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Longitudinal polarization of positrons in Na decay
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Detailed descriptions are given of previously reported measurements of the longitudinal polariza-
tion (Pz) of positrons in the allowed and unique second forbidden weak decays of Na. The mea-

surements were performed relative to the allowed decay of Ga by application of time-resolved

spectroscopy of the n=1 hyperfine states of positronium formed in powder media. Assuming the
theoretical value Pt. ( Ga) =P(0.999+0001), the results are PL, ( Na, 3+~2+ ) =P(+ 1.003+0 011)
and Pt. ( Na, 3+~0+)=P(+1.00+0.05). The allowed decay result (combined with other 2 Na ex-

perimental data on the decay rate, the capture ratio, the spectral shape, the Py directional correla-

tion, and the weak magnetic form factor) yields a determination of the full weak form factor struc-
ture of the transition through second order in recoil. The experimental value for the capture ratio is

currently considered to be anomalously low compared to theoretical estimates. Our polarization re-

sult is not, however, sufficiently accurate to definitively favor one or the other value. The forbidden

decay result, together with model-dependent nuclear structure calculations, restricts the contribution
of previously neglected higher-order corrections to the allowed decay to be less than 10

I. INTRODUCTION

The longitudinal polarization (PI. ) of beta particles
from nuclear decay is an important quantity for studying
the electroweak interaction. ' It is defined as

PL =—(o"v) =
N+ +X

where o are the Pauli spin matrices and X+ (X ) are the
number of beta particles with spin parallel (antiparallel) to
their velocity v. Violation of parity in the weak interac-
tion results in the leading-order theoretical prediction for
PI (ignoring nuclear recoil, higher-order forbiddenness,
and Coulomb and radiative correction terms) to be

Pi —+P= +
C

(2)

where the upper and lower signs refer to positron and
electron decays, respectively. This result holds for all al-
lowed and unique forbidden beta decays.

In this article, we present a detailed description of two
measurements of the longitudinal polarization of posi-
trons in the allowed (b,J=I, km=0) and unique second
forbidden (EJ=3, bn =0) transitions of Na. Only brief
descriptions of the results of these measurements have
previously been reported. ' The experiments employed a
positron polarimetry technique based on the application
of fast coincidence timing spectroscopy to the decay of
positroniurn (Ps) formed in an MgO powder medium sit-
uated in a magnetic field of several kilogauss. The polari-
zation results, combined with additional existing experi-
mental data on other decay parameters, permit a deter-
mination of all weak form factors describing the allowed
decay through second order in recoil.

The motivation for this work arises from the apparent
discrepancy between experimental and theoretical electron

capture-to-positron emission (e/P+) ratios in 2~Na—a
discrepancy which has received extensive attention in re-
cent years. ' Electron exchange and overlap corrections
have been shown to have negligible effect on the total cap-
ture rate. The e/f3+ disagreement is generally observed
in allowed decay as an apparently increasing function of
Z. It is thus far without reasonable explanation, and,
barring an origin due to, as yet, unaccounted-for sys-
tematic effects, may have significant implications in the
fundamental understanding of the weak interaction.

In most cases, the decays are pure Gamow- Teller
(bJ=+1) transitions, and exhibit normal logft values,
thus indicating no unusual reduction in the dominant ma-
trix element. In contrast, the highly hindered, allowed
decay of Na gives the possibility of significant contribu-
tions from second-forbidden and recoil order corrections,
which may serve to remove the discrepancy. The analysis,
however, requires a complete set of sufficiently accurate
data from which to determine the five weak form factors
characterizing the allowed decay. In a study by Firestone,
McHarris, and Holstein, which included the experimental
ft value, the e/P+ ratio, the spectral shape factor, and the
P-y direction correlation, the results indeed do appear to-
suggest the presence of larger-than-expected second-
forbidden terms. However, these authors are unable to
draw any firm conclusions as a result of insufficient and
conflicting data and large experimental uncertainties. A
subsequent analysis, by Firestone and Harwood, used a
value for the "weak magnetism" form factor (one of the
five mentioned above) along with the other Na data to
determine the form factor set. The value of the weak
magnetism term was obtained from the measurement of
the radiative width of the M 1 analog gamma ray decay to

Na via the conserved vector current hypothesis. The ad-
ditional datum was still inconclusive in resolving the pos-
sibly large form factor situation. Although the present
measurement fails to remove the difficulties, it does con-
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stitute an important addition to the available set of Na
decay data since a complete form factor set can now be
determined without use of the discrepant e/P+ ratio.

The suggestion of larger-than-anticipated correction
terms in the allowed decay is not confined a priori to the
terms of lowest order (the set of five form factors men-
tioned earlier). There are other higher-order corrections
which have been neglected in theoretical descriptions of
the Py correlation used in previous analyses. However,
the decay of Na, shown in Fig. 1, also includes a small
branching to the 0+ ground state of Ne via a unique
second forbidden P transition. While little is known ex-
perimentally about this decay channel, its theoretical
description is analogous to a pure Gamow-Teller allowed
decay in its domination by a single leading order axial
vector matrix element, for which the value of logft
(logft =13) is normal for unique second forbidden decay.
Thus, deviations of PL from P are theoretically expected
to be of order 10 to 10

Study of the Na unique forbidden decay also serves to
establish limits on the neglected higher-order contribu-
tions in the allowed decay. This is because the forbidden
corrections to allowed decay are formally identical to
higher-order corrections to forbidden decay. The only
difference between them are the nuclear matrix elements
connecting the initial and final states. These matrix ele-
ments are similar since the initial state is the same for
both transitions. Precise limits on the neglected correc-
tion terms for allowed decay are obtained from the forbid-
den decay since the analogous corrections appear in lower
order, but not leading order, in the forbidden decay.
While, as in allowed decay, deviations of the spectral
shape from theory are not anticipated to appear above the
10 level, the only previous investigation of a unique de-
cay parameter in Na—a spectral shape measurement—
although consistent with theory, is sufficiently insensitive
to permit deviations of the polarization from /3 by as
much as 1S%.

2.6yr

As discussed previously, a further motivation for our
measurement arises since the shape factor measurements
of unique first forbidden transitions are generally observed
to disagree with theory at the level of several percent.
Analysis of these decays in terms of induced correction
terms yields contributions which are neither consistent
with theory nor internally consistent. The situation is
thus far without explanation, and the question of the ex-
i'stence of similar disagreements in higher-order forbidden
decay is therefore of some interest.

