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and 

David A. DobsoJ 
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ABSTRACT 

We present a cOinprehensive discussion of an experiment, previously 

reported,.to test time-rev~rsal.(T) invariance in the beta decay of 19Ne . 

The "time-reversal" coefficient.D as well as the neutrino and positron 

asymmetry coefficients B and A, respectively, are measured, with results 

as follows: D = +0.002 ±0.014, B = -0.90 ±0.13, and A = -0.039 ±0.002. 

The value of D, based on 30000 events, is consistent with T invariance. 

The latter iinplies D = 0, since final-state corrections to D are negligible. 

The atomic-beam method is used to form .a nuclear-spin polarized beam 

of 19Ne atoms in the ISO ground state. Coefficients D and B are measured 

by observing correlations between the positrOn and recoil ion 19p- (in 

delayed coincidence) with respect to the 19Ne spin polarization, from 

decays in flight. The beam terminates its flight in a cell, where 19Ne . ., 

atoms are captured and remain for approximately 3 seconds, but suffer no 

significant depolarization. Positrons emitted parallel and antiparallel 

to the spin by 19Ne decaying in the cell are counted'to measure A. The 

results of our measurements, are compared with similar observations' of the 

beta decay of polarized neutrons. 
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I. INTRODUCTION 

We present here a detailed report of a test for time-reversal (T) 

invariance in the allowed beta decay 

('rl / 2 = 17.36 sec) , I 

provided by search for a correlation of the fonn J.p x p , between the 
- -e ... v 

spin of the initial nucleus and the momenta of the final leptons. 1 The 

experiment consists in forming a polarized atdmic beam of 19Ne and 
, " 

correlating the nuclear polarization with coincidences between the positrons 

and recoil ions, 19p'-, from decays' in flight. The positron asyrrnnetry 

parameter "A" and the neutrino asyrrnnetry parameter "B" are also measured. 

Similar experiments have 'been carried out on beta decay of polarized 

neutrons. 2-4 

Our work was motivated by the discovery of CP violation in K20 decay,S 

which implies that a T violation occurs somewhere in nature if CPT invari-

ance holds. Since we began the study presented here ,considerable progress 

has been made, in the experimental detennination of phenomenological 

parameters which characterize the CP violation,6-9 and numerous experiments 

have been perfonned to search for T violation in a variety of decays and 

reactions involving elementary particles and nuclei, besides neutron 

and 19Ne beta decay. 10-16 However, to date there is no definite evidence 

for T violation in any of the processes examined, and the basic mechanism 

for CP violation still remains unknown. 
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II. THEORETICAL BACKGROUND 

We consider the beta-decay transition rate dA in the allowed 

approximation, for the case in which initial and final nuclear spins 

are equal to one half: J
i 

= J f = 1/2. This includes neutron and 19Ne 

decay. Neglecting all momentum-dependent terms in the beta decay 

interaction, and summing over the final lepton spins which were not 

experimentally observed, we have 1 7 

die = 
2 2 2 

gs 7 F(Z,E)p q dpdQ <ill x 
(Zrr) h c e v 

, {l+a0:/C)oq + ~ 0 [A(y/c)+Bq+D(£/c)xq] 

Here FeZ ,E) is the Fermi function; p, v, and E are the magnitudes of 

(1) 

the momentum,velocity, and energy, respectively, of the electron; 

-1 
q = c (Emax - E) is the magnitude of the neutrino momentum and <t is a 

unit vector in its direction, and dQ ,dQ are differential solid angles e v . 

for the electron and neutrino, respectively. The spin polarization of 

the initial nucleus is given by CD / J . In the above equation and in the 

following, the Upper sign refers to positron emission, the lower sign to 

negatron emission. 

If final-state electromagnetic interactions are ignored the-quantities 

~, A, B, and D are given by 

I 
\ 

(2) 

(3) 

. 

~: 

! 
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~lpl2 _ Alplcos (9+¢) 
B = --------~~-------

1+, pI 2 
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(4) 

(5) 

CA(cr) I'CA i¢./{QLI i8 
Here p = Cy(l) =. Cy e \Ille ,where Cy and CA are the V, A coupling 

constants, respetti vely, and (1) and (cr) are the Penni and Gamow-Teller 

matrix elements, respectively. Also, 8 is the relative phase of (cr) 

and (1), and ¢ is the relative phase of CA and Cy. If T invariance 

holds, p is real and sin (8+¢) = O. Thus when Coulomb corrections are 

ignored as in Eq. 5, D = O. (Actually we shall set 8(n) = 0 and 

8(19Ne) = rr in agreement with the usual phase conventions and the nuclear' 

wavefunction18 of 19Ne , and assume that T violation appears as a departure 

of sin ¢ from zero.) 

The Coulomb correction to D has been calculated to first order in 

a2!p by Jackson, Treiman, and Wyld. 17 They find, for J. = J f = 1/2 , 
1 

D(l) = (2IDC) (0.2) 
Coulomb 13' p . (l)(cr) 

Here, a is the fine structure constant and m is the electron rest mass. 

The right hand side of Eq. (6) vanishes fora pure V,A interaction. The 

upper limits on S and T tennsin the beta interaction may be detennined 

from ~xperimental upper limits on the Pierz . tenns bp and bGT for Penni and 

Gamow-Tellertransitions, respectively. These tenns are given by19 
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Prom electron-neutrino angular correlation experiments 20 - 22 one knows 

that 1 Cs 12 « 1 STI2 and I c" 12 « 1 CAl 
2 

. With these results and the 

substitutions s = CsIST' s' = CS/CY, t = c"/C
A

, and t' = Cr/CA' we 

obtain 

bp ~ Re(S+S')· .,. 

