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The Beta Decay Asymmetry Parameter of 35Ar
James David Garnett
(Ph.D. Thesis)
Lawrence Berkelsy Laboratory
University of California
Berkeley, Cali’ornia 94720

ABSTRACT

The beta decay asymmetry parameter for ¥Ar=> %¥Cl+e*+v, has
been remeasured in order to resolve & long standing puzzle. Previous
asymmetry measurements, when combined with~ the comparative half-life, yield a
value for the vector coupling constant, G, , that is in serious disagreement with

the accepted value. We produced polarized 35Ar by a (p,n) reaction on 35CI
using the polarized proton beam provided by L- Jrence Berkeley
Laboratory's 88-Inch Cyclotron. The polarization of the 3%Ar was
determined by measuring the asymmetry of the positrons produced in

35Ar decay o the first excited state in 35C! (branching ratio=1.3%) in

coincidence with a 1219.4 keV gamma ray. Our result, A;=0.4910.10,

combined with the comparative half-life yields a value for G, in agreement with

the accepted value.



Chapter One

Introduction

This thesis describes a measurement of the beta decay asymmetry
parameter of polarized 35Ar. Part A of this chapter provides the motivation for
undertaking the experiment and part B describes the experimental method in

broad outline.

A, Nuclear Beta Decay and Argon-35
The interaction for nuclear beta decay is given by :

- _
H, = 7 Guey\( -y v, Y, (C,-C,y)d(cosd ) + h.c.

where C,, and C, are strong corrections to the hadronic current and cose, is the

cosine of the Cabibbo weak mixing angle introduced phenomenologically to
explain the reduced amplitude for semi-leptonic decays compared to the purely

leptonic muon decay :

|d Yy = |d )c0s0, + |5 )sin®

Gu’ G is the muon decay coupling constant which is used for comparison with

the semi-leptonic decays in order to extract a value for the Cabibbo angle.



The "conserved vector current” hypothesis implies C,, = 1, i.e. the vector

coupling constant for hadronic currents is unrenormalized after strong
corrections. The CVC hypothesis is tested by experimentally measuring the
vector coupling constant for a variety of semi-leptonic decays. Itis common to

define,
G, = G,C,cos@,

for nuclear beta decays.

Confirmation of the CVC hypothesis is the statement, in this context, that G,

is independent of the nucleus considered. The constancy of G, can aiso be
interpreted as constancy.of 8,, known as "Cabibbo universality”. To the extent
that radiative corrections can be precisely calculated, Cabibbo univerality has
been confirmed in the K*43 decays, hyperon S-decays, and the superallowed,

0*=»0*, pure Fermi transitions in nuclear -decay. The value 8, = 0.233 £0.011

{radians) determined from the pure Fermi transitions agrees well with the value

0, = 0.22910.016 determined from the high energy semi-leptonic hyperon

decays'2.
A value for the Cabibbo angle can also be determined from the mixed,



J(=0)=J, T = 1/2 mirror transitions; however, an auxiliary measurement must be
performed to determine the axial vector matrix element in each case. This can be

done from an angular correlation experiment between, for example, the emitted

electron or positron's momentum and the initial nuclear spin, A{ J; )sp, (Ret.3).

The constant A is known as the beta decay asymmetry parameter and is related

to the axial vector matrix element {c) by>,

Ji 172
S o
A= i
1+ p2
1 Jy=J,-1
x={ g+1" I =J + for e*

U+ T=3+1

where p = G,{c)/G (1), (1) is the Fermi matrix element which can be precisely

calculated, and we have assumed T invariance. When p is combined with the

comparative half-life ft, G, can be calculated :

k
fr(1 +3)(1 - 8 )(1 +p?)

(1 +AL)G. =



where k = 2x3(h/2m)7c8/(m4c2)5, 8, is a correction for the imperfect isospin

symmetry, §, is a nucleus-dependent radiative correction, and Az is a
nucleus-independent radiative correction#5:8,
The asymmetry parameter has been measured for only three nuclei: 35Ar,

19Ne, and 'n. The derived values for 8, from ¥Ne and neutron (both spin 1/2)

are 0.27+0.05 and 0.232+0.014 respectively, in agreement with the accepted

value®. However A,(35Ar) has remained anomalous for many years despite

repeated measurements of all relevant parameters’.%. The data yield 0, <0.10

(95% confidence)®.

A mechanism to decouple the down and strange quarks with a strong
magnetic field was proposed by Salam and Strathdee®. Towner and Hardy®
pointed out that this may be the explanation of the 35Ar anomaly; perhaps the
magnetic field associated with the spin 3/2 ®5Ar nucleus is sufficient to decouple

the down and strange quarks'®. However, a recent measurament of the

comparative half-life for the transition 24Al(4+)=2‘Mg(4+) resuited in a value of
8, consistent with the pure Fermi transitions"!. (For this transition, p =0 so an

auxiliary measurement to determine p is unnecessary.) In an attempt to resolve

this problem, we have performed a remeasurement of the beta decay asymmetry



parameter of 35Ar by a different experimental method.

B. A Brief Qutline of the Experiment

The transition rate for allowed nuclear beta decay in the impulse

approximation'2, integrated over neutrino momentum is,

W_Gf(l+p2)|(l)|2ﬂ(z’E EpA-EyE (L + AP
ST AR AR IE,

where F(Z,E,) is the Coulomb correction for the outgoing beta particle and A is

the ditference in the initial and final nuclear energy levels, equal to the endpoint
energy of the emitted beta particle. An experiment to measure the angular

correlation between J; of the nucleus and p, of the beta particle determines the
asymmoetry parameter A,
For 35Ar(3/2+)=5°5CI(3/2+) + 6* + v, , the asymmetry parameter A, is given

by,

2_ f12
5p

u%to

A =

1+ p?
The experiment is performed by obtaining a gas of polarized 35Ar, from a (p,n)

reaction on 35C| using polarized protons, and measuring the fore/aft asymmetry

of the emitied positrons. The angular dependence of the positrons is given by



W(e) = 1 + A P(v/c)cosa. , where P 2 0 is the polarization of the 35Ar nuclei, o is
the angle between ths pasitron momentum and the initial nucear spin, and v is
the velocity of the emitted positron.