II. THEORETICAL BACKGROUND

The longitudinal polarization of positrons in the case of
pure axial vector (Gamow-Teller) allowed decay is given
in general by PL ——P(1+X ), where P=v/c and X
represents recoil order corrections. These corrections, ex-
pressed in the elementary particle formalism of Holstein,
are, through second order,

2
Ple 4X~

z c, ( —2c
& +d +2b ) —TM~ (Eo—E)c,c2

3M~E g21.

3cxz
4MgR

(3)

where m, is the positron rest energy, E(Eo) is the posi-
tron total (maximum) energy, R is the nuclear radius in
MeV ', and M~ is the average of parent-daughter nu-
clear masses. The form factors Ic,b, d, lt J represent the
Gamow-Teller, the weak magnetism, the induced tensor,
and the induced pseudoscalar contributions, respectively.
Gnly the momentum-transfer (q) dependence of the lead-
ing order Gamow-Teller form factor, c(q )=c~+czq, is
retained. Modifications to the weak form factor structure
of Eq. (3), resulting from Coulomb and radiative effects,
are detailed by Holstein and are negligible here.

While compact and relatively transparent, the Holstein
formalism' is strictly applicable only in allowed decay.
In order to accommodate a discussion of the 3+—+0+
transition, an equivalent multipole expansion formalism"
is employed from which the polarization deviation from P
is generally obtained for the allowed and forbidden Na
decays as

1.27

log ft
30%

C 10 g.

0.05% 13

4 3

g ML (k„k„)mL (k„k„)
IG =1 L=1

X(3+~2+)=2
4

g Ak A,k M)(k„k„)
k =1e

(4a)

)(

Ne

FIG. 1. Na decay scheme. The 90% positron feed is an al-
lowed Cia~ow-Teller transition that is hindered as indicated by
logft=7. 4. Measurements of the ratio EC/P+ disagree with
theory. The infrequent ground state positron transition is a
unique, second-forbidden decay with a normal logft value. The
maximum positron energies for the two feeds are 545 and 1830
keV.

4

g gk A, k M3(k„k„)m3(k„k„)
IG =1

X(3+-o+ ) =2 4

g Ak Ak M3(k„k„)
k =1e

(4b)

In Eq. (4a), terms with I. &4 are omitted, and M2 and
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M3 are neglected relative to M& in the denominator. For
initial (j ) and final (j&) nuclear spins, L is constrained
by

~ j~ —j& ~

&L &j~+j&, and the sums over k, are gen-
erally terminated beyond k, +k =L+2. The quantities

are defined as gk =pk yk Ik,E, where

yk =[(k, ) —(aZ) ]'~, a is the fine-structure constant,
e

and Z is the atomic number of the daughter nucleus. The
pk, Ak, and Ak are functions of Coulomb amplitudes,

e e e

tabulated in Ref. 12. The ML and mL represent linear
combinations of spin- and energy-dependent functions and
the form factor coefficients 'J'FxL'~, where j—= ( V, A ),
n =0, 1. The lengthy expressions for MI and mL are well
described in the literature, "' and are therefore omitted
here. Inclusion of induced corrections is accomplished
through modifications of the '~'Fzz's as described by
Buhring and Schulke. '

As is evident, the deviations may generally be expressed
as a sum of terms in L of the form X—:QXL. Aside
from denominators, the L = 3 contributions to the allowed
and forbidden decays differ only in the relative magni-
tudes of their respective form factor coefficients, and are
related by

X3(3+~2+ ) = —,
' X3(3+~0+ )&0&),

where

gAg Ak [M3(k„k )](3+ 0+)
k

QAk A, k [M3(k„k )], +
k

In either formalism, the respective form factors are re-
lated to the reduced matrix elements of each transition.
The explicit connection is customarily based on the as-
sumption of the impulse approximation, in which off-
shell and exchange effects are neglected. For the Holstein
form factors, these connections are detailed in Ref. 10. In
the case of the form factor coefficients of the multipole
expansion formalism, the relations for both allowed and
forbidden decays are obtained from general expressions
contained in Ref. 13.

The form factors in our work are derived from the re-
duced matrix elements of Brown and Wildenthal' in the
form of one-body density matrix elements. The matrix
elements are obtained from sd shell model wave functions
which are determined from effective Hamiltonians (two-
body matrix elements and single particle energies), com-
bined with single particle matrix elements. The one-body
transition density matrix elements differ from those used
in the previous Firestone et al. analyses as a result of
new, shell model wave functions obtained from a formula-
tion of the effective Hamiltonian which treats the entire
sd shell. ' A comparison of new and previous predictions
of the allowed decay weak form factor structure is given
in Table I, where the associated uncertainties in the new
matrix elements are estimated to be of order 20%.' For
the forbidden decay, the predicted leading order matrix
element is consistent with the calculations of Warburton,
Garvey, and Towner. '

III. EXPERIMENTAL PROCEDURE

g g'k Ak [M3(k„k„)m3(k„k„)](3+
k,

g gk Ak [M3(k„k,)m3(k„k, )](3+ O+)

such that
2

g X (3+~2+)=—[X(3+~2+)—X3(3+~2+)] .
L=1

Thus, to the extent that the ratios of matrix elements can
be calculated with certainty, the forbidden decay may be
used to further limit the magnitude of the L =1,2 contri-
butions to the allowed decay.

The measurements described in this article were per-
formed using a new polarimetry technique based on the
time-resolved spectroscopy of magnetically quenched
n=1 positronium (Ps). The principle of the technique
has been extensively described previously. ' Briefly, mix-
ing the singlet and m =0 triplet Ps states in an external
(polarimeter) magnetic field (B~,~) yields a perturbed trip-
let state which, when created with positrons which have a
net polarization on stopping (P,«~), has a formation frac-
tion which is a function of P„,~ B~,~. Experimentally, the
P

& p
Bp''

&
dependence may be observed by either reversing

P„,„(inconvenient at beta decay energies) or by reversing
B~,~ (the technique used here). This reversal gives rise to
an asymmetry 3, given by:

TABLE I. Shell model estimates of Na weak form factor structure.

Weak
form factor

C&

8
C2
D
H

FMH'

+ 0.002 66
—117

—2.25
—19

7.3 0& 10'

BWb

—0.0133
—12.1
—0.154

3.05
1.2 X 10'

FMH'

—0.016
+19
+ 0.37
+ 3.2
—1.2~ 10'

BW

—0.016
—10
—0.062

2.5
9.6X 10

'Firestone, McHarris, and Holstein (Ref. 5).
Brown and Wildenthal {Refs. 14 and 15).

