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Limits on nonstandard weak currents from the polarization of ' O and ' C decay positrons
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We report the relative polarization of the PF/POT =0.9996+0.0037 for the positrons emitted by
the pure Fermi ' 0 and the pure Gamow-Teller ' C decays, using a technique based on the observa-
tion of the positronium-decay time spectrum. The radioisotopes to be compared are part of the
same source, eliminating some of the potential systematic errors which may vitiate relative polariza-
tion measurements of high precision. Combining our result with a similar Al /' P decay positron
comparison obtained by Bhabha polarimetry, we deduce the following constraint on the product of
the mixing angle g and mass-squared ratio 5 of the chiral W bosons assumed in left-right symmetric
models: —0.0004& (5 &0.0007 (90% C.L.). Our result also constrains possible scalar and tensor
admixtures to the dominant vector and axial-vector currents:

Cs + Cs CT + CT =0.003+0.018 (90% C.L. ) .
CV

I. INTRODUCTION

Parity symmetric extensions of the standard
SU(2)L XU(1) model have attracted considerable atten-
tion in recent years. ' Such models, based on the gauge
group SU(2)I XSU(2)z XU(I), are characterized by an
additional, predominantly right-handed, charged gauge
boson 8'&, which, as a consequence of spontaneous sym-
metry breaking, acquires a larger mass than the observed
predominantly left-handed boson 8'&. This accounts for
the predominance of left-handed couplings at low ener-
gies, while restoring parity conservation at a higher-
energy scale. In the minimal scenario of manifest left-
right symmetry, " the only new parameters introduced
into the description of the low-energy charged-current in-
teraction are the mixing angle g and the mass-squared ra-
tio 5=(Mi/M2), where Mi (M2) is the mass of the
predominantly left- (right-) handed gauge boson (M, =81
GeV/c, Mi ((M2). The physical bosons of well-defined
mass, W& and W2, are related to the states WL and 8'~
which couple to the left- and right-handed fermion
currents by Wt WLcosk Ritsink and W2= W'I sink
+ Witcosg. Extensions of this minimal model will be
considered in Sec. VI.

Limits on the admixture of right-handed currents have
been obtained from the measured ratio R =I'I;/P&T of
the polarizations of positrons emitted in Fermi (Pz) and
Gamow-Teller decays (PGT ), which is a function of g and
5.

R =(1+v, 5)(E +5 )(1+E 5 ) '(E +5)

with E=(1+tang)/(1 —tang). To first order in g and
5, this expression becomes R = 1+8/5. Neglecting
recoil-order corrections, which are small in our case, the
standard model predicts /=5=0, i.e., R = l.

In the absence of right-handed vector and axial-vector
currents, our result also constrains the Fierz interference
terms, i.e., the admixture of anomalous scalar or tensor
couplings into the canonical V —A theory. This results
from the fact that the positron polarization is related to
the Fierz term b, which contains the scalar admixture to
the vector coupling in the case of pure Fermi decay (bF)
and the tensor admixture to the axial-vector coupling in
the case of pure Gamow-Teller decay (boT). Assuming
the couplings are real, and in the absence of right-handed
currents for the vector and axial-vector interactions
(CV=Ci, and C~ =C„'), the polarization ratio
R =PF /PoT is a simple function of b~ and boT

me
R —1= (bF bGT ), —

E (2)

II. DESCRIPTION OF THE EXPERIMENT

The experiment was performed using the on-line posi-
tron polarimeter of Louvain-la-Neuve shown schemati-

where b„=(Cs+Cs)/Cv, boT=(CT+CT)/C„, rn, is
the positron mass, and E the positron energy.

Finally, our result may be used to constrain exotic pro-
cesses such as leptoquark exchange, which would also
inAuence polarization in semileptonic transitions; we will
not expand upon this point.

We performed a precision measurement of the relative
longitudinal polarization (R) of positrons emitted by ' 0
(pure Fermi transition) and ' C (pure Gamow-Teller tran-
sition), using a polarimeter based on time-resolved spec-
troscopy of hyperfine positronium (Ps) decay. ' ' The
two radioisotopes to be compared are part of the same
source; by this innovation we avoid some of the systemat-
ic errors which may vitiate relative measurements pur-
sued to their highest state-of-art precision. In what fol-
lows we report the details of this experiment, which was
briefly described in a letter. '"
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cally in Fig. 1 and located at the isochronous cyclotron of
the university. The device consists of a source activation
and transport system, a two-lens magnetic I3 spectrometer
of asymmetric field (cf. Sec. II 8), and the polarimeter.
The entire operation of the instrument (the transport of
the activated target, the polarimeter field change, and the
CAMAC-based data acquisition) is under the control of a
p-Vax computer.

