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TEST OF TIME-REVERSAL INVARIANCE

AND MEASUREMENTS OF POSITRON AND NEUTRINO ASYMMETRIES

19

&
IN POLARIZED “~Ne BETA DECAY

Frank P. Calaprice, Eugene D. Commins,'Hyatt M. Gibbs*, and Gerald L. Wick*

Department of Physics and.LawrenCe Radiation Laboratory
University of California, Berkeley, California

and -
David A. Dobsoé

Lawrence Radiation Laboratory, Livermore, California
ABSTRACT

We present a comprehensive diécussion of an experiment, previously

reported, to test time-reversal (T) invariance in the beta décay 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 implies D = 0, since final-state corrections to D are negligible.

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

19

of ““Ne atoms in the 1SO ground state. Coefficients D and B are measured

by observing correlations between the positron and recoil ion'lgF_ (in
delayed coincidence) with respect to the 19Ne spin polarization, from

decays in flight. The beam terminates its flight in a cell, vhere 1Ne

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

"significant depolarization. Positrons emitted pafallel 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. INTROBUCTION

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

invariance in the allowed beta decay

19, 19

- + A |
Ne F +e * Ve (Tl/2 = 17.36 sec) >

provided by search for a correlation of the form g-pe XDy between the
spin of the initial nucleus and the momenta of the final leptons.® The

experiment consists in forming a polarized atomic beam of 19Ne and

~correlating the nuclear polarization with coincidences between the positrons

and recoil ions, 19FI_, from decays in flight. The positron asymmetry
ﬁarameter "A'"" and the neutrino asymmetry parameter ''B'" are also measured.
Similar experiments have been carried out on beta decay of polarizéd
neutrons. 2™ *

Our work was motivated by the discovery of CP violation in KZO decay,®

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

"ahce holds. Since we began the study presented here’considerable.progréss

has been made in the experimental determination of phenomenological

9

parameters which characterize the CP violation,® ® and numerous experiments

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

reactions involving elementary particles and nuclei, besides neutron

9

and 1°Ne beta decay.!°1¢ 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 d\ in the allowed
approximation, for the case in which initial and final nuclear spins

9Ne

are equal to one half: Ji = Jf = 1/2. This includes neutron and 1
decay. Neglecting all momentum-dependent terms in the beta decay
interaction, and sunming over the final lepton spins which were not

experimentally observed, we have'’

, - | v
Cdh = ———g§—7~ _P(Z,E)pzqzdpdﬂedﬁv x
(2m™r'c '

g {1+a(x/<:) g+ %Il * [A(v/c)+Bg+D(y/c)x4]

“Here F(z,E) is thé Fermi function; p,‘v, and E are the magnitudes of

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

|
q=c"

(1)

(Emax - E) is the magnitude of the neutrino momentum and g is a

unit vector in its direction, and dﬂe, d?  are differential solid angles

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

the ini;ial nucleus is given by {J)/J. In the above equation and in the

following, the dpper_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

e= o)t kP aselh

.- t%lplz -/‘%Iol‘cos (6+4)
)
1+|p}

(2)

3
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] ?%Jplz —/%Iplcos (G+¢)

s 4
1+[p] ®
2 .
_ Jslelsin (6+9) -
1+[p| *
(o) c |
Here p = 53?17' 1¢ l——%J i6 , where CV and CA are the V, A coupling

constants, respectlvely, and (1) and (0) are the Fermi and Gamow Teller

~matrix elements, respectively. Also, 6 is the relative phase of (o)

and (1), and ¢ is the relative phase of CA and CV' I£fT invafiance
holds, p is real and sin (6+¢) = 0. Thus when Coulomb. corrections are
ignored as in Eq. 5, D=0. (Actually'we'shall set 6(n) = 0 and
'e(lgNe) = 7 in agreement with the usual phase conventions and the nuclear -
wavefunction®® of 19Ne, and assume that T violation appears as a departure
Hof sin ¢ from zero.)

The Coulomb correction to D has been calculated to first order in
oZ/p by Jackson, Treiman, and Wyld.!? They find, for J; = Je = 1/2
Couton = 2 <—)<1><c>

Re(C.C, - *+cc* ) - (©)
e Csln ~ G CVCT |

X » -
(ICS 2,

TR Rk

Here, o is the fine structure constant and m is the electionArest mass.