Employing these substitutions in Eq. (6), we find 

D(l) . ~ 2 p CaZ) (me) (b +b ) 
Coulomb I'J 1+p2 . P . . P Gf 

where for this discussion we assume that p is real. An upper limit 

(bp) < 0.1 is obtained by Gerhart23 from consideration of the constancy 

of ft values for the pure Permi O+~ 0+ transitions. Limits of 

IbGTI < 0.03 and IbGTI < 0.05 have been fotmdby Sherr and Miller24 and 

by Leutz andWellniger,LS respectively, from measurements of the ratio 

of K capture to positron emission in the 3+ ~ 2+ pure GTtransition of 

22 19 aZ . 1 
Na. Using bp < 0.1 and bGT <0.05, and forNe, <ftmc = 45 and 

p = -1.60, we find 

(1) 19 
DCoulomb (, Ne) ~ 0.0017 

o· 

(7) 
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Although the second-order Coulomb correction D2~~10mb has not 

been calculated, it should have order of magnitude 

(2) at 2 '2 
DCoulomb ~ (p-) (mc) .~ 0.001 

if there is no fortuitous cancellation for V, A coupling in higher 

order. 

Finally, Callan and Treiman26 have shown that when momentum

transfer-dependent terms In the beta decay amplitude are taken into 

account (the most important of these is the "weak magnetism" tenn, 

according to the evc hypothesis) a nonvanishing Coulomb correction to 

D appears in first order, even for a pure V, A. interaction. For 19Ne 

they obtain the result 

rr(l) (19Ne) = 
-weak Magnetism 0.00026P/Pmax 

Sl.UI1lIlarizing the results of Eq. (7) through (9), we may say that the 

total electromagnetic correction to D(19Ne) is no more than 0.002 at 

the most. The present experimental lIDcertainty for D(19Ne) is ±0.014, 

so that electromagnetic corrections to D can safely be ignored. 

I I I • EXPERIMENTAL METHOD 

A. Production and Separation of 19Ne 

Neon -19 is produced at the Berkeley 88- inch cyclotron in the 

(8) 

(9) 

reaction 19F(p,n)19Ne , by bombardment of SF
6 

gas at 3 atmospheres absolute 

pressure with IS-MeV protons. 27 (See Fig. 1.) The proton beam enters 

the 2-cm-diameter by 20-cm-long target through a 0.18-mm-thick aluminum 

foil, which is electroplated with nickel to reduce corrosion from 
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chemically active by-products of bombarded SF6. The foil is supported 

on the evacuated cyclotron side by a water-cooled laminated nickel~copper 

collimator. Foils usually withstand 60 ~ bombardment for 50 to 100 hours. 

The SF6 flows continuously through the target and serves as a 

carrier to transport the 19Ne to the atomic beam apparatus, which is 

about 20 meters from the target. Rapid delivery of 19Ne is essential, 

since the half-life is only 17 sec; a traTI$it time of 5 seconds is typical. 

SF
6 

and by-products of the bombardment are condensed in a liquid nitrogen

cooled trap ,(LN, in Fig. 1) to separate them from 19Ne . There are two 

such traps.in the system. While one collectsSF6, the other is being 

heated to.return its contents to the SF6 supply tank for repeated use. 

Very-short-lived radioactive contaminants such as l~e decay before 

reaching the atomic beam apparatus. The only significant contaminant 
, 

ln the bombarded gas with a half-life more than 3 sec is 34Cl , and it 

is condensed out along with SF
6

. 

B. The Atomic Beam Source 

The source consists of a copper cavity, cooled to T ~ 30° K, and 

. with a source slit (Sl in Fig. 1) defined by two stainless steel jaws. 

Neon-19 atoms effuse from the source slit in the ISO ground state. 

Temperature T was chosen as low as possible because the decay pro

bability per unit length of 19Ne in the detector region varies as 

v-I ~ T~1/2, and also the effective solid angle at ~e source subtended 

-1 
by the polarizing system varies at T ,for a given polarization 

of atoms entering the detector. Of course, below 20° K, adsorption of 

neon atoms on the walls of the source cavity would be appreciable. 

,. 
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The source cavity is attached to the bottom of a liquid helium 

reservoir by means of a stainless steel tube. Neon-19 reaches the 

source through another stainless tube, and the equilibrium source 

temp~rature is determined by the thermal conduction of these tubes. 

A baffle inside the source cavity prevents fast 19Ne atoms from going 

directly through the source slit without making several collisions 

with cold surfaces inside the cavity. Thus thermal equilibrium is 

achieved between the cavity and particles in the beam, as is demonstrated 

from obs"ervations of the beam-deflection pattern (see next section). 

The source-slit jaws are thick compared with their separation; 

thUs the beam is charmeled in the forward direction, with a Claussing 

factor K- l ~ 15. The 19Ne atoms that fail to pass through the foreslit 

(S2' Fig. 1) are recirculated through the source as rapidly as possible 

by a system of three diffusion pumps (see R-l, R-2, R-3 in Fig. 1). 

The beam intensity with recirculation is 25 times that without 

recirculation. It was essential to minimize the effective source volume, 

since most of the recirculation time (~ 1 sec total) is spent in the 

'region between the I-inch mercury diffusion pump (R':'l) and the source 

slit. (Mercury was used here because in similar experiments we have 

.observed severe radiation damage of silicone pump fluids.) The pump 

R- 3 is used to compress the exhaust from the pump R- 2 rapidly, since 

R-l is too slow for this purpose. A titanium sublimation pump in the 

recirculation loop prevents pressure buildup in the source and possible 

clogging due to impurities in the SF 6' such as N2 or °2. 

Charmeling of the beam in the forward direction enhanced the beam 

intensity more than it lowered the recirculation gain, ,because the time 
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spent in other parts of the recirculation loop was more than a negligible 

fraction of the time spent in the effective source volume. 

\ 

C. Deflection and Beam Polarization 

A conventional two-pole deflection magnet28 with cylindrical Hyperco 

\ 

pole tips is employed. The length is 100 em, and the field and gradient 

are respectively 11 kG and 22 kG/em at the beam axis. A hexapole 

deflection magnet was not used because the conductance of the circular 

source aperture required for such a magnet would be unacceptably small. 