'Results of a, normalized to the experimental value of c&
———0.016 obtained from the logf t value (Ref.

5) and sign from Ref. 14.
Results of b, normalized to c& ———0.016.
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N+ —N
(8)

N++N
(N i is t e nuth number of perturbed triplet Ps

d 8 „ ti 11 1 ( r ll 1).
fth t bdt „lt

8 f'ld 1

he o ulation o e p
state (T') will have an asymmetry on ie re
given by:

A y ~ =Pstop 6' cosO,

1 x )
' x =0.02768p, i(kG), and cos9

8 ). The lifetime (v.r) of the unp
oes not change from its field-

f8 Th lfof 135 ns in the presence o P,I. efree value o
(S) '

iso essentially un-p gsin let state is a

1 lif i [ '( =0)]d-
from the field-free value o . ns.

the m= p=0 ( erturbed) triplet state i e im z.

itude of the perturbing field:pends strongly on the magnitu e o

1 1+Y
(10)

1 x )' ] and As (A, z. ) is the unper-
f' lcl f d 10turbed singlet (triple, ' yt,' deca rate. At ie s

' -5—10 ns, permitting separation o
om onents b the use of fast-timing

h karious lifetime components atechniques. The various
Fi . 2. Aftereca s ectrum are displayed in ig.

11 1 P. h-d-...d, .ll5.5 ns in the de y peca s ectrum a sing e
h'lated and, ignoring theunbound positrons have annihi ate an,
t essentially only per-the s ectrum contains es

d and unperturbed triplet Ps. ince

different, the asymmetry observe in e
has a time epend dence (time after Ps formation:

/

Pe cosaA(t)=
1+ exp[(A, ' —A, )t ]

Perturbed Singlet +s DecaysI1

Direct Annihilation Peak

ex resses the fact that the ratio of T to
h d pectrum Wewith time in t e ecay sevents increases w'

d T' in a timemeasure the total numbeber of events, T an
30 ns). Thewindow in the decay ps ectrum (e.g., 5.5 to ns.

ved in this win-etr in the number of events observe in
dow, upon field reversal, is re ate o

(12)A =Pef,

POLARIMETER (CI )
MAGNET

COIL OUTLINE ~ ~ SOURCE

POLE PIECES'
COILS GAP q YOKE

GATE
VAlVE +

TO J
PUMPSPIECE

I

QUADRUPOLE 'i~ - - ~VACUUM
MAGNETS BEAM LINE CHAN BERBEAN

SPECTROMETER MAGNET

is the fraction of T' events in the time wmdow.
d sing two independentof was determine usin

f'tt d o ofmethods: 1 the s ectrum was i e
1' '

omponents werethe various li ctime cornponentials an
f T T' and the back-so that the amplitudes o, astripped so

ined and (2) B,I ——0 measurementsg
i rmed and f was extracted as descri ewere per orme, an cri e

18. Both methods yielded f=0.5
Ps formation occurs typically at = e

'
iall ener etic P decay positrons (en-depolarization of initially energe ic

s stematicgy k V-1 MeV) constitutes a serious sys emergy =100 e - e
t e, at 350 keV the uncertainty in polar'

0.07) o wh c a ate st

was circumvented in t e phe resent experiments y re
Na and Ga.ment between positrons from a anmeasuremen

f th t o sources were alter-gy1 ener rom e w
for olarization analysis y ap

p
'

n that e ual-energy po
'

larize equa y on s op
'

11 t ping in the polarimeter. e sy
is shown in Fig. 3.

r cted from a water-cooled,The polarimeter was constructe rom

1P'-

I—

1P4

I

10
I

15
I

20

~ Background
I

25 Time (ns)

0 2

STOP
SCINTILLATOR;-: '.;-;;..:..: . :

/ / /

/

/

4cy, -:POLE. ,;;.;:PIECE: .'-:
/ r/r

/ /'
/

r r
r r/

r
/ / / /

/

STOP

GAP.

r

PELLET

START
-'-;-'-. -" —;SCINTILLATOR

r

POSITRON

BEAM
/'/'

/
r / /'

/

, -'. - POLE'.'- '

. .' PIECE'-'
/

rum of n = 1 Ps decay. The lifetime corn-
dP d 1 d.ca of magnetically-quenched s arep yo g

erturbed triplet an sing ep p
shown y eb th broken lines when the polarimeter ie
is reversed.

SCINTI LLATOR . LIGHT PIPE

eter s stem. The positron po-FIG. 3. Spectrometer-polarimeter sy . o-
ator (a sector, P spectrometer coupled to a s-larization comparator a sec or,

) Detail of the cen-based, positron polarimeeter) is shown in (a . e ai
tral geometry o ef th polarimeter is shown in {



1018 M. SKALSEY, T. A. GIRARD, AND A. RICH 32

15.2 cm diam Varian nuclear magnetic resonance (NMR)
iron magnet. The positron beam entered the magnet gap
parallel to the polarimeter field through a pole piece with
a tapered hole drilled along the axis. The gap width of
4.90 cm permitted a maximum magnetic field of 8 kG at
the Ps formation site. The Ps formation medium was an
extremely fine-grained (-50 A) powder of MgO, in
which the unperturbed triplet decay rate is essentially un-
quenched and has been shown to vary by less than 5%
from its vacuum value. ' The powder was obtained from
Mallincrodt, and compressed into cylindrical pellet targets
of 2.2 cm diamX0. 7 cm with a density of 0.3 g/cm .
Thicker pellets proved necessary in the measurements of
the forbidden transition. Each target was heated under
vacuum at 350'C for -4 h in order to remove the decay
r'ate-quenching presence of water vapor, and maintained
under a vacuum of 10 Torr within the polarimeter
chamber during measurement.