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

upper limits on' S and T terms.in the beta interaction may be determined

~ from experimental upper limits on the Fierz .terms bf and bar for Fermi and

Gamow-Teller transitions, respectively; These terms are given by!?
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[CSCV+C’ C\'/+cc]

PRE T2
(!Cvl SR |
[C C + C’ C’ + cc] | - &
b =~
GT ([CA + 1
-From electron-neutrino angular correlation experiments?%-22 one knows

that |CS|? << |CV|2 and ICTI2 << [CAIZ. With these results and the
. . = 1 — t/ot - N B el »
substitutions s = CS/CV, s! = CS/CV, t = CT/C , and t CT/C , We
obtain
by = Re(s+s') 1,

= Re(t+t?5

' bGT»

Employing these substitutions in Eq. (6), we find
((3(];3110mb =5 L A & () (ger)

where for this discussion we assume that p 1s real. An upper limit
(bF) < 0.1 is obtained by Gerhart??® from consideration of the cons tancy
of ft values for the pure Fermi 0" > 0" transitions. Limits of

|bGT| < 0.03 and IbGT_| < 0.05 have been found by Sherr and Miller?“ and

by Leutz and Wenniger,25. respectively, from measurements of the ratio

©

: ' . . . + + ' ‘s
of K capture to positron emission in the 3 =+ 2 pure GT transition of

22 : - | 19 oZy 1
Na. Using bF < 0.1 and bGT <0.05, and for Ne, (p—%mc s and
p = -1.60, we find '

Coulomb'(’ Ne) = 0.0917 . ‘ , o (7)
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Although the second-order Coulomb correction Déz)l b has not

been calculated, it should have order of magnitude

((:gl)uomb ( 15 (mc) ~ 0.001 (8)

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

Finally, Callan and Treiman?® have shown that when ﬁomentum-
transfer-dependent terms in the beta decay amplitude are taken into
accoﬁnt (the most important of these is the "weak magnetism' term,

according toythe CvC hypothesis) a nonvanishing Coulomb correction to

D appears in first order, even for a pure vV, A 1nteract10n For 19Ne
they obtaln the result
@) 19, _ |
DWeak Magnetism (, Ne) | 0.00026 p/Rnax : c ®

Summarizing the results of Eq. (7) through (9), we may say that the
total electromagnetic correction to D(lgNe) is no more than 0.002 at
the most. The present experimental uncertainty for D(lgNe) is 10.014,
so that elecfromagnetic corrections to D can safely be ignored.

III. EXPERIMENTAL METHOD

A. Production and Separation of 19Ne

Neon-19 is produced at the Berkeley 88-inch cyclotron in the
Teaction. l91%(p,n) 19Ne, by bombardment of SFG'gas at 3 atmospheres absolute

27 (See Fig. 1.) The proton beam enters

pressure with 15-MeV protons.
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

' -colliﬁator. Foils usually withstand 60 pA bombardment for 50 to 100 hours.

The SE¢ 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 De is essential,

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

SF6 and by-products of the bombardment are: condensed in a liquid nitrogen-

19Ne. There are two

'cobled'trap,(LN, in Fig. 1) to separate them from
such'traps.in the syst%m.* While one collects;SFﬁ, the other is being
heated to.return its céntents to the SF6 supply taﬁk for repeated use.
| Very-short-1lived radioactive contaminants such as‘lSNe decay before
_reaching the atomiﬁ beém.apparatus. The only significant contaminant

in the bombarded‘gés with a half-life more than 3 sec is 34Cl, and it

is condensed out along with SF6.

B. The Atomic Beam Source
The source consiéfs of a'copﬁer cavity, codled to'T = 30° K, and
‘with a source slit (S1 in Fig. 1) defined by.two stainless steel jaws.
Neon—lQ'Hatoms effuse from the source slit in the 180 gromd state.
Temperature T was chosen as low as possible because thé decay pro-

19

‘bability per unit length of "“"Ne in the detector region varies as

;1/2, and also the effective solid angle at the source.subtended

vierT
by the polarizing system varies at T—l, for a given polarization
~of atoms entering the detector. Of course, below 20° K, adsorption of

neon atoms dn 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
temperature 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 observations of the beam-deflection pattern (see next sectibn)}

The source-slit jaws are thick compared with their separation;
thus the beam is channeled‘in the forward direction, with a Claussing

9Ne atoms that fail to pass through the foreslit

‘(SZ’ Fig. 1) are recirculated through the source as rapidly as possible

by a system of three diffusion pumps (see R-1, 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 1-inch mercury diffusion pump (R-1) 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 rapidiy, since
R-1 is too slow for this purpose. A titanium sublimation pump in the