Spectrometer Polarimeter

A. Production of the ' C and ' Q isotopes

The positron-emitting radioisotopes ' 0 and ' C are
produced by (p, n) reactions in the same target (a 140-
mg/cm BN compressed powder pellet, enriched to 90%%uo

in ' B). The mixed nature of the target minimizes any
differential depolarization of the positrons in the source.
Protons of 21 MeV and 6-pA beam intensity are degrad-
ed to 14.5 MeV by a carbon foil before entering the BN
target, in which they lose 4.5 MeV. The depth profile of
both activities and the depolarizing power of BN were
carefully measured to ascertain that the differential
inliuence of this effect was in the 10 range (cf. Sec. IV).

B. Selection of the positrons

After irradiation the target is transported in 6 s to the
focal point of the spectrometer, which selects 1.24-MeV
positrons, with a momentum resolution of 12.5% full
width at half maximum (FWHM). In addition to select-
ing the momenta, the spectrometer transports a max-
imum number of positrons to the polarimeter entrance as
a beam that is near parallel to the field axis. This is ac-
complished by two iron-free coils aligned on the polarim-
eter axis in an asymmetric configuration similar to the
one described in Ref. 15. The first coil, centered at the
source location, is operated at 1.1 kG to provide an ac-
ceptance angle between 4' and 40'; the second, adjacent
to the polarimeter entrance aperture, provides a 0.33-kG
field to refocus the positrons into a nearly parallel beam.
For conversion electrons, 3%%uo of the electrons
emitted by a source located at the target position are
effectively injected into the polarimeter. For P emitters
such as ' 0 and ' C, which emit positrons with a continu-
ous energy spectrum of about 1.8-MeV end point,
-0.3% of all emitted positrons are focused into the po-
larimeter if the spectrometer is adjusted to 1.24 MeV.
Let us note that, for this energy, the inversion of the po-
larimeter field direction changes the injection e%ciency
by roughly 7%%uo. The internal surfaces of the spectrome-
ter are covered with rough-surfaced low-Z material in or-
der to minimize scattering effects.

C. Polarimeter technique

Co(limator

light
guide

BaF2

e moderator Ba F2

light
guide

C degrader
(21—14.5 MeV)

50 cm

FIG. 1. UCL on-line positron polarimeter system: activation
site {small inset), target transport system, spectrometer, and po-
larimeter {large inset).

Positrons which enter the magnet-gap region of the po-
larimeter sequentially cross a 0.4-mm-thick NE104 plas-
tic START scintillator and a 1-mm beryllium moderator;
they stop in a MgO powder pellet placed in vacuum, in
which a 43% fraction forms Ps, the remainder annihilat-
ing directly. The essentials of the polarimeter operation,
based on observation of the hyperfine Ps-decay time spec-
trum, have been described previously" ' and will be re-
peated here briefly.

In a field-free vacuum, Ps exists in two states a sing-
let state (rs=0. 125 ns) and a triplet state (rT=140 ns).
In a magnetic field, the (m =+1) triplet substates remain
unperturbed, but the (m =0) triplet substate and singlet
state are mixed to form two field-perturbed states. The
three resulting states are then the perturbed singlet (PS),
the perturbed triplet (PT), and the unperturbed triplet
(T). Our polarimeter technique is based on the fact that
both the PS and PT populations are functions of the rela-
tive directions of the magnetic field (B) and that of the
longitudinal positron polarization (P). These popula-
tions are proportional to (1+EP), respectively, to
(1+EP), where the upper sign corresponds to B parallel
to P and the lower sign to the antiparallel case. We have
s=x/( I+x )', where x =B(kG)/36. 3. P is the residual
longitudinal polarization of the positrons projected on
the symmetry axis of the polarimeter, as they form Ps.
The asymmetry in the PT population cP increases when
the magnetic-field intensity is increased; on the other
hand, the PT lifetime decreases

XPT=(XT+y'Xs) /(1+y')
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where A.PT, A,T, and A, s are the decay rates of the PT, T,
and S states, and y =x/[1+(1+x )'~ ], with x defined
as above. Consequently, the choice of the field to be used
has to compromise between the size of the effect and the
difticulty in separating the PT component of short life-
time. The polarimeter was operated at B =9.7 kG, yield-
ing c.=0.258 and a PT lifetime of 7.267+0.003 ns, in
good agreement with theory. The inhomogeneity of the
magnetic field in the PS-formation medium was less than
0.2% in the transverse direction and less than 1% in the
longitudinal one.