The decay spectrum was obtained using start-stop tim-
ing measurements. The start detector consisted of a 1.27
cm squarex0. 025 cm thick Pilot 8 plastic scintillator,
edge coupled by a lucite light pipe to an RCA 8850 pho-
tomultiplier tube located outside both the vacuum system
and the magnetic field. The scintillator thickness was
chosen to give virtually 100% transmission with 350 keV
positrons, the lowest energy used in these studies. The
plastic scintillator was positioned within a lead collar 2.22
cm in diameter, which absorbed most of the gamma rays
produced by the annihilation of Ps formed by positrons
stopped in the thin scintillator. Two stop detectors, form-
ing a disk of Pilot 8 plastic scintillator 4.75 cm thick and
33 cm in diameter, were located outside the vacuum sys-
tem but within the magnetic field. Each section was cou-
pled by lucite light guides to two RCA 8850 photomulti-
plier tubes located outside the field. All phototubes were
magnetically shielded to prevent gain shifts when the po-
larimeter field was reversed. The strongest magnetic field
at the location of a tube photocathode was 50 G with no
shielding, and less than 0.1 G with shielding. No gain-
dependent effects from polarimeter field reversal were ob-
served in any of the tubes.

The spectrometer was constructed from an air-cooled
mass spectrometer magnet. The pole pieces formed a
flat-field C-shaped magnet with a gap of 5.1 cm, an aver-
age radius of 12.7 cm, and a width of 10.2 cm. The aver-
age angle of bend was 125'. The fringing field at the exit
plane was used as a focusing element to produce a con-
verging beam with coincident foci, six spectrometer radii
from the exit. The primary defining slits were located at
50' (ll cm on the central ray) from the source, and
formed a rectangular opening which restricted motion in
both the horizontal (5.7 cm) and vertical (1.6 cm) direc-
tions. Four additional sets of graphite slits were located
downstream from the primary slits but within the spec-
trometer, and they alternately restricted vertical and hor-
izontal motions.

Four independently-excitable coils were placed in a
quadrupole configuration around the beam pipe, as seen in
Fig. 3, to compensate for fringing fields from the polar-
imeter magnet. Independent poles permitted operation as
either a singlet quadrupole lens system or a deflection sys-
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FICi. 4. Source holder and interchange mechanism. Two
sources, each in holders shown on the right, are interchanged by
a slider operated from the left. One source is used for polariza-
tion analysis while the other is shielded.

tern. The axes of the four coils were positioned at 45' to
the horizontal plane, and the maximum magnetic field ob-
tained from a single pole at the center of the beam line
was 10 G.

Figure 4 displays the mechanism used to support the
sources in the spectrometer and to position alternately
each source for polarization analysis. Graphite shields in
front of the sources prevented positrons from the source
not under investigation from reaching the polarimeter.
Externally controlled, adjustable stops for each source
provided a range of 1.5 mm for radial positioning. The
individual source holders each consisted of a 0.08 mm
Mylar tube supporting a single layer (-40 iMg/cm ) of
VYNS (Ref. 20) film 1 cm from an aluminum support
ring. A thin layer (-1 iMg/cm ) of gold was vacuum
evaporated onto the VYNS and Mylar to prevent charge
buildup.

The Na activity was supplied by New England Nu-
clear Corporation (NEN) in the form of NaCl in weak
acid solution. A 3 mm&(3 mm square of nickel foil (450
pg/cm ) was placed on the VYNS covering of the source
holder, upon which the activity was positioned using the
technique of drop deposition and air evaporation, with in-
sulin employed as the wetting agent. A second covering
layer of VYNS was then applied to confine the activity.
The total thickness of the Na source is estimated to be
(1.0+0.2) mg/cm, on the basis of the thickness of the Ni
backing, the two layers of VYNS, and the actual amount
of NaC1 deposited. The Na supplied by NEN had a
specific activity of 306 mCi/mg of Na, and the activity of
the source was about 3 mCi. For the measurement of the
unique second forbidden decay, a Na source of 50 mCi
intensity was obtained from NEN. The activity was
deposited on a beryllium backing and covered with a
0.005 mm titanium window.

The comparison decay Ga was available from NEN as
the daughter product of the electron capture decay of

Ge, and half-life of which is 280 days. The activity was
electro codeposited as GeCu3 onto a small piece (3.0
mmX2. 5 mm) of 450 pg/cm nickel foil. ' After electro-
plating, the Ni-GeCu3 aHoy was attached to the source
holder and covered with a layer of VYNS. The primary
Ge source used in the polarization studies had an intensity
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of 12 mCi, and an estimated thickness of (1.3+0.3)
mg/cm based on electroplating tests made with cold Ge
and Ge tracer. The thicknesses of the test sources were
measured using the method of alpha particle energy loss.

The polarimeter electronics are shown in Fig. 5. A
Tracor Northern 1710 multichannel analyzer (MCA) ac-
cumulated the time spectrum of Ps decay up to 80 ns after
t=0, a region composed primarily of prompt and per-
turbed events. Sealer coincidence counters, labeled Bgd
and o-Ps, were required to compenstate for gain instabili-
ties in the MCA analog-to-digital converter (ADC—not
shown) and the time-to-amplitude converter (TAC). The
o-Ps sealer recorded events occurring between 50 and 350
ns after the prompt ( t =0) events [consisting primarily of
unperturbed o-Ps (triplet) decays] and was used as a mea-
sure of the total number of Ps atoms formed. The Bgd
sealer recorded events 2.4 to 3 ps after t =0, allowing the
contribution due to background events from uncorrelated
start and stop signals to be subtracted. All delay lines and
widths were set using coaxial cables to achieve stable
operation.

The form of the uncorrelated background (due to start
pulses that have no correlated stop pulses, and stop pulses
with no correlated starts or where correlated pulses are
missed due to background radiation) appearing under the
decay spectrum (t )0) is, ignoring dead time,

Bgd=Boexp( R„,p—t ), (13)
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FICx. 5. Polarimeter electronics. Fast-timing electronics are
used to process the polarimeter detector outputs. The circuit
measures the lifetime decay spectrum of positronium, and per-
mits accurate normalization and background correction.

where t is the time after t=0 and R„,p is the stop rate at
the TAC (-2 kHz). The background rate at t=0, Bo, is
given by

Bo——(R„,p)(R,",",",,
"")b,t, (14)

where R,",",~""' is the start rate with no correlated or
missed stops and ht is the time width of the bins in the
analyzer spectrum. To eliminate the effects of electronic
dead time in the circuit, the "true start" (dead time
corrected) output of the TAC was used in both the Bgd
and o-Ps coincidence circuits since the TAC has a longer
dead time than any other component in the circuit. Un-
correlated start pulses were obtained by inhibiting start '

pulses which have a correlated stop in the TAC (prompt
and perturbed events) or in the o-Ps circuit (unperturbed
events). The background corrections had their largest ef-
fect in the o-Ps circuit, where typically 3% of the counts IV. DATA ANALYSIS

The decay spectrum of perturbed triplet Ps was ob-
served in 14 time windows, each of 24.5 ns duration with
starting times of 5.5, 7.5, 9.5, . . . ns after t=O. The un-
correlated background contribution to these windows was
typically -0.3% of the counts in a window. The number
of events (background corrected) in a perturbed triplet
time window, acquired with the polarimeter field alter-
nately antiparallel (N+ ) and parallel (N ) to the P
momentum, were normalized to the background-corrected
number of unperturbed (N,p, ) events, yielding

R+ ——

oPs
(15)

so that only Ps events were employed in the analysis.
Direct annihilation events (annihilation without Ps forma-

arose from background events. The Bgd sealer was in
operation simultaneously with the o-Ps sealer and the
MCA, and ensured that the background correction intro-
duced a maximum uncertainty of 0.2% to the allowed de-
cay polarization comparison.