. recirculation loop prevents pressure buildup in the source and possible

cloggihg due to impurities in the SF6’ such as N, or 0,.
Channeling 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 magnet?® with cylindrical Hyperco
‘pole tips is employed. The léngth is 100 cm, and the field and gradient
>are respectively 11 kG and 22 kG/cm at the beam axis. A hexapole
deflection magnet was not used because the conductance of the circular
sourcé aperture required forISUCh 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, for the purpose of measuring
"D."  The source slit and the exit slit are on the center axis of the
apparatus and the éollimator slit is displaced from the axis by an amount
Xe- (Diménsions and positions of thé slits as well as estimated beam
fluxes are given in Tablg 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 theyselected béam'is polérized antiparéllel to
fhe magnetic-field (the magnetic moment of 19Ne is negative). When
V-XC < 0, as indicated by the dashed trajectory, the polarization is
parallel to the field. The deflections are extremely émall, so the
differenge between the paths of the two partial beams through the
detegtor chamber is completely hegligible. 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.fo the X direction

over the entire length of the apparatus.
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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 parallel to the X axis with counters

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

through a channellfwith 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,‘aﬁd '
is pumpéd away . ' |

Thevbeém flux through the channel into the polarization detéctor
is shown in F%g. 2a as a fdncfion of the displacement XC of thé'collimafor
slit 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®® on the source temperature, the deflection-magnet

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

7

and channel entrance,? and the magnetic moment of 19Nej(previously

meaéured). The effective source temperaturé was determined by measuring

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

~ intensity (deflection magnet off)(Fig} 2a). The intensities were

measured with the polarization detector system with the collimator at
XC = 0. With T thus determined; it was possible to calculate the beam

intensity and pblarization P in the detector chamber as a function of Xt.

(Noﬁe that Py = 1.00 for atoms going through the channel if IXCI > 0.050 cm,

but that |X.| must be greater than 0.106 cm to give P = 1,00 for all

 beam atoms in the detector chamber (see Fig. 2c). The polarization

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

my whose decaysuare observed. If dm'is the probabiiity of observing a

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

Fm = dmﬁm. It is important to note that in this experiment, d-l/Z # d+1/2

. 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 2¢c illustrates the calculated intensity
the beam which passes through the exit slit (Sc) as

collimator position. Our data were collected at X:

'corresponding to a detector-chamber polarization of

D. Detector Arrays

( 1. Apparatué B

and polarization of

a

p

function of the
+0.050 cm,

= 0.87 +0.10 .

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 cm for each array,

enclosed by‘the imnner octagonal grid at -18 kV. A weak magnetic field

is imposed to maihtain 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.

y

%

W
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Positrons are detected directly with Pilot B plqstic'scintillators
mounted on RCA type 8054 photomultiplier tubes. The maximum positron
energy is 2.216 MeV, and our pulse discriminators are set to exclude
positrons below 0.62 MeV. (The 0.625-MeV internal conversion line of

137

137Ba'accompanying the decay of Cs was used for pulse-height calibration.)

lgF_ are emitted at the beam axis and drift a distance

The recoil ions
of about 5 cm 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 any one of the ion detecfors 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 électrons
are acceleré}ed to ground potential and crudely focused to a spot about

1 an in diameter on a Pilot B plastic scintillator of 0.022 cm thickness,
which is coated with a grounded thin (IOO\AJ cohduéting layer of aluminum.
~The scintillator is coupled td.a short light pipe and thence to a high-
gain-low-noise photomultiplier tube (RCA 8575). The ion detectors have

én 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.?®’

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 coihcidence pairs as ''regular"
pairs and associated ''image' pairs as shown in Table II. For the "D"
'_experiment, each ''regular'" pair, iabeled with index i = 1,---8_in .

'Tabie ITA, would have a greéter cOunting‘ratevthan its corresponding

- "image' for the spin polarization along +Z, if D > 0 and all pairs

had equal efficiencies. Although the efficienciés are in factwunequal,
as is shown in Table IIA, every counter belongs to an equal number of
- "regular' and '"image" paifé. Thus instrumental asymmetries arising
from differences in detector efficiencies cancel almost exactly,-as do
ﬁény 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
- the D experiment for the'iﬁh pair, and let ni“be that of its image.