Since the positron depolarization during the slowing
down is proportional to the charge Z of the medium, ' a
1-mm-thick beryllium degrader was placed just upstream
of the powder chamber entrance window so as to increase
the residual polarization upon stopping. This resulted in
an increase of a factor (1.16+0.03) in the measured
asymmetry, which became c.P =14%. This Be degrader
was also useful in minimizing the backscattering of posi-
trons into the START detector.

D. Positronium-formation medium

The Ps-formation medium was selected on the basis of
extensive tests of various MgO and SiO2 powders charac-
terized by different granulometries and provided by vari-
ous manufacturers. Different conditioning procedures
were also tested. The aim was to maximize the Ps-
formation fraction and minimize the quenching. As a re-
sult, we selected an MgO powder [provided by E. Merck
(Ref. 5862), D-1600 Darmstadt, Germany], characterized
by a grain diameter of about 100 A, compressed to 0.33
g/cm, and heat treated in vacuum to 300'C for several
hours in order to remove oxygen and water. This powder
yielded a Ps triplet (m =+1) lifetime of 128.2+0.4 ns,
only slightly less than the latest experimental vacuum
value of 134 ns. ' Furthermore, from the intensity of this
component, we obtained an unquenched Ps-formation
fraction of 43%. This value is roughly a factor of 2
larger than that achieved in other Ps-based polarimeters'
and indicated that a sizable fraction of the Ps diffuses into
the vacuum between the grains as a consequence of the
small grain size. In the grains the Ps lifetimes are
quenched to -2 ns by the "pick-off" annihilation of the
positron in an originally triplet state, with an electron of
the medium. '

ous decays of 2.5 ns lifetime was reduced to 1% of all

detected photons. Each STOP scintillator was coupled to
a magnetically shielded XP2020Q photomultiplier locat-
ed outside the polarimeter field region through a 30-cm
quartz (Suprasil 1, provided by Heraeus Gmbh, Hanau)
light guide. The START scintillator was edge coupled
with Lucite to a magnetically shielded XP2020 pho-
tomultiplier. The timing signals were obtained using OR-
TEC 934 constant fraction timing discriminators without
intermediate amplification of the photomultiplier signals.
The two STOP channels were individually time aligned to
within 15 ps and connected in oR logic. The time-
resolved Py-decay spectra were obtained from a fast
time-to-digital converter of 156 ps channel width
(LeCroy 4204 TDC), linked to an histogramming
memory unit (LeCroy 3588 HIST MEM). Timing cali-
bration yielded a resolution of 1.3 ns (FWHM). The dia-

gram of the electronics is schematized in Fig. 2. Three
features merit particular attention: (1) the updating
discriminator of the START channel selects incoming
positrons which are not preceded by another one within
80 ns, (2) the discriminators of 1000 ns pulse width in the
STOP channels protect the circuit against the numerous
after pulses from the late decay component of the BaFz
scintillators, and (3) the 400-ns dead time of the common
STOP channel provides for the Aatness of a pure acciden-
tal time spectrum. Note that, in order to avoid useless
START signals for the TDC, the START and STOP con-
nections have been inverted.

F. Measurement strategy

As the two isotopes have different lifetimes (' C:
t&&2

——19.3 s; ' O: t&&2=70. 6 s), their relative contribu-
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K. Detection system

The photons from Ps decay and direct annihilation are
detected in two 5.1 cm diam X 3.8 cm BaF2 STOP scintil-
lators mounted in the polarimeter magnet housing at 180'
to each other in a plane perpendicular to the field axis;
for the 511-keV annihilation radiation, the combined
detection efficiency of the detectors is 0.18 per positron
annihilation into two photons. We used the fast com-
ponent of the BaF2 scintillation, of about 0.6 ns lifetime.
A lead collimator was placed between the START and
the STOP detectors (Fig. 1) in order to reduce by a factor
of 10 the detection efficiency for photons of Ps formed in
the START scintillator; the contribution of these spuri-
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FIG. 2. Simplified diagram of the electronics. The scalers
SCi measure the following quantities: SC1: p rate; SC2: rate of
opened y observation windows; SC3: Py rate; SC4: rate of P
detected in a defined time window after the P-START. The sig-
nal widths are given in nanoseconds.
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tions in the target change with time after the end of the
irradiation; this feature allows a comparison of the polar-
ization of the positrons emitted by the two isotopes. In
order to determine both polarizations with near-equal in-
stantaneous detection rates, measurements were per-
formed in two kinds of cycles (Fig. 3): a short cycle (con-
sisting of 7-s target activation, 6-s target transport, and
170 s during which the target stays in the spectrometer
site) for a predominantly ' C measurement and a long cy-
cle (consisting of 70-s target activation, 30-s waiting, 6-s
target transport, and 235 s during which the target stays
in the spectrometer site) for a predominantly ' 0 mea-
surement. A sequence of one long and two short cycles
was repeated, with the polarimeter field reversed every
two cycles. In the short cycles, the /3y time spectra were
accumulated during the first 50 s succeeding the target
arrival to the spectrometer site (window A; cf. Fig. 3);
and in the long cycles, they were accumulated during the
last 200 s of the cycle (window B; cf. Fig. 3). The P ac-
tivity of the target, seen by the START detector, was ob-
served in 1-s steps by multiscalers during the whole dura-
tion of the cycles; this allows the determination of the rel-
ative contributions of ' C and ' 0, resolved on the basis
of their characteristic lifetimes. The /3y trigger rate was
simultaneously stored in 1-s steps in order to determine
the total dead time during the entire measurement.