The comparison of allowed decays was run for 32 days
at a positron energy of 350 keV and at an 8 kG polarime-
ter field, with the data binned into approximately 6 h
runs. Either a polarimeter field reversal or a source inter-
change was alternately affected at the end of each run.
The FWHM of the transmission peak at the beam energy
was 20 keV, which with the Si detector resolution of 8
keV implies an energy resolution of 18 keV or
AT/T =5.1%. Installed in the spectrometer, the average
positron energy from each source differed by less than 1

keV. The accuracy with which the source slider repro-
duces source positions is such that it can cause an observ-
able change in the energy spectra of less than 1 keV for a
single source. Reversing the polarimeter field produced a
shift of -2 keV in the location of the centroid of the
peak. This shift was the same to within 1 keV for both
sources. Since the accuracy in the polarization compar-
ison measurement is determined primarily by the source
interchange, rather than the field reversal, this small 2
keV shift has no significant effect on the results. The
average start detector rate was 2.6 kHz; the average stop
detector rate was 1.9 kHz. The average rate of start-stop
coincidences within 80 ns of t =0 (TAC rate) was 515 Hz.
These rates, corrected for decay, remained stable to within
5% throughout the run.

Measurement of the unique second forbidden decay re-
quired a total of six weeks of continuous data acquisition
at 800 and 1000 keV using an 8 kG polarimeter field, with
data binned into approximately 12 h runs. Either a polar-
imeter field reversal or source interchange was alternately
affected at the end of each run. The noise-corrected start
detector rate for Na was 55 Hz; the average stop detec-
tor rate was 1.7 kHz. The rate of start-stop coincidences
within 80 ns of t=O for Na was 10 Hz. The Ga
source used for this comparison was about 0.2 mCi, and
gave roughly a six times greater start rate than the Na-
source. The thickness of this Ga source was estimated
to be 4 mg/cm .
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tion, ~=0.1 ns) were excluded by choosing time windows
beyond the prompt peak. Most of the previous measure-
ments of polarization using the Ps lifetime technique were
normalized to the incident positron rate, and are suscep-
tible to spurious polarization results if the Ps formation
fraction changes during measurement. The formation of
Ps in Mg(o allows us to avoid this problem.

The Na-Ga polarization comparison (bP/P) ' ' is
determined from the R+ values by using the relation:

Na-Ga

(16)I' (g Ga) —1

R

-12—

P

~p
Na-6a

P

Here, 3 ' is the measured Ga asymmetry and

~Na gGa gGa gNa
+ +

2g =g.&a+g &a =R Na+g+ +

The observed polarization comparison curve (as a func-
tion of the 14 sequential perturbed time windows) is then
expected to arise from Ps in MgO (10 ns lifetime) which
dominates at long times, and a "plastic scintillator" com-

ponent (2 ns lifetime) which dominates at short times (see
Fig. 6). This "scintillator" component is due to positrons
that form Ps in the plastic. A major fraction (85—90%)
of these positrons backscattered from the MgO pellet be-
fore stopping in the plastic. Only 10—15% of the plastic
component is due to beam positrons that are stopped
directly in the start scintillator. In the first time window
in Fig. 6(a) there is 12o disagreement between values of
(AP/P) ' ' for the field alternately parallel and anti-
parallel to the positron momentum. Specifically, we find
(AP/P) = —18.6(8)% for 8 parallel and (AP/P)
= —5.0(8)%%uo for 8 antiparallel. The cause of the effect is
probably due to the slightly different spatial distributions
of the two sources. A difference in the location of the
beam incident on the start detector results in a difference
in the detection efficiency of the stop detector. The
difference in the number of 2 ns decays that would be
detected due to the location difference could result in the
observed shape in the polarization curve. However, the
size of the observed effect is an order of magnitude larger
than expected from an estimate of the expected variation
of 2 ns decay detection efficiency.

The presence of the large, anomalous polarization effect
in the early time window necessitated analyzing the re-
sults of the polarization comparison as a function of per-
turbed window starting time. The assumption was made
that early time windows are contaminated by the 2 ns Ps
component. %'ithout the presence of the 2 ns component,
the polarization comparison result would be independent
of the perturbed window chosen, and is referred to as the
"asymptotic value" since at long times the curve ap-
proaches a straight, horizontal line [+1.0% in Fig. 6(a)
and +3.3% in Fig. 6(b)].

0 T,

l—
41

3Q t.-(ns)

(+1.O O.g)'/.

V. SYSTEMATIC EFFECTS
AND CGRRECTIONS

-10—
hP Ioj )

-8- Na-6a

P

5
0

gO e Il)S)

i1 (+33 -1.3)%

FIG. 6. Polarization comparison data. The results of the
Na/Ga polarization comparison at (a) 350 keV and 8 kG and (b)
at 350 keV and 5.7 kG, as a function of the starting time of the
perturbed window. Contamination from 2 ns Ps formed in the
plastic scintillator is clearly present in the early time windows.
Error bars shown are correlated since the windows overlap.

The allowed decay measurement was repeated at polar-
imeter magnetic fields of 6.5 and 5.7 kG, followed by a
comparison at 400 keV and 8 kG. These additional com-
parisons were performed to explore energy-dependent sys-
tematic effects (which are likely to be small, since scatter-
ing effects at 400 keV are not appreciably different from
those at 350 keV) and to check the effect of the higher ef-
ficiency of 400 keV positrons for penetrating the start
detector. The comparisons were also used to search for
systematic effects dependent on the polarimeter field.
Such effects seemed more likely than the energy depen-
dent effects since field changes influence a number of pos-
sibly significant parameters. For example, the field gra-
dient at the polarimeter entrance depends on ~B~,~ ~, so
that positrons deflected by this gradient into helical trajec-
tories experience a field-dependent depolarization (dis-
cussed further at the end of this section).