Coeffigient D is obtained-from the formula:

I B

where S and GD are a positron backscattering correction and a ''geometry"
factor respectively, the latter téking into account finite solid angles,
spatial extent of the decay region, and momentum distribution of the

decay particles. Also, ADN'and ADS are defined by

_ 14 " n;-n} n,-n} 1 |
Mw =% L |la=ar T , - (11)
N8 oy | Iyt ny*04 |
' - — XC>0 Xc<0_
4 8 [[nm n,-n} ]
bps = §'-ZS n.+n, n.+n! (12)
= L1 x>0 1 1'% <0
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Here X, > 0, XC < 0 refer to the collimator position and thus to the

C

sign of nuclear polarization. (Factors S and GD are discussed in detail

in Part IV.)
For the measurement of 'B," ”reguiar” and "'image' pairs, labeled

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

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

corresponding image if the pairs are equall?‘efficient and B < 0. If

nj and n3 ére defined as the total counts after background correction

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

by
%— (KBN+'A‘BS) = PS(BGB+AGAB) . | | , (13)
: (ABN+ABS) = PS(BGEHAGLY) ()
where
_ 1 2 n.-n. n,-n! :
ApN:= -21 n.+n. R N (15)
J= J ) Xc >0 J ] XC<0_
_ 1 4 [ [n.-n! n.-n:
ABN =T 'ZS n.+n]. h n.+n]. _J (16)
J=o Ly ) ) XC>0 J J X <0
_ 1§ " [n.-n! _ [n,-n! _
ABS T .ZS n.+n}. n. +n} ' (17,)
=LV Xc>0 3 Xc <O :
_ 1 8 "/ n,-n! n.-n; : .
* - _J_.:yl_ - _J____,-,l_ .
Ags I'.Z n.+n' n.+n: : (18) .
=TT j 3% <0- | ‘
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The distinction is ﬁade between starred and wnstarred terms here because
Gg 7 Gg. Note also;that for nuclear polarization along the X direction .
a small éontribution tb 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 cqilected over many 20-min cbunting cycles, in which the
collimator was first set for_lO min at XC =.+0.0Schm and then reset

at XC = -0.050 cm for the next 10 min. Thus counts were accumulated

for -equal intervals at'opposite.polarizations, P = 0.87 #0.10.

'3. Background

There were two main sources of background: first, y radiation from
positrth'annihilating'in the source and to a lesser extent in-the
gas-handling»system;'and sécond, decay of stray-lgNe in the detector
. region. | |

'The former was measured once every few counting'éycles byAaccumulating

coincidences with the collimator deflected far from the center axis and
the beam thus completely blocked from the detector chamber.

, AThe latter originated principally from the scattering of the 19Ne-
‘beam by residual gas (e.g., N2,102, pump oil vapor) in the detector
~chanmber. This part of the stfay gas background was proportional to the
-detector chamber pressure, and was appréciable_even at typical operating

pressures (1 to 4 x 107/ Torr). The migration_of'residual'lgNe from

R
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other chambers into the detector chambef 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) .l

The stray gas background was determined ffom independent measure-
ments of: (a) the fraction f of beam flux which is coﬁvérted into stray

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

19 19Ne decay.

e of counter pairs for stray Ne decay versus beam
A positron counter in the foréline of the detector chamber vacuum
system was used to measure f (Fig. 1). With valves Vl; VZ; and VS closed,

all the beéﬁn was scattered and collected in the counter. After sevéral

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

‘With valves V1 and V2 open but V3 closed, only the usual stray 19Ne was

B
measured with the beam blocked»ai‘: the collimatoi'., Thus from the formila

collected and the count rate N, was measured. The background rate Ny was

N, - N

P :
N N

“we obtain £~ 0.05 to 0.10, depending on residual gas pressure.-

Quantity e was determined from the total coincidence count rates in
all pairs with valves vy and V, open (CO) and with valves Vl' and v,
closed (CC):

e
Fo ™ %

v.We obtained € =~ 4. Thus the total scattered. gas ba’ckgrouﬁd was 20% 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 -18-kV
 ?electrodes'caused us much difficulty, contributihg to the singles

background in ‘ion couhters, and thus to the accidental coincidence rate.

It was necessary to polish all electrode surfaces, guard electrdstatically

all standoff insulators and high-voltage feedthroughs, maximize Spacings
“of electrodes, and take scrupulous care to prevenf dust from entering
the chamber wheﬁ it was open to atmosphere. Finally it was necessary
to ''clean' surfaces by applying abnormally high electrode voltages for
several houfs prior to each rﬁn._ Neverthéless, 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 Fig. 4).

4. Time-of-Flight Spectrum

 Because the 19F— ions. have less than 210 eV_kinetic energy, and |
must drift from the beam axis-to the inner octagonal grid before
acceleration, the ¢+, 19F_ coincidences are délayed by 1.75 usec or
more,'_The Observéd positron-recoil ion delay spectrum is shown in Fig. 7;
Note that the_laréé background of coincidences with short delay is | |
primarily. from scattered gas. The solid curve in Fig. 7 was calculated
from thé decay kinematics and the detector array geometry. The agreement

between éxperiment and calculation is very satisfactoryf

5. Polarization Detector

The polarization detector consists of a hollow alumimum cylinder

-parallel to the X axis, with height 2 cm and inner diameter 12 cm'(Fig. 1).