Figure 1 indicates schematically how the polarized beam component 

trajectories and the direction of nuclear polarization along the beam 

are defined by the magnet and slit system, Jor the purpose of measuring 

"D." The source .slit and the exit slit are on the center axis of the 

apparatus qnd the collimator slit is displaced from the axis by an amount 

XC' (Dimensions and positions of the slits as well as estimated beam 

fluxes are given in Table I.) When Xc > 0 (upward from the Z axis in 

Fig. 1) atoms must be accelerated in the -X direction to pass through 

all three slits. Thus the selected beam is polarized antiparallel to 

the magnetic field (the magnetic moment of 19Ne is negative). When 

xc < 0, as indicated by the dashed trajectory, the polarization is 

parallel to the field. The deflections are extremely small, so the 

difference between the paths of the two partial beams through the 

detector chamber is completely negligible. For the purpose of measuring 

"D" the spins are turned adiabatically through 90 deg as the atoms emerge 

from the deflection magnet, and a weak magnetic field is maintained 

parallel to the beam as it passes through the detector chamber. For 

measurements of B the magnetic field is kept parallel to the X direction 

over the entire length of the apparatus. 

, I 
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The final vacuum chamber (Fig. 1) contains the polarization 

detector, which is used to monitor the beam intensity and polarization. 

It consists of a hollow cylinder paralle1 to the X axis with counters 

adjacent to the thin end walls. Neon-19 beam atoms enter the cylinder 

through a channel (with dimensions given in Table I) and are stored 

for about 3 sec; thus many decay there. Actually, only about 10 % of 

the beam arriving in the final chamber traverses the channel. The 

remainder strikes the solid piece out of which the channel is cut, and 

is pumped away. 

The be;m flux through the channel into the polarization detector 

is shown in Fig. Za as a function of the displacement \ of the collimator 

sli t from the beam axis. The solid curves are computed values. The 

"magnet off" curve is normalized to the experimental points. The "magnet 
\ 

'on" curve depends 29 on the source temperature, the deflection-magnet 

length and field gradient, the positions and dimensions of the slits 

27 I • 19 ' 
and channel entrance, and the magnetlc moment of Ne (previously 

measured). ,The effective source temperature was determined by measuring 

the ratio of the beam intensity (deflection magnet on) to the beam 

intensity (deflection magnet off) (Fig. Za). The intensities were 

measured with the polarization detector system with the collimator at 

Xc = o. With T thus determined, it was possible to calculate the beam 

intensity and polarization P in the detector chamber as a function of XC. 

(Note that PA = 1.00 for atoms going through the channel if IXcI > 0.050 em, 

but that IXCI must be greater than 0.106 em to give P = 1.00 for all 

beam atoms in the detector chamber (see Fig. Zc). The polarization 

factor P is defined by 
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where the factor F is proportional to the number of 19Ne nuclei in state 

m
J 

whose decays are observed. If dm is the probability of observing a 

decay from state m and ~m is the beam intensity in that state,; then 

Fm = dm~m· It is important to note that in this experiment, d- l / 2 f d+l / 2 

.: for measurements of D and B. This is because the velocity distribution 

of beam atoms entering the detector chamber is truncated differently 

for each m state by the deflection system. 

Figure 2c illustrates the calculated intensity and polarization of 

the beam which pas,ses through the exit slit (Ss) as a function of the 

collimator position. Our data were collected at XC = ±O.OSO em, 

corresponding to a, detector-chamber polarization of P = 0.87 ±O.lO 

D. Detector Arrays 

1. Apparatus 

The detectors are arranged in two independent and essentially 

identical banks, each consisting of four positron detectors and four 

ion detectors in an octagonal array (Fig. 3). The 19Ne beam passes 

through the center of each array along the Z axis. Observed decays 

occur in an electric field-free region of length 6 em for each array, 

enclosed by 'the inner octagonal grid at -18 kV. A weak magnetic field 

is imposed to maintain the beam polarization, but it has a negligible 

effect on the orbits of all charged decay products. For the measurement 

of B the beam polarization lies along the X direction in the detector 

plane. For .the D measurement; the beam polarization lies along the . 

beam (Z) axis perpendicular to the detector plane. 

) 

. J 

! 
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Posi trons are detected directly with Pilot B pl~tic 'scintillators 

mounted on RCA type 8054 photomultiplier tubes. The maximum positron 

energy is 2.216 MeV, and our pulse discriminators are set to exclude 

pos'i trons below 0.62 MeV. (The O. 625-MeV internal conversion line of 

l37Baaccompanying the decay of l37Cs was used for pulse-height calibration.) 

The recoil ions 19F- are emitted at the beam axis and drift a distance 

of about 5 em to the -18 kV grid with kinetic energies between 0 and 

210 eV. They are then accelerated by the electric field between the 

inner and outer octagonal grids, the latter being maintained at -9 kV 

(see Fig. 4). An ion entering anyone of the ion detectors then goes 

on to strike'an aluminum secondary emission surface, ejecting six electrons 

on the average for an ion kinetic energy of 9 keV. The secondary electrons 

are accelerated to ground potential and crudely focused to a spot about , 

1 em in diameter on a Pilot B plastic scintillator of 0.022 em thickness, 
\ 

which is coated with a grounded thin (100 A) conducting layer of aluminlIDl. 

, The scintillator is coupled to a short light pipe and thence to a high

gain-low-noise photomultiplier tube (RCA 8575). The ion detectors have 

an overall efficiency of about 88%, and the pulse-height distribution for 

ion counts is well separated from photomultiplier noise, as is shown in 

Fig. 5. Further details on the ion detector are publised elsewhere. 30 

~, A schematic diagram of the counting electronics is shown in Fig. 6. 