Field- and energy-dependent systematic effects were
found to be small, as is evident from the experimental po-
larization results. Table II displays the asymptotic values
found from the I4 perturbed windows, as shown in Fig. 6,
and the weighted average of the four allowed decay runs.
The 2.5% error in the 400 keV run is not used in assessing
the error in the average since the likelihood of energy-
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Bp,

TABLE II. Polarization comparison results.

(gp yp )Na-Ga

Allowed decay

8 kG
6.5 kG
5.7 kG
8 kG

350 keV
350 keV
350 keV
400 keV

(+1.0+0.9)%
(+0.7%1.4)% t

(+3.3*1.3)%,'
(+2.5*2.5)%

(+2.1+0.95)%

average (+1.5+0.95)%

g =2.71 for three degrees of freedom

Forbidden decay

8 kG
8 kG

800 keV
1 MeV

( —5+5)%
(+3+5)%

average ( —1+5)%

dependent systematic effects is considered small. Polar-
imeter field-dependent systematic effects are more likely,
and consequently, the errors in the low
field runs were used to arrive at the quoted error for the
average value. First, we averaged together the results of
the two low field runs (5.7 and 6.5 kG) obtaining
(b,P/P) ' '=(+2. 1+0.95)%, as shown in Table II.
This value agrees well with the result of the 8 kG run
[(bP/P)N' G'=(+. 1.0+0.9)%]. . Averaging of these two
quantities is clearly justified, but reducing the error is not
since field-dependent systematic effects are likely. The
apparent absence of field-dependent effects in these data
implies a reliable result for the average at the error quoted
(0.95%), and not at the 0.6%%uo level obtained by simply
combining the errors.

Other known systematic effects are separated into two
classes, depending upon their association with either the
spectrometer or polarimeter operation. Most of the polar-
imeter related effects have their origin in the electronic
circuit used to measure Ps lifetimes. For a TAC range of
100 ns, shifts in the apparent time location for prompt
events of order 5 ps over 15 min periods were measured.
Sinning the data into approximately 100 separate runs in-
troduced an uncertainty of 0.15%%uo in the polarization mea-
surement due to time shifts. With a TAC range of 2 ps,
shifts of about 100 ps were measured. These shifts were
consistent with the gain stability specifications of the
TAC and ADC in the MCA.

Count rate dependent systematic effects were investi-
gated in a polarization comparison performed using two

Ga sources whose intensities differed by a factor of 12.
No difference in the measured polarization was found at
the level of 1.7%%uo. In the polarization comparison of al-
lowed Na and Ga decays, the rates were the same to
within 25%%uo for the two sources. Assuming a linear rela-
tion between rate difference and b,P/P, count rate depen-
dent effects were excluded at the level of 4X10 4 in this
comparison.

The temperature dependence of the propagation time
for a timing pulse in RG-58 coaxial cable was found to be
—150 ppm/'C, that is, the warmer cable causes faster
pulse propagation. The cables most sensitive to this effect
are the start and stop cables leading to the TAC, with a
difference in length of 17 ns. A random 1'C shift in tem-

perature, when averaged over the 100 separate runs, re-
sults in a statistical spread in the polarization comparison
of 8&&10

All spectrometer-related systematic effects arise from
the scattering of positrons from various surfaces, includ-

ing the sources themselves. The-differential depolaiiza-
tion of positrons scattered in the sources was calculated
using the theoretical expressions of Muhlschlegel, which
include the effects of (1) large angle single scatterings and

(2) small angle multiple scattering. The results for 350
keV positrons are shown in Table III, with the predicted
source depolarization decreasing rapidly with increasing
energy, as does the ratio of multiple/single scattering ef-
fects.

The assumption that systematic effects due to scatter-
ing from surfaces in the spectrometer will cancel between
the two sources in the polarization comparison is not gen-
erally justified, since most of the Ga positron distribu-
tion lies above 350 keV, while most of the allowed Na
distribution lies below. Thus, differential scattering ef-
fects are expected to be severe. A Monte-Carlo study of
scattering in the spectrometer was performed to provide
(1) an estimate of the magnitude of the scattering from
the various surfaces and (2) the energy distribution of the
scattered particles that reach the polarimeter after the
scattering has occurred. The latter is important to the
measurement of scattering contributions, since the pro-
gram identifies regions in the energy spectrum in which
particles that have scattered from a given surface are like-

ly to appear.
Five scattering surfaces in the spectrometer were inves-

tigated. As anticipated, the. contribution of scattering
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TABLE III. Systematic effects. Systematic uncertainties in the allowed decay polarization compar-
ison are individually displayed. See Table I of Ref. 2 for the systematic uncertainties in forbidden decay
results.

Systematic

Spectrometer:

&(68~a )a

Effect (&(10+ )

+(22Na )a 6(Ga-Na)

Source depolarization
Source alignment
Scattering:

source holder
first slit
vacuum chamber
shield
back scattering

Shield leakage

—0.49+0.35

—0.50+0. 19
—0.09+0.09
—0.24+0. 12
—0.23+0.31
—0.03+0.06

0

—0.26+0.20

—0.05+0.05
—0.02+0.02
—0.03+0.03
—0.03+0.03
—0.01+0.01
—0.05+0.05

—0.23+0.23
0.00+0.06

—0.45+0.20
—0.07+0.09
—0.21+0.12
—0.20+0.31
—0.02+0.06
+ 0.05+0.05

Polarimeter:

Time shifts
Dead time, background
Temperature of cable
Count rate

0.00+0. 15
0.00+0.20
0.00+0.08
0.00+0.04

Net Effect ( —1.13+0.54)%

e is the fractional depolarization. When P; =P, depolarization results in Pf =P( 1 +@).

from the aluminum source holder and slider mechanism
was the largest systematic effect identified. This contri-
bution was measured by replacing the start detector with a
Si surface barrier detector and masking the aluminum
source holder with a lead foil collar. The change in rate
of the arrival of positrons at the polarimeter with and
without the Pb collar was assumed to be due to the change
in the number of positrons scattered from the holder. Us-
ing tabulated back scattering coefficients, the change in
rate was related to the number of positrons that scatter
from the holder and the depolarizing effect extracted.