The eénd walls ére,0.00S-cm—thick Mylar sheet,'throﬁgh which positrons

s

passﬁwith very small energy loss. Neon-19 atoms entering the cylinder
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are stored there about 3 sec, during which time they each make about

4 wall collisions. In spité of this long time, nuclear polarization

10
is préserved, with direction defined by a reasonably homogenebus
 :magnetic field HD = 65 gauss parallel to the cylinder axis.. From the
storage time, fhe calculated solid angle subtended by‘each positron

counter, and the known discriminator bias on each counter, the sum of

L le dNZ- _
counting rates T +-af—-'n the two positron counters is computed to
be '

le sz _
az—'+at—=0.062 FQ s
vwhere F, is the MNe flux through the channel. This sum is used to

9
monitor the beam intensity. The asymmetry A is determined from

_ 1 | .
A= sesr—408, , (19)
PAS‘AGA(—‘C’—') A :
. where: ,
T (NN 20)
A M x0T N x <0
: ‘ C
and Pys SA’ and GA are the fractional polarization, backscattering

correction, and géometry factor, réspectively, all referred to the
polarization detector.
The factor-GA_m 0.62 isvdetermined 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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19Ne is known from beam deflection

The polarization of entering
" measurements and calculations to be 100% at X = £0.050 cm. - When the
polarization detector cylinder storage time is varied (by using different

' channel lengths) no variation in A and thus no evidence for spin-

relaxation is found\ét HD = 65 gauss. Reiaxatibn effects, however,

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

In a similar'experiment on 23Ne, the relaxation time was observed to
'depend on HD-as T =~ Hg. Thus at 65 gauss, we estimate a depolarization
correction of 0.4%. The relaxation mechanism is thought to be nonadiabatic
transitions during wall collisions arisiﬁg from inhomogeneities in HD,
rather than sﬁoft—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
'Ai _D Data

Data for the meésurement-of D were accumulated over six runs, each
1a$ting'about 50»hours.v The data are summarized in Table III. As
noted in Sec. iII-DZ, quantity D is obtained from the background-corrected
* coincidence counts by means of Egs. (10), (11), and (12) (see also A
. Table IIa). ’The»faétos P, S, and G have these values: P = 0.87 +0.10
(see Sec..IiI—B); S = 0.80 +0.05 (see Sec. IV—D below), GD = 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 fecirculation

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

‘palr by the 51xth Tun.’ 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 Sg (Fig. 1) is in good'agreement with the observed rate.

B. B Data
Table IV summarizes the data for B, which is obtained from the
backgroundéeerrected coincidence counts, using Eqgs. (13) through (18)
(see/alsd Table IIb). Factors P and S>ere.the same as in the previbus

section. A Also,

GB = +0.59, Gﬁ = +0.57,
= * =
GAB +0.60,'GAB +0.70 .

When these results are comblned 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 . B - (22)
This value of B is not unexpected, inasmuch as it merelf*cenfirns'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'apparatds‘functiened properly. The uncertainty in B is almost

- wholly due to the wncertainties in P, S, and G and hardly at all due

to statistics.
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C. A Data
Data for A are summarized in Table V. They were acéumulated at
the same time as the 'D" data. The polarization of run 1 is lower than
'that of—subsequent Tuns because thermal equilibrium was not completely
achieved between beam particles and the source in the first run.  Only
rUns 2 through 6 are averaged to compute A,. Using Eqs. (19) and -(20)

and the values

m.
]

A O..'6v2 £0.01 ,
Sy = 0.92 +0.05: ,
Py = 1.00 ,
and _
(D = 0.947 ,
‘we find ,
A = -0.039 0.002 , (23)

where the main source of uncertainty is Sy

D. Positron Backscatterlng Correction

‘Most of ‘the p051trons emitted during decays in flight through the-
L detector chamber do not strike the desired positron counter, but instead
~ strike some other part 6f thé detector array. Some of‘these positrons
.may backscatter into the positron counter and register spurious counts.-
"If b is the number of such backscattered counts and n is the number of -

" true counts, then the observed number is

n; =n +_b'.
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Because of the symmétry 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 counter pairs. Then

'
1 n-n' n-n'

171 _ _ . b
n1+ni T nn'+2b T n-n’ 1 ﬁ)

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

S=1-">b/n.