2. Method of Collecting Data 

Coincidences are recorded for each ion counter with the two electron 

counters separated from it by a nominal angle of 135 deg (e.g., d-2, a-2 

in Fig. 3). There are eight such coincidence pairs for each bank. 
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It is convenient to classify the coincidence pairs as "regular" 

pairs and associated "image" pairs as shown in Table II. For the "D" 

. experiment, each "regular" pair, labeled with index i = 1,···8 in 

Table ITA, would have a greater counting rate than its corresponding 

"image" for the spin polarization along +2, if D > 0 and all pairs 
_. 

had equal efficiencies. Although the efficiencies are in fact unequal, 

as is shown in Table IIA,every counter belongs to an equal number of 

"regular" and "image" pairs. Thus· instrumental asynnnetries arising 

from differences in detector efficiencies cancel almost exactly, as do 

!llany other possible systematic effects, when data are collected in 

approximately equal amounts for both signs of nuclear polarization. 

Let n. be the total counts (corrected for background) obtained in 
1 

the D experiment for the l th pair, and let ni be that of its image. 

Coefficient D is obtained from the formula: 

(10) 

where S and % are a positron backscattering correction and a "geometry" 

factor respectively, the latter taking into account finite solid angles, 

spatial .extent of the decay region, and momentum distribution of the 

decay particles. Also, f'lDN and liDS are defined by 

1 8 
iSDS = -8 I 

. 5 1= 

[( 
n.-n! ) (n.-n!) J 
n\n! . - n\n! . 

. 1 1 X >0 1 1 X<O 
C C·· 

[( , 1 ( ,.) ] n. -no n. -no .. 

n~+nt -n~+n! 
1 1 X >0 1 1 X <0 

C C 

(11) 

(12) 

:~) ~ 
, 
! 
I 

, , 
I 
I 

I 
; 

I 
. i 

"' I 
I 
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Here Xc > 0, Xc < 0 refer to the collimator position and thus to the 

sign of nuclear polarization. (Factors S and G
D 

are discussed in detail 

in Part IV.) 

For the meaSurement of "B /' "regular" and "image" pairs, labeled 

by index j, are given in Table lIB for the polarization along the +X 

direction. For each j, the regular count rate exceedS that of its 

corresponding image if the pairs are equally efficient and B < O. If 

n. and n ~ are defined as the total counts after background correction 
J J. . 

in the ith pair and its corresponding image, respectively, B is given 

by 

where 

1 2 [(n.-n~l X:= I . J ~ -
BN' 4" '=1 n.+n .. 

J J J X >0 
, C 

( n.-n~) ] J J 
n.+n! 

J J X <0 
C 

. 1 4 [(n.-n~) X* = 2 J i 
BN 4" '=3 n.+n. 

J J J XC>O 
( n.-n~) ] 

J 1 
n.+n. 

J J X <0 
C 

6 

[( ') (')] 
1 

n.-n. n.-n. 
IS = I Ji - J 1 BS 4" '=5 n.+n. n.+n. 

J J J X >0 J J X <0 , C C 

8 

[( 
') .. ( ') ] 

1 n.-n. n.-n. 
T,* = I J i ' - J 1 

BS 4" '=7 n.+n. n.+n. 
J J J X >0 J J X <0 

C, C . 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 
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The distinction is made between starred and unstarredterms here because 

G~ ~ GB. Note also' that for nuclear polarization along the X direction 

a small contribution to the observed asymmetry arises from the beta 

decay asymmetry coefficient A (which is measured independently). 

A small misalignment of the polarization axis does not contribute 

an appreciable false increment to D in spite of the large value of B .. 

(See Appendix A for details.) 

Data were collected over many ZO-min counting cycles, in which the 

collimator was first set for 10 min at Xc = +0.050 em and then reset 

at Xc = -0.050 em for the next 10 min. Thus counts were acctnllulated 

for equal intervals at opposite polarizations, P = 0.87 ±0.10. 

3. Background 

There were two main sources of background: first, y radiation from 

positrons annihilating in the source and to a lesser extent in the 

gas-handling system; and second, decay of stray 19Ne in the detector 

region. 

The former was measured once every few counting cycles byacctnllulating 

coincidences with the collimator deflected far from the center axis and 

the beam thus completely blocked from the detector chamber. 

The latter originated principally from the scattering of the 19Ne 

beam by residual gas (e.g., N
Z

' 0Z' pump oil vapor) in the detector 

chamber. This part of the s tray gas background was proportiOIial, to the 

detector chamber pressure, and was appreciable even at typical operating 

7 ·19 
pressures (1 to 4 x 10- Torr). The migration of residual Ne from 

~. 
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other chambers into the detector chamber also contributed a small amount 

to the stray gas background in spite of the provision of a number of 

stages of differential pumping (see Fig. 1). 

The stray gas background was determined from independent measure

ments of: (a) the fraction f of beam flux which is converted into stray 

19Ne by collisions with residual gas, etc; and (b) the relative efficiency 

£ of counter pairs for stray 19Ne decay versus beam 19Ne decay. 

A positron counter in the foreline of the detector chamber vacuum 

system was used to measure f (Fig. 1). With valves VI' VZ' and V3 closed, 

all the beam was scattered and collected in the counter. After several 

half-lives a steady state was achieved and the count rate NC was measured. 

With valves VI and Vz open but V3 closed, only the usual stray 19Ne was 

collected and the count rate NO was measured. The background rate NB was 

measured wi ththe beam blocked at the collimator., Thus from the fonmila 

N - N 
f - 0 B 

- N '- N 
'C B 

we obtain f ~ 0.05 to 0.10, depending on residual gas pressure." 

Quantity £ was determined from the total coincidence count rates in 

all pairs with valves VI and Vz open (CO) and with valves VI and Vz 
closed (CC): 

We obtained £,~ 4. Thus the total scattered gas background was ZO% to 

40%, depending on f. The value of £ is in reasonable agreement with an 

estimate based on the measured pumping speed of the, detector vacuum 

system. 
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Electric sparks and field emission from the -9- and -lS-kV 

,electrodes caused us much difficulty, contributing to the singles 

background inion couhters, and thus to the accidental coincidence rate. 