The polarizations obtained from the Py time spectra
stored during the windows 3 and B, respectively, P„and
P~, are combinations of ' C and ' 0 polarizations.
Denoting by fz and fbi the fractions of pure Fermi posi-
trons detected in the windows 3 and B,

A(f —1)K (f —1)—8

f~& fa— (3)

Short cycle:

Window A
Q vezviuxiuxxzxa

0 713 63 183

Long cycle:
Window 8

RSI/NXYEXXXNX//8////8/Ã/XXÃE///Z//8/XÃA

341 341 t (s)

FIG. 3. Diagram of the time sequences characteristic of both
types of cycles (short and long). The dashed regions correspond
to the irradiation periods and the windows 3 or B in which the
Py-decay time spectra are stored. All the scalers are monitored
during the entire cycle.

P~ =(1—&~)PG +f~PF

PB (1 fB )PGT+fBPF

where fz =0.272 and fz =0.833. The parameters fz
and f~ are determined on the basis of the relative contri-
butions of both isotopes and of the contaminant ' 0
(Table I). The relation between the measured ratio
IC =Pji /P„and R =PF /PGT is given by

TABLE I. Percentage of the isotopes present in the observa-
tion windows 3 and B.

10C

14O

15O
1 lc

Window 2

(71.91+0.02 ) %
(26.40+0. 10)%

(0.75+0. 11)%
(0.94+0.03 )%%uo

Window 8
(15.30+0.02)%
(79.08+0.52 )%%uo

(4.07+0.60)%
(1.55+0. 10)%

Since E is approximately 1, the relation between the er-
rors in K (oz) and in R (o~) is
~~ =~K/(fa f~ ) =—1.78~ac.

Instantaneous /3 rates ranged from 696 to 186 kHz in
window 3 and from 768 to 86 kHz in window B. The
motivation for this window strategy was to equalize in
both measurements, as much as possible, the accidental
/3y coincidences (6.5% of all events in window 2 and
5.7% in window B) as well as the load on photomulti-
pliers and electronics [see corrections (1) and (2) in Sec.
IV]. With the short cycles twice as numerous as the long,
the total statistics were similar in both windows.

The response function of the system was measured
every 8 h by replacing the powder target with a stack of
beryllium foils of similar macroscopic density and dimen-
sions; as no Ps is produced in Be, ' only prompt /3y coin-
cidences were present. Data were obtained over a total of
151 h: 123 h with MgO and 28 h with Be.

III. DATA ANALYSIS

Each /3y time spectrum recorded during either MgO or
Be cycles was corrected for accidental /3y coincidences,
of which there are three types: (a) the uncorrelated back-
ground which is observed at "negative" times, (b) coin-
cidences where the observed photon is correlated with a P
particle which preceded the /3-START signal (these
events are supressed by an electronic rejection of all /3-

START signals preceded by another P signal by less than
80 ns), and (c) coincidences where the observed photon is
correlated with a P particle which penetrated the powder
after the /I-START signal. We did not reject electronical-
ly events of type (c) because such a rejection would have
introduced a discontinuity in the decay time spectra a
couple of ns after the prompt peak. Instead, the number
of these events was deduced from /3 rate, /3y rate, and the
rate of P signals detected after the /l-START in a well-
defined temporal window (Fig. 2). Those rates were con-
stantly monitored throughout the experiment (Fig. 3).
The relative amounts of accidental events in the Ps-decay
spectra measured in window 2 (B) was 3.0% (2.7%) and
24. 1%%uo (21.8%) at the beginning and the end of the ad-
justment region (3.8—62.2 ns after the direct annihilation
peak), respectively.