Factor b/n‘was calculated 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 counted. This is }

_ probably‘notiso, because the energy spectrum of backscattered posifrons'

is unknowh, and almost certainly there is considerable energy loss on

backscattering. Therefore, our computed values of S probably represent

E. Geometry Correction Factors:

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

kN éliminating'neutrino‘variables q, dQQ,.and introducing the recoil ion

momehtumlg and the ion differential solid angle de .. Note that the

Ne beam atom is less than 0.0025 €V, so that the

" equation

p+..q+.r=0'

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

Thus writing
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2] = -ppet t{q2-p2[1-(p-)2]1/2

iy
“we find -
dA-m pF(Z,E) EZ(E_-E)ZdEdQ dn. L .. , -pp-T £
, , [ E ] 0 e Trq V{qz_pz[l_(ﬁ.?)z]}l/z .
: [1‘%‘% R (r3-?+p3-ﬁ)-%3-(f>x?)} . - @8)

The two signs in Eq. (24) are necessary, since for p > q, and for fixed
angle between p and #, there are two possible neutrino momenta.g which
satisfy the conditionla *q+r= 0. Thus for p > q the total rate is
the sum of the rate with the (+) sign and that with the (-) sign;®! for
_p < q only the (+) sign applies. In evaluating the RHS of Eq. (24)
the factof P F/E is obtained from standard tables. |

. In Eq. (24) it is clear that for the "D" magnetic field configuration,
the A and B terms averagé tb’zero for regular and image pairé. “Also, the
D term contributes to the differehce (n-n'), while the unity énd gt
_ terﬁs contribute to (n+n'). The geometry factor Gy is defined as the
average of the D term divided by the average value of the sum of the
unity and "a" terms. Actually, a = o_.0413 10.6034 is negligible, and it
is ignored. The averages were compﬁted 6ver all accepted angles between
f, p, and T, over all agcepted.beta.energiés (Tmiﬁ = 0.625 MeV to
Toax = 2.216 MeV), and over the aécepted ion-recoil time-delay interval
(1.75 to 3.25 psec). Ea;h‘counter.is assumed to be wniform in efficiency
overAits'acceptance aperture. This was in fact Qerifiéd for both ion

counters *? and positron counters. Note that the transition rate contains

a factor which is singular when % = 0, so due care must be exercised
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in the computations. The result is
Gy = 0.75 £0.02

whefe the uncertainty arises from ﬁumericalmappfoximations.

- The other geometry factors are evaluated in similar fashion, With
the magnetic field in the '"B" configuration, only the '"D'" term in di
avefages to zero. The A and B terms both differ in sign for regular

: (
and image pairs, so these terms contribute to (n-n'j but not to (n+n'),
which are, as before, prdportional to the sum of.unity and "a" terms.
- Thus Gy is the computed average of the ''B" térm divided by the average

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

Gy = 0.59 , G&=.0.57,
N = - % = - )
GAB 0.60 , GAB 0.70 .

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 Vélues 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 d(n) is obtained from the neutron ft Valuelthrough the

formula

(£t = —

me) 62 eyl K1y 1P1atlel?] .
s e 1GI KDL

' Using the value G = 1.4034 +0.0016 x 1074 erg an® as obtained from

the 0 +~ 0" pure Fermivtrvansitions32 and taking CV = (1) =1 and the

 we obtain

latest value of the neutron half-life,?®
le@m)| = 2.13 .
'Thus, ffom.Eé. (Sj, taking 6(n) = 0, we find
| D(p) = -0.443 sin ¢ .
Now cos ¢ < 0 for neutron decay, since

A(n)+B(n)>=‘-J%-l?lTS$§~9- ~ +0.8
)

_Thefefore

¢(n) = 178.7 #1.3 deg ,

consistent with T invariance.

B. Neon-19 Measurements

The results of this experiment are

A(*Ne) = -0.030 20.002 , - | »

]

B(Ne) = -0.90 :0.13

i

D(*Ne) = +0.002 £0.014 ,

(23)

22

(21)



-25- _ ~ UCRL-18647

We again obtain |p| from the ft 'v'al‘ue. ~Assuming (1) =1, since

19

the ~“Ne decay is a mirror transition, and taking ft = 1750 %9 sec as

determined from

t;/,(PNe) = 17.36 £0.06 sec ,
and ' 7
) £ (*Ne) = 2.216 0.001 Mev
max : ' VR ’
we find®* ) | | |
oINey I = '
1o(*"Ne)| = 1.603 £0.006 . (25)

“Then taking 6(19Ne) = 7, we find, from Eq. (5),

D(°Ne) = +0.507 sin ¢ . I
Again cos ¢ <i‘0, since -
A(lgNe)fB(lgNe) - 4 lp| cos o _ 0.8 .

