacuum transfer mechanism developed to interchange ra-
dioactive samples between source position in the spec-
trorneter *and irradiation position in the target chamber.
The importance of the transfer mechanism in this
research is the short transfer time of 1.1 s (recall the
6—7-s half-lives of Al and Al ) over the distance of
about 1.5 m and the accurate positioning which is repro-
ducible to about 0.003 cm. Since the positioning is of
equal accuracy at each end of the transfer, the placement
of the radioactive sources in the spectrometer is remark-
ably constant except in the event of a shifting proton
beam. However, our 10-s interchanges of target should
average over small random position shifts of proton
beam. The transfer mechanism has been descrjbed else-
where by Holdsworth and Paul. '

The PPC is operated with the accelerator beam on, so
that one target is being irradiated while the other is being
counted. We thus halve the required cyclotron time at
the high price of having to collect data in the presence of
a substantial neutron Aux. We were obliged to install ex-
tensive shielding around our target chamber, the beam
dump, and the polarimeter detectors, but wq still detect
enough proton beam-related pulses to increase our

overall statistical error in b,I'/I' by 33% in the worst
case, where P is the polarization.

The raw data consist of time distributions of positrons
and positronium obtained using a Lecroy model 4202
CAMAC time digitizer. Start pulses are provided by the
transmission counter and stop pulses by the summed an-
nihilation pulses. The entire experiment is controlled by
an LSE 11/02 computer. The method of extracting the
polarization difference from the time distributions is de-
tailed in Ref. 8.

The Mg targets are typically irradiated with about 2
pA of 10-MeV protons from the Princeton Cyclotron.
The proton beam is focused at the target position to a
roughly elliptical spot of 1-mm width and less than 2-mm
height as viewed from the spectrometer. The Mg tar-
gets" were prepared by rolling of the enriched metallic
material to a thickness of 2 mg/ctn . The isotopic enrich-
ments of the materials were )99.7% for Mg and
& 98.8% for Mg. After rolling the Mg foils, both sides
were covered with an evaporated, 200-pg/cm Au coat-
ing to stabilize the level of oxygen contamination.
Directly below the target activation site on the cyclotron
beam line, a cryopump is installed to provide the cleanest
possible vacuum conditions (typically below 10 Torr).
The well-known phenomenon' of carbon accumulation
on the foil where the proton beam strikes the target was
observed. This carbon gives a negligible effect on our re-
sults. The rate of carbon buildup was so slow that only
two sets of Mg targets were required to perform these po-
larization measurements. Also, there is no evidence for
the significant loss of Mg material from the targets by
sputtering during the proton-beam irradiations. Contam-
inant activities, primarily ' N, contribute less than 0.5%
of the positrons during our polarization measurement.
This level of contamination gives a systematic uncertain-
ty of less than 4X10 in PL, the longitudinal polariza-
tion.

A typical rate of incidence of positrons on the polarim-
eter is 30 kHz for Al and 40 kHz for Al, measured
immediately after a target transfer occurred. The posi-
tron arrival rate is measured by the 1-mm thick transmis-
sion "start" detector. The proton-beam-related room
background in this detector amounted to less than 10%
of the observed rate during a typical run.

The positronium (Ps) decay y rays are observed in two
large-volume (= 10 cm ) plastic "stop" scintillators, each
coupled to two Amperex XP-2020 photomultiplier tubes
(PMT's). Lucite light guides, approximately 50 cm long,
couple the scintillator light to the PMT's outside the
strong polarimeter field. The four PMT output signals
are linearly summed, yielding about 13% ef5ciency for
detecting a Ps decay event. The time-resolution curve is
exponential in the Aanks with an observed optimized life-
time of 450 ps for promptly annihilating positrons. Dur-
ing a cyclotron run, the proton-beam-related, room back-
ground events dominate the stop detector rate and ac-
count for about 90% of the pulses. Typical total stop
rates are about 40 kHz and are the same at the 3% level
for both sources. Corrections for the accidental coin-
cidences that are caused by the background events are
made by counting the coincidence rate after the posi-
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tronium has decayed. In these experiments, a time win-
dow is set starting 750 ns after positronium formation
and extending to 1500 ns. The counting rate in this win-
dow is used to subtract out the accidental contribution in
the perturbed and unperturbed positronium windows.
The signal-to-noise ratios for the two sources differ by the
same amount as the stop-rate difference, i.e., 3%. The
correction procedure for accidental coincidences intro-
duces systematic uncertainty into the polarization corn-
parison at the level of S X 10