Each corrected spectrum (corresponding to one cycle
of measurement) was appropriately summed to yield the
total decay spectra in each of the two (+,—) magnetic-
field directions (Fig. 4) and for each measurement win-
dow ( 3 and B). Here the + denotes B parallel to P and
the —,8 antiparaHel to P. We then constructed the sum
and the ratio (Fig. 4) of the spectra obtained for both field
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(F); those specific to the A and B windows were, in addi-
tion to the longitudinal polarization (P„/s), the relative
detection probability of the triplet decay into three pho-
tons (S„/s) and the amplitude (Q„—/~ ) of a component of
lifetime k&'=2. 5 ns, corresponding to Ps formation in
the START scintillator and MgO grains. This lifetime of
2.5 ns was determined in an independent experiment.
The lifetime A,ps was fixed to its theoretical value of 0.125
ns.

The fit was made in a time region of 58.6 ns, beginning
3.8 ns after the direct annihilation peak since inclusion of
the earlier portion would require introduction of addi-
tional parameters in Eq. (4) in order to describe, e.g. ,
events due to backscattering. The lower limit of 3.8 ns
was chosen on the basis of the evolution of the fit quality
(g ) as a function of the first channel of the adjusted time
interval (Fig. 5). As seen in Fig. 5, the final result is quite
stable as a function of adjustments beginning later than
3.8 ns after t =0. For the ratio of the polarizations in
both measurement windows, we obtained
K =1.0011+0.0020 (statistical); the normalized y ob-
tained in the adjustment of the ratios of —and + decay
time spectra, which are sensitive to the polarization, is
1.3.

I I

10 20 30 40 50 60
Time (ns)

FIG. 4. (a) Total Ps-decay spectra (all data of the B window)
measured with two opposite directions of the magnetic field:
the spectrum N+ (N ) is measured with the field direction
parallel (antiparallel) to the positron longitudinal polarization.
We can clearly distinguish (1) the direct annihilation peak and
the PS state of the Ps, (2) the PT state of the Ps, and (3) the T
state of the Ps. (b) Ratio of the two spectra shown in (a): The
maximum amplitude of this ratio ( = 2@P) shows the high
analyzing power of our polarimeter.

Normalized X

6-

4-

~ ~ ~ ~ ~ ~ ~ ~

directions, in the 3 and 8 windows. A fit was made
simultaneously to these four spectra, convoluting the
theoretical Ps-decay spectra with the measured response
function. The four adjusted functions were (M„+M„+),
(Mz +M&+), (Mz /Mz ), and (Ms /Mz+), where the
convoluted functions M~ &~ are defined as

Mz/& =T&/s(response function), and the expected Ps-
decay spectra are

p I p
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1.000- Ii II il ~~ ~~ il

6 Time (ns)

(1 F)5(t) + —'F(1+—eP&/s )Apse

direct annihilation
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perturbed triplet triplet
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TA /B (t) 0.995-

Time (ns}

(4)

Ps in START scint

The parameters common to all spectra were the T and
PT lifetimes (AT

' and A.PT') and the Ps-formation fraction

FIG. 5. (a) Normalized y obtained for the simultaneous ad-
justment of the sum and ratio of the positronium spectra mea-
sured in the two opposite directions of the magnetic field as a
function of the beginning of the time region considered for the
adjustment. (b) Result obtained for the polarization ratio
K =P~ /P~ in each adjustment reported in (a).
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IV. SYSTEMATIC EFFECTS

The corrections and possible systematic errors of our
experiment, with their contributions to the ratio E, are
summarized in Table II and discussed below.

4000-

A. Accidental coincidences
3000-

The first correction on K given in Table II is induced
by an error of (2. 1+0.2)% in the calculation of the ac-
cidental coincidences of the type (c) discussed above. The
correction to K is small compared with this error since
the contributions of the accidental events are nearly equal
in measurements 3 and B. This error in the calculation
was checked in the Be experiments by considering the re-
sult of rejecting the /3y coincidences each time a positron
was detected in a region near the end of the observation
window (Fig. 2, "CLEAR TDC"): The "gap" observed
in the 13@ time spectrum at the place of this fast-clear
window is sharp because in these experiments all the pos-
itrons annihilate directly, and its amplitude is a measure
of the accidental coincidences. A typical time spectrum
measured with a Be target is shown in Fig. 6: We observe
the uncorrelated background for negative times and the
accidental events of type (c) for positive times, with the
well-defined gap discussed above.