The 3%Ar gas is inside a target cell immersed in a uniform magnetic field
that defines the spin axis (vartical). Above and below the target are lacated
plastic scintillation detectors that record the number of positrons emitted from the

polarized gas. The quantity measured is

A N,-N N, -N. G
= I, 7 dor ™ IR, 37 Jvouam = CAP

where N_ or N_is the number ot counts in a given P detector for argon

polarization plus or minus, respectively, and G is a sum of top and bottom
detector geometry tactors that includes the v/c energy dependence in the anguiar

distribution. For the positron decay to the ground state of 35CI,

A =GAP

while for the positron decay to the first excited state of 35C|, for which the

asymmetry parameter is A = 1 (a pure Gamow-Teller transition 3/2*=>1/2*),



A =GP
hence
%: AO(—}EE A,
1

1
The ratio is independent of the argon polarization and allows a determination ¢f
the asymmetry paramater A, up to the ratio of geometry factors which is very

nearly unity. The positrons associated with the first excited state of 25C| are
separated from theé much larger groundstate contribution by a coincidence
requirement with a 1219 keV gamn.a ray (see Figure 1, chapter 2).

The crucia! feature of the ox_periment is the measurament of the first

excited-state decay of 35Ar that calibrates the polarization of the Argon gas. The

ratio AyA, also removes many possible systematics, the ratio dependirg only on

the change in the value of the systematic due to the difference in the endpoint

energies of 3, (the groundstate decay) and B, (the first excited-state decay).
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Chapter Two

The Experiment

This chopter describes the experimental set-up in detail. Part A describes
some design criteria, part B describes the system in detail, and part G
summarizes the cycl'otron runs and detector performances.

A, Design Criteria

Contaminants are a serious problem in any accelerator sxperiment whers

beta spectra are involved. The low resoiution of plastic scintillators and the broad

energy spectrum from beta radiation can easily mask the presence of other

particles. Table 1 is an extensive tabulation of possible contaminants with Q <
12MeV'2; the target elements are chosen from consideration of the materials the
;Sroton beam may intercept. Many potential contaminants can be removed by
maintaining the beam's energy below their thresholds. Low snergy background
can be removed by appropriate energy cuts in the data.

When the proton beam is passing thraugh the target cell, intense neutron
and gamma ray fluxes exist. Photomultiplier tubes will have higher dark currents
and gain drifts after plastic detector exposure to the intense gamma ray and
neutron ﬂﬁxes. Solid-state detectors are damaged by neutron induced
dislocations in the crystal, resulting in poorer resolution. To protect phototubes,

the high voltage can be gated or a shutter system can be instalied. Gating the



Table 1:contaminants
Jarget Reaction Product Q(MeV)

19
of

. 7C|:~I7

1 70]35

(p.n)
(p.d)
(P
(p.)
(plY)
(pn)
(p.2n)
(p.d)
(p.)
(p.He?)
(p,0)
Py
(p.n)
(p.d)
(p.He?)
(p.o)
P
(PY)
(p' n)
(p.d)
(px)
(p'Y)
(p.He?)
{(p.)
Py
(p.n)
(p.d)
(P
(p.Hed)

(p.c)

4.02
8.21
1.1
-8.12

-13.2
1.60
10.4
8.09
10.4

10.6
-3.03

-10.2
6.75

10.4
10.1

-1.86
-8.51
-1.94

3.00
272

4.06

-7.55
11.24

5.22
-0.60

3.54
1.92

1.3
8.55

-1.19

b
17.4s
110m
66s
stable

stable
354
stable

3x10%y
stable

88d
stable

stable
1.76s

1.56s
stable

stable
stable
10m

10m
stable

stable

stable
stable

10m
67s

67s
stable
124s
stable
stable

10

Radiations
B (2.2 MaV)

B* (0.64 MeV)
B* (1.7 MeV)

Cl x-rays (EC)

B~ (0.167 MeV)

our reaction
B* (4.46 MeV)

B* (1.2 MeV)
B* (1.2 MeV)

B* (1.2 MeV)
B* (1.74 MeV)
B* (1.74 MeV)

B* (1.7 MeV)



Jarget Reaction Product Q(MeV)

e017
8018

7N14

8]
(p.n)
(p,2n)
(p.d)
(A

(p.cx)
(X))
(p.n)

(p.d)
(p.Hed)
(p.x)
(P
(p.n)
(p.d)
(p.He?)
(P
{-5]

9|::1B
9|::18
9|::17
B017
8010
7N15
9|::19
0014

-5.61
2.44

11.59
5.82
n

-3.98
-7.99
5.927

£.328
4.78

2.92
-7.29

3.54
8.61
10.67

-4.96
-12.1

Y
110m

110m

67s
stable
stable

stabie
stable
70.6s

10m
stable

20.4m
122s

122s

stabie
stable
stable
stable

11

Radiations

B* (0.635 MeV)
B* (0.635 MeV)
B* (1.74 MeV)

B* (1.8 MeV 99%)

v(2.31 MeV 99%)
B (1.2MsV)

B* (0.961 MeV)
B* (1.72 MeV)
B* (1.72 MaV)

high v._itage has the disadvantage of requiring time for the tube gain to stabilize

and will not protect the photocathode from possible damiage. Shutters will

inevitably resuit in reduced light input to the photocathoda. Neutron damage to

solid-state detectors can be ameliorated by shielding with borated water and

polystyrene but beyond this, damage is unavoidable.

Good dete“tor efficiency for the positrons demands plastic scintillators, as

large and as close to the target ceil as possible. The choice for gamma ray
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detectors is less straightforward. The two main candidates are Nal(Tl) and
solid-state high purity Germanium. The former has excellent efficiency but very
poor resolution, approximately 8% at 1 MeV. The latter has poorer efficiency but
excelient resolution, approximately 2 keV at 1 MeV. If efficiency were the only
consideration, then Nal weuld be the logical choice; but resolution is important
because of positron annihilation-in-flight background which reduces the signal to
noise and increases collection time.

The target cell material must be able to withstand an atmosphere of
pressure and possible corrosive effects from chlorine, but be thin enough to allow
transmission of the positrons. It must not produce unacceptable background
when the proton beam strikes the entrance and exit foils. Finally, it must be a low
Z material to minimize pﬁsitron backscatter, which tends to wash out any
asymmetry. These considerations lead to the usa of strong acrylic plastics such
as lucite or mylar.