Scattering from the graphite shields was investigated in
a similar manner. Energy spectra were taken with and
without lead foil covering the shields, and the observed
rate difference was related to the scattering of positrons
from this surface. The backscattering of positrons from
the vacuum flange located behind the sources was reduced
by a layer of graphite placed on its inside surface. The
backscattering contribution from the graphite was investi-
gated by placing lead foil over the graphite flange, as in
previous studies, to increase the scattering. Additionally,
a small graphite plug was fashioned to fit 1 cm behind the
source (instead of 3.75 cm to the flange). By inserting the
plug and measuring the change in rate, the backscattering
contribution was again determined. Finally, a polariza-
tion comparison was performed on a Ga source with and
without the plug inserted, yielding the result
( —1.5+1.S)%. As shown in Table III, tests indicated
that backscattering contributed less than 10 uncertainty
to the comparison.

The scattering of positrons from the first defining slit is

also a possible source of systematic error. Space and ac-
cess restrictions in the spectrometer vacuum chamber
made it impossible, experimentally, to investigate scatter-
ing from these surfaces as was discussed above for the
other surfaces. Using the size of the scattering systemat-
ics from the holder and the shield studies as a basis, an es-
timate was made (as appears in Table III) of the size of
the slit scattering effect with primary consideration for
geometric effects. The Monte-Carlo program, however,
predicts this effect to be two orders of magnitude smaller
than shown, so that the estimate presented should then be
taken as a conservative upper limit.

Scattering from the "vacuum chamber" describes
events in which the positron, after scattering, experiences
little or no energy selection by the spectrometer. These
scatterings occur in the region beyond the first defining
slit, and are indicated by an event registered in the Si
detector at an energy above the beam energy. Approxi-
mately 2.7% of the events in the spectrum lie in this re-
gion, the majority of which are due to summing of posi-
tron kinetic energy and annihilation gamma ray energy.
Additionally, two 10.2&&10.2 cm diam NaI(T1) detectors
were positioned outside the vacuum chamber 30.5 cm
from the Si detector and 180' from each other, and a five-
fold coincidence required to record a Si detector signal,
i.e., a triple-time coincidence of all three detectors regis-
tering events, with each NaI detector required to have 511
keV of energy deposited. The latter constraint ensured
that an annihilation gamma ray did not interact with the
Si detector in events which passed these cuts. With the
possibility of signal summing removed, over 90% of the
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and

PL, ( Na) =(+0.88+0.09+0.03)p,

(17)

where the first error is due to uncertainty in the calcula-
tion of stopping depolarization and the second error is due
to all other systematic and statistical uncertainties. If we
ignore the first error and assume that the depolarization
calculation is correct, a depolarization of approximately
12%%uo is apparent. However, there is an equal effect on
each source, so that the error due to depolarization on
entering the magnet is canceled in the polarization com-
parison. Therefore, the absolute measurements, taken to-
gether with the polarimeter field variation data in Table
II, indicate the reliability of the polarization comparison
technique at the l%%uo level.

VI. RESULTS AND DISCUSSION

Combining systematic and statistical uncertainties, the
final results for the polarization comparison of Na and

Ga are

p (allowed) =0.004+0.011,

EI'
p

(forbidden) =0.00+0.05 .

Assuming ' ' PL ( Ga) =p(0.9987+0.0013), we find
the longitudinal polarization of positrons in the two feeds
of Na to be

PL (3+ +2+)=p(+ 1.0—03+0.011),

PL(3+~0+)=p(+ 1.00+0.05) .
(18b)

The allowed 3+—+2+ result constituted, when first pub-
lished, ' an order of magnitude improvement in the deter-
mination of positron polarization. ' ' We note for
completeness that recently a positron polarization com-

high energy events in the energy spectra disappeared, . and
the depolarizing effect of the remainder is shown in Table
III.

The final systematic effect to be discussed here is the
positron depolarization that occurs in traversing the po-
larimeter field gradient. As noted earlier, several polari-
zation runs at different fields (see Table II) indicate that
this effect is at or below the 1% level. To further
strengthen this claim, absolute polarization measurements
were performed at 350 keV resulting in

PL ( Ga) =(+0.89+0.09+0.02)p

parison result which employed Bhabha scattering on the
nuclei Al and P and which was accurate to 3.8%%u/o has
been published. The Bhabha technique has the advan-
tage of being usable with positrons of energy greater than
2 MeV, at which energy the depolarization using our tech-
nique is approximately 50% thus reducing the utility of
the Ps technique at these high energies. Disadvantages of
the Bhabha polarimeter are its low efficiency and low
asymmetry as compared to the Ps polarimeter; features
which make it less useful for most e+ polarization mea-
surements.

In the case of the forbidden decay measurement, the re-
sult is consistent with theory in leading order and further
restricts by a factor of 3 the possible existence of any large
polarization deviation from P as is now permitted by the
spectral shape data. Nevertheless, there remains consider-
able room for accommodating the anomalous corrections
implied by analyses of the first forbidden decay data. Use
of Eq. (5) together with model-calculated form factor
coefficient ratios, yields

X3(3+~2+ ) (2.5 x 10 (19)

which is consistent with order of magnitude estimates ob-
tained from theory. " This suggests that there are no
unusually large contributions to the allowed decay from
the previously-neglected correction terms beyond I.=2.

In principle, the measurement of the allowed decay po-
larization, in combination with previous measurements of
the ft value, the e/P+ ratio, the spectral shape factor, and
the P+-y directional correlation forms a complete set of
experiments from which all form factors describing the
decay through second order in recoil may be derived.
Measurements of the beta-gamma circular polarization
(CP) correlation P-ycp have also been performed using

Na decay, but these results are not considered here due
to the large experimental error reported for them. The
situation regarding the additional experimental decay data
is reviewed in detail by Firestone et al. , from whom we
adopt the values: logft =7.42, spectral shape factor
(S)=(0.05+0.17) )& 10 MeV ', skew ratio =0.92
+0.02 [the skew ratio R is defined as R:—(e/P)/(e/P)0,
where (e/P)0 is the theoretical ratio without exchange or
overlap corrections], and Py directional correlation coeffi-
cient (322)=( —1.2+0.5)X 10 . The value adopted for
322 represents the average of two measurements, which
disagree by 2.4 standard deviations, and suggest some cau-
tion in the interpretation of the derived results.