8. Timing shifts

2000-

1000-

L0
-50

L L..Li xi nl iali LL LaLLLL .iLJIJa
~~~+~~I~ '~

I

200
1 1

100 150
Time (ns)

FIR. 6. Typical time spectrum measured with a Be target (12
min of acquisition time), with the direct annihilation peak trun-
cated to

pgp
of its amplitude. The uncorrelated background is

observed at the left of the direct annihilation peak; at the right
of the peak, we observe in addition events where the detected
photon is correlated with a positron which penetrated the
powder after the P-START; the gap corresponds to a time win-
dow in which those events were electronically rejected.

The mean timing shift between measurements per-
formed in opposite field directions was 2 ps greater in
window 8 than in window A. This shift was determined
by fitting the ratio of the direct annihilation peaks to the
ratio of two identical peaks shifted by known amounts.
The impact of these shifts on E is quoted in Table II.

C. "C contribution

TABLE II. List of all corrections applied to the polarization
ratio E =P&/P&, with their statistical errors.

(i) accidental coincidences
(ii) timing shifts
(iii) "C contribution
(iv) ' C/' 0 target-depth difference:

depolarization in target
(v) ' C/' 0 end-point difference:

depolarization upon stopping
Total

( —0.14+0.02) x 10-'
( —0.95+0.14)X 10
(+0.23+0.61)x 10-'
( —O.O8+O. O2) x 1O-'

( —0.50+0.08) x 10-'

( —1.44+0.63) X10 '

The measured polarizations in windows 3 and B were
also corrected for a small "C contribution (Table II),
formed by (p, n) activation of the 5% "Bpresent in our
enriched target and by (p, a ) activation of the ' N.
Though the centroid of the spectrometer setting (1.24
MeV) was beyond the "C spectrum end point (0.96
MeV), 0.94% of the positrons in window A and 1.55% in
window B originated from "C (Table I). The polariza-
tion of this impurity was measured in a separate experi-
ment using a natural BN target (80% "B); it was 0.967
times the polarization obtained for ' C and ' O. The con-

tribution of the mixed ' 0 decay, of similar end-point en-
ergy as ' C and ' 0, is not considered as a correction to
E, but will be accounted for in the determination of R
(Sec. V).

D. Differential depolarization in the target

The differential depolarization in the BN target be-
tween A and B measurements, because of the different
spatial activity distribution of ' C and ' 0 in the target,
induces a 10 level correction on E (Table II). This
correction depends on the activity distribution in the tar-
get. In order to determine the distribution of both iso-
topes in the BN target, we measured the ' B(p, n)' C
cross section relative to that of ' N(p, n)' 0 with a thin
BN target {bEof protons =0.5 MeV), for protons of en-
ergy between 10 and 14.5 MeV. This cross-section ratio
ranges from 2 to 3, and both distributions are quite simi-
lar: The mean locations diff'er only by {0.85+0.02)% of
the target thickness (140 mg/cm ). The positron depolar-
ization in BN as a function of the target thickness crossed
was determined by measuring the residual polarization of
the positrons emitted by a Ga source sandwiched be-
tween BN foils of variable thickness ranging from 0 to
140 mg/cm . Denoting by d the thickness of BN (in
mg/cm ) to be crossed by the positron in the target, we
found a depolarization equal to ( —4.9+3.9) X 10 d,
yielding the correction reported in Table II.

E. DifFerential depolarization upon stopping

We considered also the differential depolarization upon
stopping between windows A and B, due to the 3%
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difference in the ' C/' 0 /3 spectrum end points (Table
II). The characteristic energy spectrum of the positrons
selected by the spectrometer was determined in each win-
dow using the spectrometer response function. This
response function was measured with 0.976- and 1.048-
MeV conversion electrons from Bi~ The energy depen-
dence of the depolarization upon stopping was deter-
mined with positrons emitted by Ga, measuring their
residual polarization for selected energies ranging from
760 to 1240 keV. For the ratio of the residual polariza-
tions at 760 and 1240 keV incident energy, corrected for
the U/c factor, we found l. 21+0.02. Note that Bouchiat
and Levy-Leblond' predicted a stronger energy depen-
dence leading to a ratio 1.37.

Another systematic effect is introduced by possible
differences in the scattering depolarization on the spec-
trometer walls, due to the difference in the P-spectrum
end points of the two isotopes. In order to evaluate the
contribution of this depolarization mechanism, we corn-
pared the experimenta1 residual polarization of the posi-
trons to that expected by taking into account (i) the depo-
larization in the BN target, experimentally determined as
explained above, and (ii) the depolarization upon stop-