EIER Bk

Thus we finally obtain

o(FNe) = 180.2 1.6 deg

consistent with T invariance and the neutron result.
A value ’of-lp(lgNe)[ may also be derived from A(lgNe) if we assume

cos ¢ ~ -1. Thus we obtain,3® from Egs. (3) and (23j,
lo(}*Ne)| = 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
Iarise from a magnetic field misalignment, owing to the large céefficient 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

Pay

?=cos ok +sinaj

For the purposes_of this simple estimate, let fhe 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 relafive to

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

following expressions for the coincidence count rates hold:

Wy =Keg Qrbea,
W, = Key, (1+b-4d ,
W =Ke;y (1-b+d) .
Wy =Koy L+ -,
Wpg = Keyy L-b+d,
Wy=Ke,Q-b-d,
Weg=Keg L+b+d,
Wy —st3(1 b-d) .
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Here K is a common constant, and the e's are coincidence-pair efficiencies,

b=Bsma

~% and d = D lé— cos a. We define

W

. 4R5 - Woq - wZa . wia B wlb . Wap: ™ W4c . 3 - Wag
Wogq ¥ Woy Wy Wy Wy # W Wi + Wy
Now, wrii:ing
o o-da” b _f2d” f2a  __ 3¢ f3d L _S4b " S4c
. ] b b b
Lo Ga*ep” T2 fat e’ 3 fxctema Tt G4yt S
we .obtain
X, (1+b)+d  xi-(b-d)  x,(1-b)+d X +(b+d)
IR = 2 ! L4 .3 A1)
D (1+E)+x2d 1-xl(B-d) (1-b)+x43' 1+x3(b+d) ’

If all detector pairs were equally efficient we would have Xl =X, =X, =

x4 =0 and thus, for small angles .a,

_ . d
ARy = 24+ T3 * 1

Taking B = -1 and o = 5 deg , we find %—-= '—i-sin2 (5 deg) =~ 2 x 10 5 .
This correction is quite negligible at our level of accuracy. Now in fact,

‘the x's are nonzero, owing to differences in detector-pair efficiencies.

For the north bank of detectors, for_example,

10.067 ,

Xy =
Xy = 0.136 ,
Xz = -0.068 ,
;;4 = 50.952 .

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

obtained from formula (Al) is negligible.
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Beam slit positions and dimensions.

UCRL-18647

‘Beam fluxes.

Width (cm)
Height (cm)
" Thickness (cm)

Distance from
source slit (cm)

Solid angle of
beam (sr)

Flux of 1°Ne
(atoms/sec)

Source slit  Collimator® Exit slit* Channel®
(s slit (S, (5 (Sg)
0.076 0.076 0.25 0.064
1.25 1.00 - 0.64 1.00
0.32 S - 3.18
0 65 188 374
0.8 1.8x107°  4.5x10°%  4.0x1077
3x10tl 1.7x10° 5 1.4x10°

4.2x10

& Beam fluxes through the (S

X-=0 ang
are based on the measured counting rate in the polarization detector.
See F1g 1 for 1dent1f1cat10n of the slits.

collimator slit at

) (S¢), and (Sq) sllts are given for the
with’ the defleCtion magnet off.

Fluxes
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Table II. Counter pairs and efficiencies.

A. Coincidence pairs for 'D" experiment

'""Regular'' Measured relative ''Image' Measured relative
i  pair efficiencies ° pair efficiencies
(d-2, e-5 = 1.0) (d-2, e-5 =1.0)
1 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-1 0.73 b-1 0.64
5 h-6 0.85 e-6 0.59
South 6 f-8‘ : 0.66 g-8. 0.78
bank 7 g 0.88 h-7 0.92"
8 e-5 1.0 £-5 0.94
B.,,Coincidenée pairs for 'B" experiment ,
v "Regular" "Image''
j pair pair
1 d-2 a-2
2 c-4 b-4
3 b-1*% c-3*
-4 a-1%* d-3*
5 h-6- e-6
6 g-8 £-8
7 - f-5% g-7%
8 e-5*% h-7%




Table III. Compilation of D data.

Magnetic field directions

Weighted average D =

Run Déflection 'Axiilcﬁiii? _Directiqn Qf ' ggiﬁgf
no. field detector _sp}grp§%g§1§aglon counts D
Chamber - (corrgcted)
1 + X -7 v 7 3059 +0.038 £0.035
2 + X + 7 -7 5980 + 0.012 +0.037
3 - X + 7 -3 5563 - 0.022 +0.028
-4 - X -2 + 32 3355 - 0.007 +0.047
5 - X + 7 -7 5281 +0.010 +0.031
6 + X -7 £ 7 6889 - 0.024 *0.049
Total counts (corrected) 30127’
| + 0.002

+0.014

..vg_

LY98T-TdON
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Table IV. Compilation of AB data.