It,was necessary to poiish all electrode surfaces, guard electrostatically 

all standoff insulators and high-voltage feedthroughs, maxirriize spacings 

, of electrodes, and take scrupulous care to prevent dust from entering 

the chamber when it was open to atmosphere. Pinally it was necessary 

to "c1ean"surfaces by applying abnormally high electrode vb1 tages for 

several hours prior to each run. Nevertheless, many hours of. running 

time were lost with electrical noise problems, the worst being inter-

mittent sparking between the ion phototube shields and the outer (-9-kV 

grid shield (see point P in Pig. 4). 

4. Time-of-Plight Spectrum 

Because the 19p- ions_have less than 210 eV kinetic energy, and 

must drift from the beam axis to the inner octagonal grid before 

acceleration, the e+, 19p- coincidences are delayed by 1.75 ~sec or 

more. The observed positron-recoil ion delay spectrum is shown in Pig. 7. 

Note that the large background of coincidences with short delay is 

primarily from scattered gas. The solid curve in Pig. 7 was calculated 

from the decay kinematics and the detector array geometry. The agreement 

between experiment and calculation is very satisfactory. 

5. Polarization Detector 

The polarization detector consists of a hollow aluminum cylinder 

parallel to the X axis, with height 2 em and inner diameter 12 em (Pig. 1). 

The 'end walls are D.OOS-em-thick Mylar sheet, through which positrons 

pass l with very small energy loss. Neon -19 atoms entering the cylinder 

i 
! 

'""I ! 
l 

.. ' 
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are stored there about 3 sec, during which time they each make about 

104 wall collisions. In spite of this long time, nuclear polarization 

is preserved, with direction defined by a reasonably homogeneous 

magnetic field HD = 65 gauss parallel to the cylinder axis. From the 

storage time, the calculated solid angle subtended by each positron 

counter, and the mown discriminator bias on each cOWlter, the sum of 
. dNl dN2 . 

countlng rates dt +dt ln the two positron cOWlters is computed to 

be 

where F 9 is the .19Ne flux through the channel. This sum is used to 

moni tor the beam intensity. The asynmetry A is detennined from 

A = P S .~ /:'A 
A AA(Y..) 

.c 
. where: 

(

N - N ) ] .. 

N~ + N~ Xc<O 

and PA, SA' ahd GA are the fractional polarization, backscattering 

correction, and geometry factor, respectively, all referred to the 

polarization detector. 

(19) 

(20) 

The factorGA ~ 0.62 is detennined by numerical integration. The 

factor SA = 0.92 is calculated by using methods similar to those employed 

for the calculation of S (see Sec. IV-'-D). 
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The polarization of entering 19Ne is known from beam deflection 

measurements and calculations to be 100% at Xc = ±O.OsO em. When the 

polarization detector cylinder storage time is varied (by using different 

channel. lengths) no variation in ~ and thus no evidence for spin 
. ' 

relaxation is found at HD = 65 gauss. Relaxation effects, however, 

reduce the polarization to 80% at HD = 20 gauss and to 35% at HD = 10 gauss. 

In a similar experiment on 2~e, the relaxation time was observed to 

depend on ~. as T ~~. Thus at 65 gauss, we estimate a depolarization 

correction of 0.4%. The relaxation mechanism is thought to be nonadiabatic 

transitions during wall collisions arising from inhomogeneities in HD, 

rather than short-range dipole fields at the walls. No special treatment 

of the bulb walls is needed to prevent relaxation. The positron back-

scattering correction is smaller than'in previous experiments because the 

cylinder and detectors are now made with low-Z materials. 

IV. DATA, CORRECTIONS, AND RESULTS 

A. D Data 

Data for the measurement of D were accumulated over six runs, each 

las'ting about SO hours. The data are summarized in Table' III. As 

noted in Sec. III-D2, quantity D is obtained from the backgroUnd-corrected 

coincidence counts by means of Eqs. (10), (11), and (12) (see. also 

, Table IIa). The factos P, ,s, and GD have these values: P = 0.87 ±O .10 

(see Sec. III-B); S = 0.80 ±O.OS (see Sec. IV-D below), Gn = 0.75 ±0.02 

(see Sec. IV-,E below). The final result is 

D = 0.002 ±0.014 (21) 

where the uncertainty is purely statistical (standard deviation). 

~, 

~ , 
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During the first D run the true coincidence rate was about 

0.2 counts/min per counter pair. Improvements in the recirculation 
. . . 

system and source raised this figure to about 0.5 c/min per counter 

'pair by the sixth ~.' Neon-19 beam fluxes .given in Table I are based 

on count rates observed in the polarization detector with this improved . 

beam. A computation of the coincidence count rate based on the flux 

through slit Ss (Fig. 1) is in good agreement with the obs~rved rate. 

B. B Data 

Table IV summarizes the data for B, which is obtained from the 

background-corrected coincidence counts, using Eqs. (13) through (18) 

(see' also Table lIb). Factors P and S are. the same as in the previous 

section .. Also, 

~,,=+0.S9, ~ = +0.57, 

GAB = +0.60, GlB = +0.70 . 

When these results are combined with the experimental value A = -0.039 ±0.002 

,(see Sec. IV-C below), the final result for B is 

B = -0.90 ±0.13 , (22) 

This value of B is not unexpected, inasmuch as it merely" confirms what 

we already know about the cOUpling constants and matrix elements [see 

Eq. (4)]. OUr observations of B were useful because they demonstrated 

that the apparattisfunctionea properly. The uncertainty in B is almost 

, wholly due to the uncertainties in P, S, and, Gand hardly at all due 

to statistics. 
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C. A Data 

Data for A are surrnnarized in Table V. They were acclD1IU1ated at 

the same time as the "D" data. The polarization of nm 1 is lower than 

that of subsequent runs because thermal equilibrium was not completely 

achieved between beam particles and the source in the first nm. Only 

nms 2 through 6 are averaged to compute iJ.
A

' Using Eqs. (19) and (20) 

and the values 

and 

we find 

G
A

= 0.62 ±0.01 

SA = 0.92 ±O.OS- , 

P
A 

= 1.00 

(v) = 0.947 , 
,c 

A = -0.039 ±0.002 

where the main source of uncertainty is SA' 

D. Positron Backscattering Correction 

Most of the positrons emitted during decays in flight through the 

detector chaInber do not strike the desired positron counter, but instead 

strike some other part of the detector array. Some of these positrons 

may backscatter into the positron counter and register spurious counts.· 

If b is the number of such backscattered COlU1tS and n is the number of 

true cOlU1ts, then the observed number is 

n
1 

= n + b . 