ping in MgO, evaluated with the corrected approach of
Bouchiat and Levy-Leblond. The depolarization as a
function of the incident energy, as calculated by Bouchiat
and Levy-Leblond was corrected by measuring the resid-
ual polarizations at incident energies E; and E; we ob-
tained the experimental ratios

[P(E, )/P(E, )],„„=[1nf (E, )]/[1 a—f (E, )]—,

R =P /P =0.9996+0.0037 . (5)

This value includes a small contribution of positrons
emitted from ' 0 (Table I) produced by (p, n) activation
of ' N (0.37% natural isotopic abundance). As the ' 0
decay is a mixed transition, we applied the following rela-
tion to extract pure F and GT polarizations from its con-
tribution:

a PF+
a +c

2

a c
P

where a and c are the ' 0 Fermi and Gamow-Teller form
factors: a =0.995+0.003 and c =0.406+0.005. ~ Note
that neglecting this ' O contribution changes R by only
6X 10

We have estimated the recoil order correction ' to
the ratio R on the basis of experimental information. The
dominant recoil order term in our case is the so-called
"weak magnetism" term in ' C decay. Using the con-
served vector current hypothesis, this is equal to the am-
plitude b, related to the width of the analogous radiative
transition M 1 in ' B by I ~ &

=
—,
' aE b M . With

I ~, =h/r and r=7+3 fs, we obtain ~b ~=78.8+17.0,
which contributes a correction of ~(3.4+0.7)X10

~
to

R. The sign of this small correction is, however, not
known as the width is sensitive only to the square of the
Gamow-Teller matrix element; for this reason, it has not
been included in our final result for R.

from Eq. (3), on the basis of the relative quantities of
' C/'"0 in both windows (Table I),

where e is a renormalization factor and the function
f (E) the depolarization computed by Bouchiat and
Levy-Leblond. We found 0.=0.76+0.07. We then ob-
tained an expected residual longitudinal polarization of
(38.9+5.2)%, where the error is due to the uncertainties
on 0. and on the mean angle between the positron
momentum and the longitudinal axis of the polarimeter.
The experimental residual longitudinal polarization
(56. 13+0.08)% (the error is statistical) turned out to be
slightly larger than the expected one, leaving no room for
a sizable additional depolarization due to scattering on
the walls. This observation seems to indicate that the
depolarization upon stopping in MgO alone is similar to
the one occurring partly during scattering on the walls
and partly upon stopping in MgO. One could even argue
that the observed residual polarization, slightly higher
than the expected one, points toward a partial depolariza-
tion weaker in the spectrometer walls (covered by a ma-
terial of low-Z value) than in the MgO pellet. As a conse-
quence, we believe that the correction which takes into
account the differential depolarization upon stopping in
MgO (Table II) includes and even slightly overestimates
the combined contribution of wall scattering and scatter-
ing in the MgO pellet.

V. CORRECTIONS ON PF /P~g

The polarization comparison between windows 3 and
B is, after corrections, K =0.9997+0.0021. We extract

VI. RESULT AND DISCUSSION

Our final result, R =0.9996+0.0037 [Eq. (5)], is com-
parable to the result of a similar Al — P comparison
using fourfold Bhabba polarimetry, R = 1.003+0.004,
which, however, required a factor of 3 more counting
time; this illustrates the merits of polarimeters based on
time-resolved Ps spectroscopy. Note in this connection
that our precision remains statistics limited: The com-
bined error on all corrections is 3 times lower than the
statistical error obtained in this experiment, leaving room
for sizable improvements in precision.

The weighted average of both measurements is

P~/P~~ = 1.0010+0.0027,

providing the improved limit on the Wz parameters [cf.
Eq. (1)] of

$5=(1.3+3.4) X 10 (6)

This constitutes the best limit on right-handed current
contributions to the weak interaction derived from /3-

polarization experiments to date. The technique of time-
resolved Ps spectroscopy was also recently used by Skal-
sey et al. ' to compare the positron polarization in the
decays of Al and ~ Al. However, because of the mixed
character of the Al transition, only the rather mild con-
straint of (6=(5+15)X10 can be deduced from this
measurement. The constraints on g and 5 provided by
the world average of the positron-polarization compar-
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isons [Eq. (6)] are illustrated in Fig. 7 (bold line). They
are compared to bounds resulting from other measure-
ments on semileptonic transitions: the absolute polariza-
tion of electrons from Gamow- Teller decays (bold
dashed line) and the neutron P asymmetry and lifetime
(bold dotted line). The bounds deduced from the pub-
lished ' Ne P asymmetry and corresponding ft value
yield constraints similar to the ones obtained from neu-