The theoretical descriptions of these observables in the
Holstein formalism have been given previously:

R =1—( —1.568 —0.70D+0.0013H+18.0C, ) X 10-';
S=—(1.798—0. 17D+0 00074H 7 78.Cz) &&10 —M. eV

A»-(4. 48+4.4D —0.60C, ) &&10
—';

(20)

(21)

(22)

where the form factors have been redefined as 8:b/Ac &,
—

C2=c2/R c&, D—:d/Ac~, and H =h/A c&. The-
Gamow-Teller form factor is obtained as

~

c&
~

=0.016
from the decay ft value, neglecting correction terms

which are estimated to change cq by only a few percent.
The weak magnetism form factor is obtained as
8= —14+4 from the radiative width of the analog M1
transition. This value assumes no E2 admixture to the
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+0.0038H —0.08C, ) . (23)

Simultaneous solution of Eqs. (21)—(23) with the adopt-
ed experimental results yields

C2 ———2.8+1.2,
D = —14+12,

H =(0.4+2.9)X10',
(24)

which, together with B= —14+4, constitutes the best es-
timate to date of the Na weak form factor structure ob-
tained solely from experimental data. This structure is
compared with the calculated sheil model estimates in
Table IV (Analysis 1). As is evident, while continuing to
suggest larger than anticipated decay corrections, the re-
sults presented in Eq. (24) lack sufficient accuracy to be
useful in assessing the expected level of contribution to
the various observables since, with the exception of B, all
are consistent with zero.

Substitution of Eq. (24) into Eq. (20) yields
R —1=(2.4+4.5))&10,which is consistent with experi-
ment at the 2o level [recall (R —1),„~,=( —8+2) X 10 ].
An analysis in which S is replaced with R yields a virtual-
ly identical form factor structure except that C2 &0 (see
Table IV, Analysis 2). ' Using over-specified analyses
employing both S and R (and excluding either Pi or A2z),
we are unable to generate a real solution as a result of the
difference in the sign of C2. Thus, the uncertainties in
the form factor determinations are too large to permit
definite conclusions.

As indicated in Ref. 5, the error estimates in the mea-
surement of S may be overly optimistic as a result of
neglected experimental corrections arising from photon
emission, annihilation in flight, and escape of positrons
from the detector crystal. Use of the suggested corrected
value [S=(5.9+3.0)%%uo/MeV], however, yields form fac-

M1 decay, which would tend to decrease the result.
Equations (20)—(22) do not include higher-order quadratic
radiative effects. Also neglected, on the basis of shell
model estimates coupled with kinematic contributions, are
the additional form factors f, j&, and j2, present in the
general expansion of 322. To the extent that the above
model-dependent analysis of the forbidden decay polariza-
tion measurement can be accepted, this neglect is clearly
justified. In this notation, PL (3+~2+) at E=861 keV is

p 'PL -1—10 ( 2. 16B+1.08D

tors which are only marginally different in value from
those listed in Eq. (24) (see Table IV, Analysis 1'), and this
analysis provides no resolution of the above difficulties in
analyses involving both S and R.

VII. CONCLUSIONS

The longitudinal polarization of positrons in the al-
lowed and forbidden decays of Na have been measured,
relative to Ga, to accuracies of 1% and S%%uo, respective-
ly. The measurements were carried out using a new tech-
nique in positron polarimetry based on Ps time spectros-
copy. The forbidden decay measurement is the first beta
polarization determination in second-forbidden unique de-
cay. The allowed decay measurement is the most accu-
rate positron polarization measurement extant and is in
fact comparable to the best electron polarization measure-
ments using Mott scattering. It is anticipated that a
straightforward redesign of our instrument incorporating
higher fields, higher transmission, and better time resolu-
tion should result in an order of magnitude improvement
in the precision that can be achieved. We have detailed in
Ref. 1 plans to apply a redesigned instrument to a new,
high precision, on-line experiment. That experiment is
presently underway.

The situation regarding model-independent knowledge
of the weak form factor structure of the allowed Na de-
cay remains unsatisfactory. The present analysis yields
correction terms through second order in recoil which are
consistent with impulse approximation estimates and the
anomalous e/P+ ratio. However, the allowed decay po-
larization result is not of sufficient precision to confirm
or refute the anomalous e/P+ measurements. An order
of magnitude improvement in the present measurement
(from l. l%%uo to 10 ) is perhaps feasible in a relative mea-
surement employing either Cu or Co as the normaliz-
ing decay with Na since spectrometer-associated scatter-
ing systematics are virtually eliminated by the near-
equality of the comparison P distributions. Improved ac-
curacy in the polarization measurement alone, however,
will not resolve the e//3+ problem. The experimental pre-
cision of the P-y directional correlation, A&2, must also be
improved by an order of magnitude for a decisive test of
the e/P+ anomaly.

The forbidden decay measurement, the first such mea-
surement of its kind, in combination with model-

TABLE IV. Experiment-based Na weak form factor determinations.

Form
factor

B
C2
D
H

Theory
(SPSM)"

—10
—0.062

2.S
9.6~ 10'

Analysis 1'

—14(4)
—2.8(1.2)
—14(12)
3.9(29)~ 10'

Experiment
Analysis 1'

—14(4)
S.3(1.2)
—13(12)
3.'7(29) X 10'

Analysis 2'

—14(4)
2.S(2.2)
—13(12)
3.8(29) )& 103

'Analysis 1 using data set IB,PL, 222, SI.
Analysis 1' using same data set as 1, but with Firestone-suggested (Refs. S and 6) correction of S.

'Analysis 2 using data set IB,PL, Aqq, R I, gives S=4%.
Single particle shell model estimate, normalized to cl ———0.016 (see Table I).
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dependent nuclear structure calculations, restricts the con-
tributions of higher-order recoil corrections to the allowed
transition to be less than 10 . However, our accuracy is
still not sufficient to resolve any questions of interest re-
garding unique forbidden decay. We anticipate that it
should be possible to improve the statistical efficiency of
the positron polarization comparator (PPC) and reduce its
differential source depolarization so that reduction of un-
certainty by a factor of 3—4, i.e., to the 1% level will be
feasible. However, precision measurements of order 10
required to provide critical testing of the decay structure,
cannot be realistically envisioned at present. As noted
previously, the same technique appli. ed to Rb decay
suggests the possibility of an eventual 0.5% experimental
accuracy. Such accuracy would be useful in directly ex-

ploring the question raised by unique first forbidden tran-
sitions.
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