The low branching ratio of the first excited state, used to calibrate the
polarization, leads to some problems. Because of the low activity it is preferable
to use the most efficient detectors and produce a large amount of 35Ar. The
amount of Argon produced depands on the proton beam energy (the cross
section for production is energy dependent) and current as well as the pressure
of the target gas; unfortunately, the beam paramaeters are constrained by other

considerations: the energy must be below the 4C! production threshold of 10.4
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MeV (see Table 1) and the beam current must not be so high as to rupture the
very thin entrance and exit foils of the target cell by overheating. If solid-state
detectors are used there is the additional consideration of how much neutron
damage one is willing to tolerate. Higher beam current means greater damage
from (p,n) reactions in the mylar entrance and exit foils for the same amount nt
run time. This leaves the target gas as the best parameter to increase 3°Ar
production.

ideally, one wants an alkyl chioride with a large chiorine to molecule ratio

and a high vapor pressure. One of the bast candidates is carbon tetrachloride,

CCl,. It has one of the largest fractions of chlorine per molecule and also has a

reasonable vapor prassure, 90 torr at about 20°C. The only serious contender of
the alkyl chlorides is methyichloride, CH,Cl. Methyichloride is a gas at room
temperature, which more than compensatas for the single chicrine atom per
molecule {although it is found experimentally that one must operate at weil below
an atmosphere to prevent unacceptable scattering of the proton beam), but is
unuseable because it is highly inflammable and very toxic.

The only other serious candidates are the fluorochiorocarbons, more
commonly known as freons. The best candidate of the freons is freon-11,

fluoro,trichloromethane, CFCl,. Itis noncombustible and has a vapor pressure of

approximately 650 torr at 20°C. Its main disadvantage is the contamination
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produced from reactions involving Fluorine (see Table 1).

Low vapor pressurs can be overcome to some extent by heating the
storage can, but too much heat will only result in the gas condensing in the target
cell (and heating the-entire apparatus is difficult). Solid or liquid targets are
excluded due to positron diffusion and backscattering problems.

B. Qescription of Experiment
a. Overall description

A 5 nanoamp beam ot 10 MaV polarized protons, average polarization =
50%, was obtained from the LBL 88-Inch Cyclotron. The beam energy was
chosen to lie abave the 6.7 MeV threshold for 35Ar praduction by a (p,n) reaction
on 35CI, but below the 10.4 MeV threshold for 34C| production by a (p,d) reaction
on 35C|. 34C| has a similar positron endpoint energy and half-life to 35Ar and

was the only potentially troublesomse contaminant ciosa to the argon threshold.
The protons entered a hollow lexan target cell (9.5cmx11.4cmx7.0cm)

containing a He+CCl, gas mixture at 470 and 95 torr, respectively, through a

0.013cm mylar entrance foil (3.2cm diameter). The reaction 35Ci(p,n)35Ar

proceeded with a polarization transter of approximately 12%, resulting in an 35Ar

polarization of (6+1)%3. The proton beam left the target cell through a mylar exit
foil and was stopped in a shielded carbon biock far downstream from the cell.

The proton beam'’s polarization was measured before and after the run
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using a carbon-foil polarimeter. The stability of the polarization was monitored
during the run by the stability of the asymmetry for the decay to the ground state
of 35CI. The polarization remained stable to within 12% for aimost 80% of the 48
hour run and to within 20% for the entire run. This drift in polarization is not
important in our experiment because we measure the polarization by our
asymmetry measurement of 35Ar decay to the first excited state of 35CI. When the
proton beam was unpolarized, the asymmetry of 35Ar vanished.

The target was inside a uniform magnetic field of 30G, produced from a pair
of Helmholtz coils, that maintained the 35Ar polarization during the counting
period. The polarization was found to rise quickly from zero and then level oft as
the magnaetic field was increased from zero to 37G. The Helium acted as a buffer
to slow diffusion of the Argon gas to the target cell walls, where depolarization
may have occured. No systematic effect was observed vwwhen the magnetic field
was reversed midway through the run,

The positrons from the target passed through 0.025¢cm mylar foils

{9.5cmx11.4cm) on the top and bottom of the cell. They were detected in a AE-E
telescope system, consisting of plastic scintillator detectors, located above and

below the target cell (see Fig. 1). Lightpipes transported the scintillation light to
photomultiplier tubes located well outside the magnaetic field region. A AE

scintillation detector (10.2cmx10.2cmx0.16cm) was situated between the target
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Fig. l1(a) Schematic of the experimental set-up
1(b) The decay scheme of Argon-35
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cell and each positron E-detector (10.2cm diameter x 3.8cm thick). A valid

detector signal only occurred when there was a coincidence between the E

detector and its associated AE detector. This arrangement suppressed gamma
ray signals and noise in the main detactors. An anti-coincidence between
opposite E-detectors sliminated positrons which backscattered from one detector
into the other.

The positrons associated with the decay to the first excited state of 35C|
(branching ratio = 1.3%) were distinguished from the ground-state signal

(branching ratio = 98.3%) by a coincidence requirement with a 1219.4 keV
gamma ray. To traat the ground-state signal analogously to the excited-state
signal, coincidence with a 511 keV annihilation gamma ray was required. A
prompt coincidence was obtained when a positron came to rest in an E-detector
and annihilated.

The gamma rays were detected by two high purity Germanium detectors.

Each detector has an active volume of 109cm3 and an efficiency of approximately

25% compared to a 7.6cmx7.6cm Nal(Tl) detector (as outlined in the IEEE Test
Procedures for Ge Detectors for lonizing Radiation, ANSI/IEEE 325-1986). The
Germanium detectors were chosen, in the final runs, instead of higher efficiency
Nal detectors, to suppress detection of gamma rays from annihilation-in-flight

positrons in the plastic detectors. These positrons produce a prompt coincidence
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with their annihilation-in-flight gamma rays. The contribution from these events to
the coincidence of positrons with a gamma ray in an energy acceptance window
of 8 keV centered about 1219 keV was ~10%. The contribution to the much
poorer resolution Nal detectors would be unacceptably high.

A microcomputer controlled the system, which was sequenced through a
series of steps every 9.55 seconds. The proton beam was sent into the target for
3.2sec and then blocked with a beam stop. During a delay of 150msaec,
mechanical camera shutters, located between the lightpipes and photomultiplier
tubes of the positron E-detectors, were opened. The shutters protected the

phototubes from the intense light generated when the proton beam was on.