tron decay and are not represented in Fig. 7. It may be
interesting to note here that both the as-yet unpublished
data on the ' Ne /3 asymmetry ' and those on the neu-
tron P asymmetry seem incompatible with 6 =g =0.
For illustration s sake only, we indicate in Fig. 7 also the
constraint deduced from the measurement of the end-
point positron spectrum in the decay of polarized
muons (dashed line); in some scenarios this constraint
cannot be compared to those deduced from semileptonic
transitions. ' We stress also the complementarity of the
constraints we report here on right-handed currents with
those deduced from the observation of neutrinos from the
supernova SN 1987A, which excluded some particular
region in the $5 parameter space.

In the absence of phase-space effects introduced by
neutrino mass, the interpretation of our result in non-
manifest left-right symmetric models, considered by
Herczeg or by Langacker and Sankar, requires only a
suitable modification of the definition of the parameters 6
and/or g. It should be stressed, however, that some of
these models invalidate the tight constraints readily de-
duced from ICL/Kz mass difference or muon decay and
so emphasize the interest in the type of investigations on
semileptonic transitions we report. The information de-
rived from this work is also related to that deduced from

the absence of neutrino less double-beta decay. However,
our constraints do not rely on the Majorana character of
the neutrino, which has to be assumed in the interpreta-
tion of the double-beta decay experiments.

The prospects for further improvement of the con-
straints on the product g5 by improved precision experi-
ments of the ratio PF /PzT are good: As discussed in this
paper, our experiment is not limited by systematic uncer-
tainties and the effect of uncontrolled recoil-order correc-
tions is, moreover, still negligible at the actual level of
precision. As, however, rather stringent limits were ob-
tained on the parameter g from the unitarity constraint of
the Kobayashi-Maskawa-Cabibbo matrix, ' it may be
preferable to concentrate efforts on constraining other
combinations of the parameters g and 6. Relative polar-
ization measurements from polarized nuclei, which con-
strain the sum (+6, have been readily considered in this
context, and at least two such measurements are in pro-
gress.

Our result also provides constraints on scalar and ten-
sor couplings absent in the standard model. Denoting
the corresponding coupling constants (assumed real) by
C~ and C~, and CT and Cz-, respectively, and assuming
Cz= C„' and C~ =C„',our result yields [cf. Eq. (2)]

( Cs +Cs ) /C~ 1 001 [(Cr +CT ) /C„]
0.0014+0.0210 (90% C. L. )

The result of Wichers et al. provides

(Cs+Cs)/C~ —0.998[(CT+ CT)/C„]
=0.0138+0.0346 (90% C.L. ) .

Combining these two constraints, we obtain then
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FIG. 7. Constraints, at 90% confidence, on the squared mass
ratio 8 and the mixing angle g of the two bosons in the left-right
symmetric model, deduced from the world average (this work
and Ref. 7) in relative polarization measurements (bold line) and
from other semileptonic experiments: P-polarization measure-
ments (Ref. 6) (bold dashed line), neutron lifetime, and asym-
metry measurements (Ref. 27) (bold dotted line). Also shown is
the bound from the measurement of the end-point e+ spectrum
in muon decay (Ref. 33) (dashed line).
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FIG. 8. Limits, at 90%%uo confidence, on the real part of the
scalar and tensor couplings, from this measurement combined
with that of Wichers et al. (Ref. 7) (bold line). Also shown are
the limits on scalar and tensor admixtures obtained recently in
Refs. 40 and 41.
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(Cs+ Cs )/Cv —(CT+ CT )/C„
=0.0027+0.0179 (90% C.L. ) . (7)

This bound is shown in Fig. 8. Also shown is a limit on
the scalar contribution deduced recently by Ormand,
Brown, and Holstein from the superallowed 0+-0+
transitions and a limit on the tensor contribution ob-
tained by Boothroyd, Markey, and Vogel ' from a least-
squares adjustment of beta-decay data. This limit on the
tensor coupling is, however, open to controversy because
of its neglect of induced weak corrections and heavy
dependence on internally inconsistent Na-decay data
(see also Ref. 42). Using the constraint obtained from the
superallowed Fermi transitions,

bF =(Cs+ Cs )/Ct, =(1.2+5) X 10

we find, from Eq. (7),

boT = ( CT+ CT )/C~ = —(1.5+12)X 10

In this context Poblaguev" recently proposed a nonzero
value for the tensor coupling boT=(4. 2+1.6) X 10 on

the basis of radiative pion-decay experiments. His value
is in agreement with the constraint deduced from this ex-
periment in conjunction with the existing limits on Cz.
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