, . 

'\!-

-21- UCRL-18647 

Because of the symmetry of the detector bank, and since the positrons 

are emitted very nearly isotropically from polarized 19Ne nuclei, we 

assume b is the same for all cOlIDter pairs. Then 

for n ~ n'. Therefore, the backscattering correction factor S is 

S = 1 - bin . 

Factor blp was calcu1at~d from the known geometry using the fact 

,that ~20% of positrons in this energy range backscatter when striking 

thick aluminum. In estimating S it was assumed that all positrons that 

backscatter into the positron detectors are actually cOlIDted. This is 

probably not iSO, because the energy spectrum of backscattered positrons 

is unknown, and almQst certainly there is considerable energy loss on 

backscattering. Therefore, our computed value~ of S probably represent 

a lower limit. 

E. Geometry Correction Factors' 

We transform the differential transition rate dA of Eq. (1) by 

eliminating neutrino variables q, (mv' and introducing the recoil ion 

momentum r ruld the ion differential solid angle dn. Note that the 
~ I 'r 

"kinetic energy of a 19Ne beam atom is less than 0.0025 eV, so that the 

equation 

p +q + r = 0 
,..." ".. ,., 

is satisfied to a very good approximation in the laboratory frame. 

Thus writing 
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we find 

x 1-.::.t:. (rIl°Y+p)+:..:L:..(Jop)-- (rJor+pJop)-~ Jo (pxr) 
[

an An A B A A nn A . ] 

qE E q . qE , (24) 

The two signs in Eq. (24) are necessary, since for p > q, and for fixed 

angle between p and r, there are two possible neutrino momenta q which 

satisfy the condition p + q + r = O. Thus for p > q the total rate is 
AN .w ¥I 

the sum of the rate with the (+) sign andthat with the (~) sign;31 for 

p < q only the (+) sign applies. In evaluating the RHS of Eq. (24) 

the factor p PIE is obtained from standard tables. 

In Eq. (24) it is clear that for the "D" magnetic field configuration, 

the A and B terms average to zero for regular and image pairs. Also, the 

D tenn contributes to the difference (n-n') ,while the unity and "a" 

terms contribute to (n+n'). The geometry factor GD is defined as the 

aye rage of the, D tenn divided by the average value of the sum of the 

unity and "a" terms. Actually, a = 0.0413 ±0.0034 is negligible, and ,it 

is ignored. The averages were computed over all accepted angles between 
A A A. .. • . 

I, p, and r; over all accepted beta energ~es (T. = 0.625 MeV to 
, mn 

Tmax = 2.216 MeV), and over the accepted ion-recoil time-delay interval 

(1.75 to 3.25 ~sec). Each counter is assumed to be uniform in efficiency 

over its acceptance aperture. This was in fact verified for both ion 

counters 30 and positron counters. Note that the transition rate contains 

a factor which is singular when per = 0, so due care must be exercised 
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in the computations. The result is 

% = 0.75 ±0.02 

where the uncertainty arises from numerical approximations. 

The other geometry factors are evaluated in similar fashion. With 

the magnetic field in the "B" configuration, only the "D"term in dA 

averages to zero. The A and B terms both differ in sign for regular 
I 

and image pairs, so these terms contribute to (n-n ' ) but not to (n+n'), 

which are, as before, proportional to the sum of unity and "a" terms. 

Jhus GB is the computed average of the "B" term divided by the average 

of the sum of unity and "a" terms. The calculated values are 

~ = 0.59 

GAB = -0.60 

~ = <0~57 

G* = -0.70 
l\B 

All computations were carried out on the CDC 6600 computer. 

V. CONCLUSIONS 

We now present a comparison of our experimental results with those 

obtained from observations of the decay of polarized neutrons. 

A. Neutron Measurements 

For neutron decay, the measured values of A, B, and D, are 

A(n) = -0.11 ±0.02 (Ref. 2) 

B(n) = +0.88 ±0.15 (Ref. 2) 

D(n) = +0.01 ±0.01 (Ref. 4) 
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The quantity pen) is obtained from the neutron ft value through the 

formula 

5 . '. 
(ft)-l = (me) GZ I<;,I Z 1(1) IZ[l+lpIZ] . 

Zrr\mZY?c ' 

Using the value G = 1.4034 ±0.0016 x 10- 49 erg cm3 as obtained from 

the 0+ -+' 0+ pure Fermi transitions 32 and taking <;, =. (1) = 1 and the 

latest value of the neutron half-life, 33 we obtain 

Ip(n)1 = Z.13 . 

Thus, from Eq. (5), taking 8(n) = 0, we find 

D(n) = -0.443 sin ¢ . 

Now cos ¢ < 0 for neutron decay, since' 

Therefore 

A(n)+B(n) = - 4.3 Iplco~ ¢ ~ +0.8 . 
y~ l+lpl 

¢(n) = 178.7 ±1.3 deg' 

consistent with T invariance. 

B. Neon-19 Measurements 

The results of this experiment are 

A(19Ne) = -0.039 ±O.OOZ 

B(19Ne) = -0.90 ±0.13 

D(19Ne) = .+O .. OOZ ±0.014 

(t3) 

(ZZ) 

(Zl) 
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We again obtain Ipi from the 'ft value. Assuming (I) = 1, since 

the 19Ne decay is a mirror transition, and taking ft = 1750 ±9 sec as 
, . i ' 

determined from ' 

19 
tl/2( Ne) = 17.36 ±0.06 sec, 

and 

.1 p(19Ne) I = 1.603 ±0.006 

. Then taking e (19Ne) = 'IT, we find, from Eq. (5), 

D(19Ne) = +0.507 sin $ . 