During this same delay the high voltage was gated on to the AE photomuitiplier
tubes. A 3.2sec counting period ensued, after which the target was pumped out
for 2.0sec and then refilled with fresh gas for 1.0sec. The polarization ot the
beam was then reversed and the entire sequence was .epeated. The beam on

and data collection times were closen to maximize counting efficiency; the delay

was chosen to provide enough time to charge the voltage divider of the AE tubes
and allow the camera shutters to fully open; the pump out and fill times were
chosen as the fastest times possible to allow thorough evacuation of the used
gas and proper filling with the fresh gas.

b. Electronics

The electronics design is shown in Fig. 2. Tha basic design can be divided
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into two categories: generation of a slow energy signal from each detector and
generation of a fast timing signal for coincidence between the plastics and

Germanium detectors.

Each oi the four plastic detector signals is sent into a x10 fast preamp and
then into a combination fast/slow amplifier. The slow channel signal is sent to a
linear gate which requires a master gate signal before sending a shaped pulse to
the analog to digital (AtaD) converter. The latter interfaces with the
DEC-MODCOMP computer of the 88-Inch Cyclotron. The fast channel signal

goes to a constant fraction discriminator (CFD) where a precise fast negative
timing signal is generated. The timing signals from the top or bottom E+AE

detectors are logically AND'ed (the E-AE coincidence requirement) and then this
new (fast negative) signal is sent to a logical VETO unit which will veto the signal
if a fast timing signal from the CFD of the oppaosite E-detecter is present within an
approximately 40ns time window (the anti-coincidence between top and botioin).
If there is no veto, then a valid fast negative signal from the top or bottom plastic
detector system is generated and sent to the time to amplitude converter (TAC).
Each Germanium detector has its own preamplifier system which generates
two signals, one for the slow channel and ane for the fast channel. The slow
channel signals are amplified and sent to a linear gate, the same as with the

plastic slow signals. The fast signals are sent into CFDs and then logically OR'ed
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before being sent to the START inputs of the TACs for the 1op and bottom
systems.

The TACs are set at a 200ns time range and requirs a STOP signal fron. the
appropriate beta detactor system to produce an output signal. The TACs
generate two signals if a STOP signal i received within 200ns from the time of
the START signal: a 0-10V signal that is a linear function of the tirns separation
between the start and stop signals and a positive 5V signal. The time signal is
sent to a linear gate which sends the signal to the AtoD when the master gate is
received. The +5V signal is involved in the generation of a master gate.

The master gate is generated during the data coilaction whenaver a timing
event is recorded by either of the TACs or whanever a (prescaled) singles event
is received from the top or boti.m plastic detector system. This is accomplished
by a logical OR between the prescaled valid top or bottom signals and the TAC
+5V signals. This output is logically AND'ed with a +5V data collection level from
the microcomputar in control of the system to insure that 2 master gate only
occurs during data colleciion. This signal becomes the master gate for the slow
energy signals as well as for the two TAC timing signals and the proton
polarization signal.

The prescaler is used to keep the information transfer rate to the somputer
at an acceptabie level. The peak activity the system can handle and still write to

magnetic tape and interact with thie experimenters in real time is ~10%N events
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per second, where N is the number of channels into the AtoD. For our
experiment, N = 9 so the peak activity is ~10%events/sec. The beta singles activity
was typically ~10*sec™!. The prascale factor was chosen to be 129.

In addition to this system, a dead time monitor system is also present (not
shown in Fig.2). It involves sending a valid top or bottom plastic fast signal to a
scaler and to the gate of a discriminator. Tha input to the discriminator is the
appropriate top or bottom slow energy signal and if this signal is present when
the gate is prasent, a standard +5V signal is generated which is recorded by
another scaler. The comparison of these two scalers, a pair for both the top and
bottom systems, provides dead time information on the top and bottom detecturs.
This system only monitors the deadtime associated with the slow channel, but
this is the dominant source of dead time. It also does not monitor the dead time
associated with the AtoD, but this is common to all the detectors and is not
important for the way the asymmetry is calculated.

¢. Detectors

Positrons are detected with Bicron® BC-404 plastic scintillation detectors.
The plastic consists of a polyvinyitoluene base with a few percent addition of a
primary fluorescent compound, p-terphenyl, and a wave shifter compound,
4,4'-diphenylstilbene*. The primary fiuorescent shortens the decay time of the
material and increases the light conversion efficiency. The wave shifter makes

the plastic more transparent to its own light and better matches the spectral
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response of bialkali tubes. It s the aromaticity of the constituents that
distinguishes organic scintillators from ordinary acrylic plastics, such as mylar or
lucite. BC-404 has an absolute light conversion efficiency of approximately 2%?°,
with a wavelength of maximum emission at 408nm. The 1.8ns decay constant

makes this plastic ideal for fast counting.
The positron detection system is a AE-E telescope configuration. The

10.16cm x10.16cm x0.16cm plastic "wafer” AE-detector, located between the

target cell and main E-detector, is used to veto gamma rays and noise in the main

detector by a coincidence requirement between the AE and E detectors. The
overall detaction efficiency for 511 keV gamma rays in the thin plastic is only
~1-2%% compared to essentially 100% response to beta radiation. The main -
detectors are 10.16cm diameter cylinders, 3.81¢m thick. The thickness is chosen
to insure complete energy collection for all positrons emitted from 35Ar; a 3.8cm
thickness is the range for 7.5 MeV betas.

The scintillation light from the piastics is transported tc RCA 8575

photomuiltiplier tubes by lucite lightpipes. The AE-detector is epoxied to a

lightpipe ledge and buttressed against an approximately 10.2cm x0.16cm wall
which gradually transforms to a 5.08cm diameter cylindrical rod that sits against
the photocathode. The E-detector is epoxied to a 10.16cm diameter lightpipe

face that tapers to a 5.08cm diameter. The 5.08cm end fits into an aluminum
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flange that also holds the mechanical camera shutter. On the other side of the
shutter system, another aluminum flange holds a second lightpipe, a 5.08cm
diameter, 0.91m long cylindrical rod. Both lightpipes sit in central wells in the
flanges, facing the overlapping leaves of the 5.08cm diameter shutter, and are

held in place by three transverse screws. The three foot long cylindrical rod is

bent so0 that the two end faces define planes at 30° to one another. The second
face is butted against a photocathode. The bend was achisved by uniformly and
slowly heating a three foot rod of lucite for about 20 minutes until it became
pliable. The rod was quickly bent into the desired curve and clamped until it
cooled.