The polarization data were taken in a series of cyclo-
tron runs spread over an interval of a year. When all
equipment is performing optimally, a statistical uncer-
tainty below 2% is obtained in 24 h for the quantity
AP/P. Our averaged result for the polarization compar-
ison, including statistics only, is

~("Al) —P(26A1 )

P
AP = —0.0010+0.0046 .P

A number of tests were performed to study the
inAuence of all of the identified systematic shifts which
could occur in the polarization measurements. These in-
clude the efFects of contaminant activities, differences in
count rates, source-positioning errors, room background,
proton beam steering, distortion in the Ps lifetime decay
spectrum, etc. The correction for the P+ depolarization
in the target foils is calculated using the prescription of
Muhlschlegel. ' We have intentionally made as many pa-
rameters as possible to be similar or identical when com-
paring the two isotopes. For example, the two P+ distri-
butions have end-point energies that differ by only 1.4%.
Hence, the scattering of P+ from surfaces in the spec-
trometer will be similar, and the systematic uncertainty
in the polarization comparison due to scattered P+ will
be small (0.06%). The 0.06% systematic uncertainty for
scattered P+ is an upper limit derived from an experi-
mental study using the conversion electron line source

Bi. Even more precise, albeit more indirect limits,
were set by studying the ofF-axis transmission from a
long-lived P+ source ( Ge — Ga). Combining these re-
sults with known scattering distributions' yielded a less

than 10 systematic uncertainty due to P+ scattering in
the spectrometer for our polarization measurement.
However, we prefer to use the more conservative and
more direct conversion electron results in specifying our
upper limit of systematic uncertainty arising from
scattering. Table II specifies all of the systematic effects
for this measurement. The systematic effect with the
largest uncertainty is due to the deAections of the posi-
tron trajectories when entering the magnetic field of the
polarimeter. This effect is discussed in detail in Sec. V of
Ref. 8.

Combining the results of the systematic tests and the
statistics from, the cyclotron runs yields the final result

AP
P

= —0.0016+0.0048 . (2)

This is consistent with equal 13+ polarizations for Al
and Al decays.

b = —133.14 . (3)

The CVC relation between weak magnetism and mo-
ments has been shown in other experiments to be reliable
at about the 10% level. ' Using that uncertainty as the
error in b, we expect a polarization deviation from P for

Al decay of
~ =3.6(4)X10 '.

P (4)

III. DISCUSSION AND CONCLUSIONS

With a purely (V—A ) coupling, there are normal,
recoil order corrections to the simple u/c law for polar-
ization. These corrections are expected at a level of
~ 10 of the /3+ polarization for Al decay (5 10 for

Al ) and have been discussed in detail by Holstein and
Girard. ' The dominant recoil order term in our case is
the so-called "weak magnetism" term. Using the con-
served vector current (CVC) hypothesis, one can predict
the weak magnetism term (b) from normal, electromag-
netic properties of the parent/daughter nuclei. ' For

Al decay, the difference in the nuclear magnetic mo-
ments' yields

TABLE II. Systematic effects in the "Al/ Al P+ polarization comparison.

Systematic effect

Source depolarization
Spectrometer P+ scattering
Proton beam drift
Source holder positioning
Contaminant P+ emitters
P+-trajectory dellections
Lifetime spectra t =0 shifts
Proton-beam generated background
Temperature instability
2-ns lifetime component
Count rate difference

{»Al 26Alm)
P

{0+2)X 10
{6+6)X 10-'
{0+2)X 10
(0+3)X 10
{0+4)X 10
(0+9)X 10-'
(0+2) X 10
(0+5)X 10-'
(0+2) X 10
{0+5)X10-'
{0+3)X10-'

Total (6+13)X 10
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We conclude that recoil order corrections are completely
negligible at our present level of uncertainty.

As mentioned in the Introduction, there are several
non-( V —3 )-type couplings which, if they exist, could be
identified by this polarization experiment. We will dis-
cuss the quantitative limits which can be set by our work
on the strength of such couplings; however, we first note
that there have been numerous other experiments per-
formed to place limits on each of these couplings. While
this experiment does not surpass any one of the most res-
trictive limits for each interaction, it does provide useful,
systematically different input for each. The individual
limits that are set on each interaction require the assump-
tion that the sum of the contributions from the other in-
teractions is negligible.