Again cos <p <'0, since 

Thus we finally obtain 

<p(19Ne) = 180.2 ±1.6deg , 

consistent with T invariance' and the neutron result. 

(25) 

A value of I p(19Ne) I may ab~o be derived from A(19Ne) if we assume 

cos <p ~ ~ 1. Thus we obtain, 35 from Eqs. (3) and (23), 

I p(19Ne) I = 1.60 ±0.01 

consistent with Eq. (25). 
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APPENDIX 

Elimination of Systematic Errors in D Due to-Magnetic Field Misalignment 

in the Detector Chamber. Efficiency Difference Between Coincidence Pairs 

We give a simplified calculation to show how the data are combined 

to minimize a possible systematic error in D, which might be thought to 

arise from a magnetic field misalignment, owing to the large coefficient B. 

Suppose that the detectors 1-4, a-e are oriented as shown in Fig. 5 

(XY plane), and assume that the magnetic field and spin have direction 

I = cos a k + sin aj 

For the purposes of this simple estimate, let the detectors subtend zero 

solid angle and be located at 0,45,90, 135, ; .. deg with respect to 

the vertical. Consider decays in which e+ and v are emitted at 90 deg 

relative to each other and 19F- ion is emitted at 135 deg relative to 

both. If the nuclear spin polarization is 100%, one can show that the 

following expressions for the' coincidence count rates hold: 

W
d2 = K E:d2 (1 + b + d) , 

Wa2 = K E:a2 (1 + b - d) , 

Wal = K E: al 
(1 - b + d) 

~1 =K 9Jl (1 + b - d) 

~4 = K E:b4 (1 - b + d) 

Wc4 = K cc4 (1 - b - d) 

Wc3 = K E:c3 (1 + b + d) 

W d3 = K E:d3 (1 - b - d) 
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Here K is a common constant, and the £'s are coincidence-pair efficiencies, 

b 
- B sin a' v - _ It and d = Dc. cos a. We define 

4R~ = W2d - W2a + Wla - Wlb + W4b , - W4c + W3c - W3d 
-1] ,W2d + W2a Wla + Wlb W4b + W4c W3c + W3d 

Now, writing 

we obtain 

x2(1+b)+d xl-(b-d) 

4RD = (1+b)+x
2
d + I-xl (b-d) (Al) 

. If all detector pairs were equally efficient we would have xl = x2 = x3 = 

x
4 

= 0 and thus, for small angles.a, 

d d b
2 

4Rd = 2d + l+b + l-b ~ 4d (1 + 2) 

Taking·B = -1 and a = 5 deg , we find ~2 = ~ sin2 
(S deg) ~ 2 x 10-

3 
. 

This correction is quite negligible at our level of accuracy. Now in fact, 

the XIS are nonzero, owing to differences in detector-pair efficiencies. 

For the north bank of detectors, for example, 

Xl ='0.067 , 

x2 =.0.136 , 

x3 = -0.068 

X = -0.052 
-. 4 

However, this does not alter the conclusion that the correction, as 

obtained from formula (Al) is negligible. 

I 
I 

- I 
I 
I 

- I 
I 
I 
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Table I. Beam slit positions and dimensions. Beam fluxes. 

Source slit Collimator' Ex!it sli 1;& Channel& 
,(Sl) slit (S3) (S5) (S9) 

Width (em) 0.076 0.076 0.25 0.064 

Height (em) 1. 25 1.00 . 0.64 1.00 

Thickness (em) 0.32 3.18 

Distance from 
source slit (em) 0 65 188 374 

Solid angle of 
1. 8xlO- 5 4.5xlO- 6 -7 

beam (sr) 0.8 4.0xlO 

19 
Flux of Ne 3xlOll 

1. 7xl06 4.2xl05 
1. 4xl05 

(atoms/sec) 

aBeam fluxes through the (S3) , (S5) , and (S9) slits are given for the 
collimator slit at Xc=O and with the deflection magnet off.' Fluxes 
are based on the measured counting rate in the polarization detector. 
See Fig. 1 for identification of the slits. 

"1. 
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Table II. Cotmter pairs and efficiencies. 

A. Coincidence pairs for "D" experiment 

"Regular't Measured relative "Image" Measured relative 
i pair efficiencies pair efficiencies 

(d-2, e-5 == 1.0) (d-2, e-5 == 1.0) 

I d-2 1.0 a-2 0.76 

North 2 b-4 0.83 c-4 0.93 

bank 3 c-3 0.73 d-3 0.84 

4 a-I 0.73 b-l 0.64 

5 h-6 0.85 e-6 0.59 

South 6 f-8 0.66 g-8 0.78 
bank 7 g-7 0.88 h-7 0.92· 

8 e-5 1.0 f-5 0.94 

B. Coincidence pairs for "B" experiment 

"Regular" "Image" 
j pair pair 

I d-2 a-2 

2 c-4 b-4 

3 b-l* c-3* 

4 a-l* d-3* 

5 h-6 e-6 
~ 6 g-8 f-8 

7 f-5* g-7* 
.I,. 

~ e-5* h-7* 



Run 
no. 

1 

2 

3 

4 

5 

6 

~, 

Table III. Compilation of D data. 

Magnetic field directions 

Axial field 
Direction of No. of 

Deflection in coinc. 
spin polarization coinc. 

field detector counts 
chamber for X(C) > 0. 

( corrected) 
.D 

A A A 

+ X - Z + Z 30.59 + 0..0.38 ~o..o.35 

A A A 

+ X + Z - Z'·· 5980. + 0..0.12 ±D.D37 

A A A 

- X + Z - Z 5563 - D.D22±D.D28 

A A A 

- X - Z + Z 3355 - 0..0.0.7 ±O.D47 
A A A 

- X + Z - Z 5281 + 0..0.10. ±D.D3l 

A A A 

+ X;· - Z + Z 6889 - D.024±D.D49 

Total counts (corrected) 30.127 

Weighted average D =+ 0..0.0.2 ±D:D14 

\...... 1, 

I 

VI 
.j:::. 