The detectors and lightpipes are wrapped with Al foil to maximize light
collection and then with electrician's tape to seal against light leaks. The
lightpipes transport the scintillation light to the phototubes which lie well outside
the magnaetic field region of the Helmholtz coils. The camera shutter assembly,
which is controlied by a solenoid, is also removed from the proximity of the
photocathodes and carefully assembled to prevent light leaks. The shutter

system for the main detectors reduces the light output by approximately 30%

compared to the system without the assembly. To protect the AE-detectors during

beam on, the high voltage is gated to the voltage divider string. Gain drift is not a

problem for the AE-detectors which only serve as noise and gamma ray vetos.
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The gamma rays are detected with high purity, coaxial Germanium

detectors with an active volume of 109cm3. The detectors are part of the EG&G

Ortec® GMX series, which are N-type crystals providing extra protection to
neutron radiation dafnage. The N-type crystal can withstand almost 25 times the
total neutron bombardment of a conventional p-type crystal before damage is
evident. At approximately 1019 neutrons/cm? damage begins to be noticeable,

and the resolution is worse by a factor of two at ~10'1 neutrons/cm2(Ret. 7). The

photopeak efficiency for a 1.33 MeV gamma ray is 27% relative to 7.6cmx7.6cm
Nal(T1), using a ®°Co source located 25 cm, along the axis of symmetry, from the
face of the detector. '
d. Target ceil and polarimeter

The final design of the target cell was arrived at by trial and error, with three
previous target cell constructions before this target cell. it is a combination of
lexan and mylar construction. The basic frame is a hollow lexan box with four

walls, but open on the top and bottom. The iexan shell has outer dimensions

9.53cm widex11.4cm longx6.99cm high with wall thickness 0.79cm. The front
and back walls have 3.8cm diameter holes cut through them to aliow passage of
the proton beam. One back corner is faced and a 0.64cm gas line entrance is

drilled and tapped.

Thin mylar foils are used to seal the target from the air. 9.5cmx11.4cm mylar
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foils, 0.025¢cm thick, are epoxied to the top and bottom faces of the cell. To insure
strength, plastic braces are epoxied to the foils and screwed into the lexan
perimeter surfaca. The thin mylar foils allow nearly 100% transmission of
positrons with only about 50 keV anergy loss. 5.1cm diameter foils, 0.013cm
thick, are used to seal the entrance and axit portals. The foils are pressed
against viton O-rings, concentric to the portals, with plastic braces that are
screwed into the lexan walls. The foils can tolerate a 5-10na beam of 10 MeV
protons for extended pericds of time without rupturing. The protons lose
approximately 600 keV passing through the first foil and 700 keV passing through
the second. The target cell can hold a vacuum as well as overprassures up to
one atmosphers.

Plastic flanges that mate to the beampipes are epoxied to the pclmal walls of

the target cell. The front flange mates to the beamline and the back flange mates

to an Aluminum pipe about one meter long, 10.16cm inner diameter, that
attaches to the carbon-foil polarimeter. The polarimeter is made out of a

cylindrical, hollow brass body with two hollow arms jutting off the main body at

70° to the central axis (with the back cf the polarimeter defined as 0°). Inside the
main chamber of the polarimeter is a thin carbon foil, perpendicular to the proton

beam. Sehind the foil is a carbon block beam stop. Protons are scattered from

the carbon foil and those scattered at 70° travel down the arms to solid-state
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Silicon detectors where they are detected. The asymmetry in counts between the

two detectors is a measure of the proton polarization.

(At 70° with a ~0.0045cm carbon foil, scattering 8.7 MeV protons, the
analyzing power is féidy high, ~0.85. This was what guided our design of the
polarimeter. The polarimeter helped us to maximize the polarization of the beam
during the tuning of the polarized ion source. It was a crude device that couldn't
separate the elastically scattered protons from the inelastic ones. For the test run

prior to our final run we first sent the beam into another cave containing a very

sophisticated He-polarimater [ 8., = 108.8°, Epm,,, = 5 MaV, analyzing power =
.95-1.00). This served to calibrate our own polarimeter. During the final run, thé
stability of the polarization was monitored by the ground state asymmaetry for
positron emission. At the end of the run a final polarization reading was taken
with our polarimeter. The proton polarization remained stable to within 12% for
most of the run.)
e. Gas handling and computer system

Gas is delivered to and pumped from the target cell by the gas handling

system shown in Figure 3. Helium, at ~3/4 atm prassure, is bubbled through
CCl, stored in a six liter stainless stesl cannister, approximately 13” high with a

6" diameter. Bubbling the helium through the liquid carbon tetrachloride helps to

transport the carbon tetrachloride to the target when the fill valve (#2 in Fig.3) is
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opened. The target pressure is monitored by a dry filled pressure gauge,

target cell
background run shunt  pressure gauge

V E ? mechanical pump
1
——_—-® —— —
reguiator  valve #1 vaive #2 valve #3
Carbon Tetrachloride
Hell
ellum Liquid Nitrogen trap
Ei 3, Gas handli I

30”-0-15psi, that is viewed remotely in the counting area. The target is pumped

by a mechanical pump that follows a liquid nitrogen trap used to freeze out the
CCl, and related decomposition products. The trap consists of a steel cannister,

similar to the storage can, cooled by liquid nitrogen in a dewar that is filled

automatically by a thermocouple monitor.

The CCl, is deliverad to the target at vapor pressure (~90 torr at 20°C).
Because the target tends to be at a higher temperature than the storage cannister
it was found that the liquid CCl, could be heated, raising the vapor pressure,

without causing condensation of CCl, in the target. From the activity of the

excited branch (due only to 35Ar) we-estimate that the heating caused an

increase in vapor pressure of ~30%, which would show up as a 5% increase in
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the total target pressure. The storage cannisier was warmed up from ~65°F to

~75°F, vapor pressure rising from ~85 torr to ~110 torr. (This increase would not
be noticeable on the. fairly course pressure gauge used, so the estimate could not
be checked diractly. Our thermocouple gauge could not respond to the rapid
pump and fill sequencing used during the run.)

The sejuencing of the gas hanclling system is performed remotely by
computer control. The valves of the gas system are stainless stes! two-way,
normally closed, solenoid valves, rated at 50psi maximum ditferential pressure.
They are operated by 117V ac; the line voltage is optically isolated from the 5V
computer control signals.