The first non-( V—A ) coupling we consider is time-
reversal (T) violation, which is of interest because of the
observed charge conjugation-parity (CP) violation in the
decay of neutral kaons. ' As shown previously, ' while
P+ longitudinal polarization is, in leading order, T even,
sensitivity to T violation is obtained through the so-called
Coulomb correction terms proportional to aZ. Pure Fer-
mi transitions are sensitive to scalar T-violating cou-
plings, while pure Gamow-Teller transitions are sensitive
to tensor T-violating couplings. ' Since the Al decay
is a mixed transition, there is sensitivity to a combination
of scalar and tensor T-violating couplings. Because the
tensor T-violating couplings have much more restrictive
limits than the scalar T-violating couplings, our

Al/ Al result sets a limit on the imaginary (and hence
T-violating) coupling combination:

~lm(CsCI,*+C~Ci*,)~ (0.29 . (5)

This should be contrasted with the best published limit '

on T-violating scalar couplings:

~lm(CsC„*+C~C~ )~ (0.26 . (6)

is about 50/o less restrictive than the best published lim-
its on Fierz interference. Again, our experimental tech-
nique is quite different from those that set the previous
limits and so provides a useful check on those previous
experiments.

The final coupling is the possible existence of right-
handed currents, the so-called ( V+ A ) couplings.
Right-handed currents can be described with a right-
handed O'R boson having a mass much larger than the
normal WL boson (80 GeV). Theory also allows for a
mixing between O'~ and O'L, described by a mixing an-

Since C„ is 25% larger than C„, our result sets a
different limit which is less restrictive by 38% than that
of Eq. (6), but nevertheless confirms the absence of the
T-violating effect.

The next coupling is Fierz interference, that is, the ad-
mixture of real scalar (Cs) and/or tensor (Cz. ) couplings
into the canonical (V —3) theory. Brielly, the limit
that comes from our Al/ Al experiment,

~Re(CsCV+CsCi, )
—0.65Re(Cr Cz +C&Cz*)~ (0.028,

gle, g. Our 'Al/ Al experiment is one-third as sensi-
tive to the O'z parameters as the recent polarization
work of Wichers et al. In their work, a P+ polarization
comparison of a pure Gamow-Teller decay ( P) and a
pure Fermi decay ( Al ) was performed to about the
same level of uncertainty as our Al/ Al result. The
increased sensitivity of P/ Al to W~ parameters can
be seen from the relation

4a —cP=P 1 —25 —2g + g'
a +c

where 5 is the O'-boson mass ratio squared,

M(WL)

M(W~)

and a and c are, respectively, the Fermi and the Gamow-
Teller matrix elements (for Al decay, a= 1 and c=0.81).
A polarization comparison using P/ Al yields

AP = —85(, (10)

and a Al/ A1~ comparison yields

AP = —3. 17@' .

While our result is not as restrictive as that of Wichers
et al. , both experiments offer useful corroborations of the
sophisticated, p-decay experiment that recently investi-
gated right-handed currents. All of these experimental
tests for right-handed currents, using p and P decay, re-
quire the assumption that the associated right-handed
neutrino has a mass less than the decay energy.

At present, as a result of the experience gained by the
successful operation of the Al/ Al P+ polarization
comparison described above, the PPC apparatus at
Princeton is being used for a similar comparison between
the decays of P and Al, the same isotopes used by
Wichers et al. This new experiment is virtually identi-
cal to the one described here. The replacement of the en-
riched Mg foil with an enriched Si target is the only
major difference between the experiments. We hope to
obtain an accuracy commensurate with the Wichers
et al. result in this comparison, with the principal error
being due to statistical uncertainty. The motivation for
doing this experiment is twofold: (1) to provide a sys-
tematic check on the results of Wichers et al. and (2) to
investigate questions related to the feasibility of perform-
ing a similar experiment with an improved instrument
(and adequate Si target) at a level of precision which we
estimate can be appreciably better than 10 . A result at
this level would cause each of the limits on the non-
( V —A ) couplings discussed above to be improved
beyond the existing sensitivity provided by any other ex-
periment.

In conclusion, we have installed on-line at the Prince-
ton Cyclotron a new P+ polarimeter capable of perform-
ing several interesting experiments with uncertainties
below 0.5%. The first experiment, a Al/ Al compar-
ison, is now complete and progress on a second experi-
ment has begun.
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