I 

R 
~ 

I 

f-'. 
00 
0'\ 
.j:::. 

-....J 
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Table IV. ~ompilation of 6B data. 

Even pairs Odd (asterisked) pairs 
., 

No. of coinc. '6 No. of coinc. 6* 
Run counts B 

counts 
B 

1 350 0.291 ±0.054 417 0.386 ±0.045 

2 739 0.316 ±0.037 680 0.353 ±0.038 

3 287 0.358 ±0.059 270 0.287 ±0.061 

4 323 0.344 ±0.056 327 0.361 ±0.05S 

5 328 0.398 ±0.05S 347 0.382 ±0.054 

6 1028 0.348 ±0.031 1096 0.389 ±0.030 

Sum 30S5 3137 

Weighted average (6) 0.340 ±0.D18 0.366 ±O. 018: 

"'\... 
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Tab1eV. Compilation of ~A data. 

Run 

1 

2 

3 

4 

5 

6 

Total counts 

959,123 

1,184,247 

1,451,344 

1,264,922 

2,081,788 

1,857,914 

Sum 8,799,338 

Weighted average (Runs 2-6) (~A) 

-0.0168 . ±0;00180 

-0.02121 ±0.00097 

-0.02107 ±0.00085 

-0.D2248 ±0.00093 

-0.02159 ±0.00072 

-0.02019 ±0.00075 

-0.02131 ±O.OOOS 

. 1 

r-~ . 

\ 
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Fig. 1. Schematic diagram of 19Ne atomic beam apparatus. Neon -19 is 

produced by proton bombardment of SF
6 

gas in target. Atomic beam of 

19Ne in ISO state emerges from source slit Sl at 30° K and is 

polarized by deflection magnet with beam-defining slits Sl' S3' Ss 

and charmel entrance S9. Other slits S2' S4' S6' S7' S8 do not define 

beam but are used for differential pumping. Polarized beam deflections 

are grossly exaggerated for pictorial clarity;. actual difference of 

paths between m
J 

= ±1/2 beam components is negligible in detector 

chamber. Measurements of B and D are made froin decays in flight in . 

north and south banks; A is detennined from decays in polarization 

detector. Dis tances .Q,3' .Q,S' .Q,g are referred to in Table 1. Stray 

gas counter is referred to in Sec. III-D3. 

Fig. 2. (a) Beam intensity and polarization in polarization detector vs 

colliffiator slit position. The solid curves are calculated. The 

deflected beam profile and the polarization are calculated by using the 

measured moment [~(19Ne) = -1.887 ~N] and assuming a source temperature 

of 30° K and deflection magnet gradient of 22 kG/an, together with the 

parameters of Table 1. The polarization is 100% for Xc ~ 0.05 an, 

which is the optimum operating position. (b) Calculation of source 

temperature vs ratio of deflected to undeflected intensities through 

charmel. The intensities are measured with the collimator slit (S3) 

. at XC=O. Operating temperature of source is seen to be about 30° K. 

(c) . Calculation of intensity and polarization of beam which passes 

through exit. sli t (SS) and is observed by detector banks wi thin detector 

chamber (s'ee Fig. 1) vs collimator slit position. Low COJ]1lt rates 
i 

prohibi ted comparison of comp:uted beam profile with measured one. 
i . . 

; 

\. 
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" 

Fig. 3. Cross -sectional view of ,north detector, bank, to scale. cThe 19Ne 
" t 

atomic beam travels out of the page. A typical coincidence (d-2) is 
I ' 

shawn. The south detector is essentially identical. Insert in figure 

shows labeling of counters for south bank. 

Fig. 4. Detector array. For clarity only one ion detector and one 

positron detector are shown in the figure. The particle trajectories 

from a typical decay event are shown. 

Fig. 5. Pulse-height calibration curve for one of the ion detectors. The 

detectors were calibrated with 9-keV K+ ions produced'by inserting a 

hot tungsten filament coated with KHF2 into the detector array along 

the beam axis and groimding the inner: shield. TJ:le response of our 
" 

+ 
detectors to K ions and F ions is compared in Ref. 30. 

Fig. 6. Schematic diagram of the counting electronics. The delay and the 

gate on the positron pulse are set for 1.75 to 3.25 ~sec. The interface 

unit routes all singles and coincidences to specific channels in the 

pulse-height analyzer, which is used to scale all singles and 

coincidences in each collimator position. 

Fig. 7. Positron-recoil-ion coincidence counts vs delay time, as obtained 

with four coincidence pairs. The solid curve is computed from the 

theoretical ion energy distribution, and includes a contribution from two 

sources·' of background. The triangular data points indicate the measured 

accidental coincidence counts which arise from the uncorrelated singles 

background in each detector of the coincidence pair. The'dashed curve 

indicates the additional backqound contribution, measured separately, . 

due to the decay of residual lrNe gas in the detector region. The solid. 

pointS are measurements of the i counts with the 19Ne beam in addition to 
i 

these sources of background. Coincidences in the range 1. 75 to 3.25 ~sec 

were accepted to determine B and D. 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 

Neither the United States, nor the Commission, nor any person acting on 

behalf of the Commission: 

A. Makes any warranty or represen~ation, expressed or implied, with 

respect to the accuracy, completeness, or usefulness of the informa

tion contained in this report, or that the use of any information, 

apparatus, method, or process disclosed in this report may not in

fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 

resulting from the use of any information, apparatus, method, or 

process disclosed in this report .. 

As used in the above, "person acting on behalf of the Commission" 

includes any employee or contractor of the Commission, or employee of. 

such contractor, to the extent that such employee or contractor of the 

Commission, or employee of such contractor prepares, disseminates, or pro

Vides access to, any information pursuant to his employment or contract 

with the Commission, or his employment with such contractor. 

o 



~ __ ,"-0 ~ 

TECHNICAL INFORMA TION DIVISION 

LAWRENCE RADIATION LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

~ ,~-