Even pairs o 0dd (asterisked) pairs
‘No. of coinc. "AB B No. of coinc. Ag
Run counts , : - counts
1 350 0.291 +0.054 417 0.386 £0.045
2 739 0.316 +0.037 680 0.353 *0.038
L 3 287 0.358 £0.059 E 270 . 0.287 %0.061
4 323 0.384 £0.056 327 0.361 +0.055
5 : 328 0.398 +£0.055 347 0.382 %£0.054
6 - 1028 0.348 0.031 11096 0.389 #0.030
Sum v 3055 ' 3137
Weighted average (A) 0.340 +0.018 ’ ' 0.366 +0.018
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Weighted average (Runs 2-6) (AA)

-36-
Table V. Compilation of Ay data.
 Run - - Total counts By
1 | 959,123 -0.0168 . +0:00180
2 | 1,184,247 -0.02121 £0.00097
3 1,451,344 -0.02107 £0.00085
4 | 1,264,922 -0.02248 +0.00093
5 © 2,081,788 -0.02159 +0.00072
"6 " 1,857,914 -0.02019 +0.00075
Sum 8,799,338
-0.02131 0

.0005
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FIGURE CAPTIONS . | i

I '
 Fig. 1. Schematic diagram of Dye atomic beam apparatus. Neon-19 is
produced by proton bombardment of SF6 gas in target. Atomic beam of
19Ne in 180 state emerges from source slit Sl at 30° K and is

polarized by deflection magnet with beam-defining slits S., S,, S

1’ 73> %5

and channel entrance S,. Other slits S,, S Sgs S7, Sg do not define

AR
beam but are used for differential pumping. Polarized beam deflections
are grossly exaggerated for pictorial clafity;vactual difference of
paths between my = +1/2 beam components is negligible in detector
chanber. Measurements of B and D are made from decays in flight in

| north and south banks; A is determined from decaYs in polarization
_ detector. 'Distances L2y L, lg.are referred to in'Table I. Stray
gas counter is referred to in Sec. III-D3.

Fig. 2. (a) Beam intenéity and polafization in polarization detector vs
collimator sii; positioh. The solid curves are calculated. The
deflected beam profile and the polarization are calculated by using the
measured moment tu(lgNe) = -1.887 uN] and assuming a sburcé‘temperature
of 30° K and deflection magnet'gradientvbf 22 kG/cm, together with the
parameters of Table I. The bolarization is 100% for XC = 0.05 am,
which is the optimum operating position. (b) Célculation of source
temperature vs ratio of deflected to undeflectéd intensifiés through
channel. The. intensities are measured with the collimator slit (SS)

~at XC=0. Operating temperature of source is seen to be about 30° K;

(c) Calculation of intensity and polarization of beam.which_passeé

through exit slit (Ss) and is observed by detector banks within detector

'chamber (see Fig. 1) vs collimator slit"position. Low count rates

\

prohibited COmparison of comﬁuted beam profile with measured one.

-
\
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19Ne x &

Fig. 3. érdss—sectional view of north detéttdr‘bank, to scale. 'The
atomic beam ttavels out of the pége. % typical.coiﬁcidence (dEZ)‘is
shown. The south detector‘is eésentially identical. Insert inrfigufe v-i%
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 célibration curve for one of the ion detectors. The

3detectorsﬂwere 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 grounding the inner:shield. The response of our

detectoré to XK' 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 usec. The interféce
unit routes all singles and coincidences to specific channels in the
pulse-height analyzer, which is uséd to scale all singles and

coincidences in each collimator position.

Fig. 7. Positron-recoil-ion coincidence counfs vs delay time, as obtained o
with four coincidence pairs. The solid curve is compufed from the ﬁ
théoretical'idn energy distribution, and includes a contribution_from two |
sources - of baCkground. The-triahgular data points indicate the measured“_ o
accidental coincidence counts which arise from the uncorrelated singleé
background in each detector of the coincidence pair. The dashed curve
indicates the additional background contribution, measured separately%'

due to the decay of residual 1ggNe gas in the detector region. The solid .

points are measurements of the' counts with the 19Ne beam in addition to
these -sources of background. Coincidences in the range 1.75 to 3.25 psec :

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 Comm1ss1on nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, 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 beha]f 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.
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