C. The Run and Experimental Performance

All the data used to calculate the final results were obtained during a run
which occurred 6-9 April 1987, Monday 4:00pm-Thursday 4:00am. The
experimental conditions are tabulated in Table 2. A brief chronological review of
the runs prior to the April 1987 run follows:

Academic year 1985-86; Several runs were performed to assess background,
detector responses, and the data acquisition system. Many of the runs were
plagued by instrument problems, both ours and those of the 88-inch Cyclotron.

During this period, Nal detectors were used to detect the 1219 keV gamma ray,

but the annihilation-in-flight background due to B, was unacceptably high to
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allow confidence in the extraction of an answer. 10.16cmx10.16cmx1.91cm

pilot-B detectors were used to detect the positrons, without the AE veto detectors.
The detector thickness was probably just acceptable, with a continuous slowing
down approximation range equal to that of normally incident 4 MeV positrons.
The data acquisition was limited to our own microcomputer (AlM 65/40) which
communicated with the collection devices by an IEEE bus. This severely
restricted the amount and variety of data we couid collect.
Academic year 1986-87: For these runs, we switched to the set-up described in

this chapter. The E-AE detectors and shutter system were not installed until the
tinal test run, but the HPGe detectors and data acquisition system were used

throughout these runs:

Sept, 26,27 1986 Run #1(test): During this run, the target leaked so a large part

of the data was due to 4O. We used Freon-11 gas at 1 atmosphere and the
proton beam was scattered excessively. We switched to CCl, and clearly saw
the 1219 keV line, but with a large background due to annihilation-in-flight
gamma rays from both 1O positrons and Compton scattered 2.3 MeV gamma
rays from “9.

The *O'was a serious contaminant (see Tabie 1) with its high energy
positrons and gamma ray, and obliterated the 3Ar B, spectrum; in addition, '*Ne

was a potentially serious problem but was also masked by the oxygen-14. Both
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contaminants have high energy betas, 1.8 MeV and 4.1 MeV (0.6%) for 140 and
2.2 MeaV for 1°Ne.
Qct. 16,17 Run #2; Using an adjustable volume storage tank for Freon-11, bafore

delivery to the target csll, we could control the pressure in the target. We ran with

<1/2 atm freon. From a decay spectrum taken with a timing bin configuration, we
concluded that there was a very large contribution from 9Ne. There was

aevidence from the gamma spactrum of other contamination - 140, $9Fe, 89Co, and

an unidentitied line at 1759+1 keV.

The high purity Germanium detectors were severely damaged by the
neutron flux- going from a ~2 keV resolution at 1.33 MeV before the run to ~4 keV
after the run, which implies a total neutron flux over time of ~10'! neutrons/cmz2,
This damage was almost certainly due to neutrons preduced in a (p,n) reaction
on '9F (and 35CI) in the freon. The long run time combined with the high beam |
current and high target gas pressure resulted in the tremendous neutron flux over
time. (The final run listed in Table 2 shows a better resolution than quoted
above- it turns out the resolution can be improved somewhat by placing a very
hot gamma source near the detector prior to running. Apparentiy this has the
effect of "filling" some of the damage sites with electrons, allowing for a better

collection efficiency during the run and thus a better resolution.)

There was evidence of an energy dependence to the asymmetry A, (see
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chapter 3). This could not be a real physical sffect and indicated a detector

problem.

Nov. 7.8 Run #3; This run was plagued by low average polarization =25%.
Because of the damége to the gamma detectors we also ran at a lower beam
current ~3na. The fractional uncertainty in the asymmetry scales inversely as the
polarization and square root of the beam current so we lost severaly in pracision
and did not use the data obtained in this relatively short run.

The gamma spectra were clean, with the 511 keV, 1219 keV, and 1763 keV
lines as the only prominent peaks. We saw evidence for significant 511 keV
de‘action in the plastic detectors and decided that a thin plastic veto detector was

necessary for the next run.

The energy dependence of A, was tracked down to space charge effects

and fatigue of the phototubes. This problem was a combination of the HV gating
which causes gain drifts, exposure of the photocathodes to the intense radiation
when th9 beam is on, and toc high a voitage applied to the phototubes for the

amount of activity we observe.
Mar, 27.28 Run #4(test): The asymmetry A, was stabie as a function of energy.
The detectors operated properly with no evidence of fatigue or space charge

build-up. The AE-E telescope resulted in significant reduction of the low energy

end of the E spectrum.
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Apr. 6-9 Run#5: Successful run. See chapter 3 for details. The experimental

conditions for this run are shown in Table 2 below.

Jable 2:experimental conditions
beam : 1arget cell n
cument: 4-6na gases: He+CCl, total cycles: 8993
energy:9.98 MeV pressure: 570-610 torr total time: 47.7 hours
polarization® partial pressures duty cycle: 1/3
beginning: 0.4610.01 CCl,~100 torr
ending: 0.52+0.02 He~500 torr

Iaw counts detectors

B, with 511 keV coincidence®: B: Bicron BC-404 (pilot-B)
TOP 578090 HV = -1900V & -1925V

BOTTOM 687791
B, with 1219 keV coincidence®:

TOP 7402
BOTTOM 8356
background ~ 10%
average activity:
total activity ~ 1.5-3.5x10* sec™!
B, with 511 activity ~ 23 sec™

B, with 1219 activity ~ 0.3 sec™

anode: <100mV into 50Q
v. EG&G Ortec HPGe (GMX saries)

HV = -3000V & -4000V
~3 keV FWHM @ 1219 keV
~3.5 keV FWHM @ 511 keV
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Chapter Three

Results

This chapter describes the data, selection criteria, energy cuts, and

corrections in detail.

A.Spectra
The DEC-MODCOMP coriputer system stored nine spectra on magnetic

tape. The data collected and the divisions of the approximately 48 hours of

collection time into smaller subruns are tabulated in Table 1.

Jable 1a: spectra

1. Energy: AE top piastic 6. Energy: Germanium "right"

2. Energy: E top plastic 7. Time: TAC spectrum yAE-E top
3. Energy: AE bottom plastic 8. Time: TAC spectrum yAE-E bottom
4. Energy: E bottom plastic 9. Polarization: £ (~2V/7V)

5. Energy: Germanium "left”
Hun# Actlvity (104 sec™) Time(min.)
601 1.4 360

602 1.6 360

603 1.6 510

505 35 100

606 22 610

607 1.7 210

608 1.7 690

For subruns 607 and 608, only the activity for the sum of the two runs was
determined, so the quoted value represents an average; also, for run 608 the

listed time length includes ~60 minutas that were lost replacing the liquid
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Nitrogen trap.

The complete energy spectra of all the detectors are collected as well as the
timing between gamma rays and the top/bottom plastic detector systems. Every
avent is also tagged by the polarization of the beam which is recorded as one of
two voltages corresponding to polarization + or -. The runs are arbitrarily divided
in time. Run 604 was ended minutes after the start, so was dropped from the
data. The activity is calculated from the total valid top and bottom fast plastic
signals during the run, corrected for the duty cycle.

B. DerivationotA

The most general exprassion for the counts in a given plastic detector is:

v
N, = C([f@)eE.E,O)TEX1 £ P,Acosd)EAR dVdQ +

[®)e® E,0ITEX1 £ [- <P AcosO)BE)P®,0,E,E)
xdE'dEdQBdQ,rdV)

where = refers to the polarizatior of the 35Ar and the first term is detection of a
positron emitted directly into the detector, while the second term is detection of a
backscattered positron.

E = incident positron energy

E' = backscattered positron energy ~E/2 (see backscatter papers in raferences)
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E. = cut-off energy: this is a software cut performed on the energy spectrum
v = positron velocity
P, = polarization of 3Ar = 6% (20 by definition)

A = beta decay asymmetry parameter

f(E) = Fermi integrand: the energy distribution of positrons including the Coulomb

correction

0 = polar angle of the incident positron < 90° (the z axis is parallel to the axis of

symmetry for the top and bottom plastic detectors)
@' = polar angle of backscattered positron <90° (after backscattering)
P(6',6,E,E’) = the energy and angular distribution of backscatterad positrons o«

E'(E-E')cos?(6™-{x-0]), 6290° for backscattering positrons
B(E) = backscatter coefficient, i.e. the fraction of incident positrons that are
backscattered from a material, ~2% for saturation backscatter from carbon

T(E) = the transmission coefficient for positrons of energy E to pass through the
mylar foil and AE-detector. Transmission through the mylar is ~100% for the
energy cuts used, but is decreased due to the AE-detector at the lower energies

(s 1.5 MeV). Transmission for the backscattered positrons must also include the
transmission through additional material before backscattering toward the

opposite detector.
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e(E,E,) = efficioncy to detect a positron with energy E with discrimination bias E..

To be exact, the energy should be reduced by the amount lost in the AE-detsctor.
The efficiency is essentially constant except near the edges of the detector where

the positron can escape before depositing an energy above the cut-off.

dQ'3 = solid angle element of the plastic detector. For the second term, this is

symbolic of an integral over the "backward” solid angle and the solid angle, atter
backscattering, to enter the detector. | neglect the undetected backscatter gut of
the detector, which will not affect the asymmaetry calculated for the detector from

P, and P_ data since this backscattering positron has the sama incident angular

distribution as those detected.

dﬂ.r = Solid angle element of the germanium detectors
dV = target cell volume element containing gas
C,. = intrinsic 35Ar activity, depending on the target cell pressure, beam energy,
beam current, etc.

The backscatter term is smail compared to the first term and can be dropped
from the calculation. (What is really important is not the backscatter correction
but the differantial correction between 8, and B,.) Then the counts for a given

cycle are given by,
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=C,I+JAP)
where | and J are the energy + angular + volume integrals,

v
I= jdEdQBdVdQ_,f(E)sT L J= J.dEdQBdVdQ_,f(E)sTEcose

If we denote the top detector by subscript 1 and the bottom detector by subscript 2

. and collect for N cycles,

N, IZ(C C_)+JAZ,(C PACE) 4G, AP
'y+GlA8

- IZ(C+C)+JAZ( C,P,-CP),

similarly,

N,,-N, a-G,AB
"N, N, T 4G,AS

where GaJ/l, y=Z(C +C), , caZ(C,-C ), p=X(C,P +CPJ),, and «Z(C P,-CP.),.
We have assumed the beam does not move spatially, causing a change in the
geomaetry integrals | and J. The burns on the mylar entrance and exit foils verify
that the beam was localized. Small drifts can be absorbed by the individual C's,
in which case | and J represent the average geometry integrals. The analysis

follows similar lines as presented here.

o,B, and & are small compared to v
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From the raw data for B, it is found that AC/C ~ 0.1%. A conservative estimate for

AC/C from subrun to subrun is ~ 1%. The polarization, also determined from the

data, is small: P ~ 6%. Using these values we find:
o~ {ACICyy~1%y p~Py~6%y o ~Pa ~.06%Y

Finally the asymmetry A is calculated, correct to O(1%),
(Gl +Gz) AB E(C +P ++C-P-)i

AmA-A, = = (G,+G,)A—
Zl,((:,,+c_)i
= GAP
C. Calibration ot Detectors
(a) HPGe

Calibration of the Ge detectors was performed with a 8°Co source (1173.2 &
1332.5 keV). As can be seen in figures 1¢ and 1d at the end this section, the
gamma spectrum is very clean. The only significant lines are identified as the
511 keV annihilation gamma ray, the 511+511=1022 keV sum peak, the 1219.4
keV first excited-state decay of 35Cl, the 1763.2 keV second excited-state decay
of 35Cl, and two "satellite” peaks above and below the 511 line identified as the
340 keV backscatter peak and the 511+171=682 kev backscattered photon sum

peak.
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As mentioned before, the Ge detectors had sutfered neutron irradiation
damage and had poorer resolution at higher energies as a resuit. The FWHM at
1219 keV was approximately 3 keV for both detectors, compared with 2 keV
before the damaging run. The 511 keV line also suffered a reduction in
resolution, but most of the broadening is due to the velocity smear of the
positrons before annihilation.

(b) Plastic
The beta detectors were calibrated with a 2978 monoenergetic source, with

MeV electron energies at 0.481(e,)/0.554(e ) and 0.976(e,)/1.048(e ), and a

108Rh source with beta endpoint energy 3.54 MeV. Because of additional energy

losses in passing through the mylar window and AE-detecto. for low energy
positrons, the low energy end of the beta spectrum is nonlinear and difficult to

calibrate. A consistency check can be performed with the 1%Rh source on the

two P spectra, B, and B,, associated with the 511 keV gamma ray and the 1219
keV gamma ray, respectively. Assuming the endpoint of the B, spectr:m is T=4.9

MeV, the endpoint for the B, spectrum is calculated to be 3.7 MeV, the same as

the experimentally determined value, for the top detector. This procedure leads
to a discrepancy for the bottom detector, but seems to ba a problem associated

with the Rhodium source for the following two reasons:
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(i) The energy discrepancy is approximately 300 keV, the energy loss in the

AE-detector. It is possible that the source was accidently placed between the E

and AE-detectors instead of between the target cell and the AE-detector.

(if) The channel separation between f3, and B, is the same for both detectors with

a relative displacement of approximately 20 channels; this is significant because
the gains of the systems were ‘aimost identical, so the separation would be
expected to be the same. The 2°7Bi tail plotted on a semi-log scale allows an

*endpoint” to be determined fairly precisely even though the energy peaks are

below the detector hardware cut-off. From this data, the ratio of the 297Bi-,

channel separation to the B,-B, channel separation can be compared for the two

detectors, independent of gain. The ratio is identical for both detectors while for

the ratio of ""‘F!I'\-[."D to B,-B, there is a large discrepancy between top and bottom
detectors. This implies that the relative endpoint positions of 207Bi, B, , and B, are
all consistent for the two detectors while the endpoint of 1%Rh relative to 297Bi, B, ,

and B, is in disagreement for the top and bottom detectors.

While the calibration is crude, it must be emphasized that the 1219 keV

gamma ray (and indirectly the 1763 keV) is unquestionable evidence for the first
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excited-state positron's presence and it is with respect to this endpoint that the

Rhodium endpoint is in discrepancy- the Rhodium endpoint is below the B,

endpoint for the top detector, but above the B, endpoint for the bottom detector.

The evidence implicates Rhodium (and a tired experimenter) beyond any serious

doubt.

It can be seen that the endpoint of the B, spectrum Is distorted (see Fig.1a),

probably due to cosmic ray muons. The activity for muons in random

coincidence with 511 keV activity generated from 13N (estimated activity ~20-50x

35Ar) agrees with what is expected. The energy deposition, taking into account

the need to avoid the opposite detector veto and the angular distribution ~ cos%6
to the vertical, is predominantly between 4.5-5.5 MeV which is where the
distortion is observed to occur. Two additional pieces of information required to
arrive at this result are (1) an energy loss of 1.7 MeV/cm and (2) a light
efficiency conversion of ~1.1%, compared with ~1.9% for positrons in pilot-8.!
Sample spectra from the run are shown in Figures 1a-1m. Figs. 1a,b show
partiai data for the top E-detector beta spectrum in coincidence with a 511 keV
gamma ray and in coincidence with a 1212 keV gamma ray. Figure 1¢is alinear
scale plot above ~1 MeV from subrun #6 for the "right" Germanium detector (left

and right is relative to the beampipe, looking jntg the incident beam). The
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spectrum shows how prominent the 1219.4 keV line is compared to the other
lings. (The small unidentified line on the right at 1293 keV is background from
58Fg.) The shoulder on the low energy side of the peaks is characteristic of
radiation damaged detectors. Also prominent in the spectrum is the 1763.2 keV
line for the 35Ar decay to the second excited state of 35CI (see Fig.1, chapter 2).
The ratio of full energy counts for the two lines should be equal to the ratio of the

intrinsic peak efficiencies muitiplied by the corresponding branching ratios. The
peak efficiency is approximately proportional to E*! so B,/ By~ (1763/1219)x
(0.0127/0.0023) = 8.0. The observed ratio for a sample of the data (Ge right,

subrun #6) is B,/ B, = 2042/252 = 8.110.5 in excellent agreement. The

background of the 1219 line is approximately 10% and is dominated by

annihilation-in-flight gamma rays from j3, into the 1219 window. See section (g)

for more details. Figure 1d shows the entire gamma spectum.

Figures 1e and 1f are the Rhodium and Bismuth calibration spectra,
respectively. The energy peaks from the decay of Bismuth are not discernable
and what is actually observed is the high energy tail of its ~1MeV monoenergetic
alectron, as well as the high energy cosmic ray muons in the upper channels of
the spectrum. Although the energy comresponding to 1 MeV should lie above the

hardware cut-off at the low end (approximately channel 30), it falls below the
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cut-off because of the AE-detector. For beta radiation above about 2 MaV, the

energy deposition in the AE-detector is approximately 300 keV. As the initial
kinetic energy is lowered, the deposition increases, resuiting in a nonlinear
response in the main detector energy spectra versus channel number. Even
though the hardware cut-off corresponds to approximately 0.4 MeV, based on

high energy calibrations, the 1 MeV electrons lose more than 0.6 MeV in passing

through the thin plastic. Figures 1g and 1h show the AE spectra for 207Bi and
35Ar; it is clear that for the lower energy Bismuth beta radiation, the energy loss is

more severe than for the much higher average energy of the Argon spectrum.

Not only is the AE peak for the Bismuth shifted to higher deposition energies, but

the FWHM is about 40% larger.

Figures 1i-k-show the B,, B,, and Rhodium spectrum for the top detector

and reveal the relative positions of the endpoint energies.

Finally, Figures 1i and 1m show the TAC spectra for the top plastic in
coincidence with the right Germanium {!) and the left {m) 511 keV line. The
distortion in the peaks is most probably due to the neutron damags the
Germanium detectors suffered in a previous run. The most prominent distortion is
the extensive slewing on the short time side of the peak. This distortion was not
present in the run prior to that in which the damage occurred. Since energy

collection is incomplete due to charge trapping, it is possibie that the gamma
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signal is skewed in time toward longer times. Since the gamma signal starts the
TAC, this means a shorter time separation between the gamma and positron
signals. Thus the shoulder would be expected on the low side of the timing peak,
as is observed. These shoulders, after background subtraction, represent
approximately 30% of the TAC peak left and 13% of the TAC peak right. This is
consistent with the left Ge suifering more damage than the right: FWHM at 511
keV Is 3.8 keV for the leit and 3.1 keV for the right. The background (above the
coincidence peak) is approximately 5% for the left and 3.7% for the right (3.9%
and 3.3% if the skewed shoulder below is folded into the counts of the
coincidence peak); it is well accounted for by the 35Ar activity and 13N activity,
producing 511 keVV gammas from positron annihilatio'n in the target walls and
plastic absorbers in front of the Ge detectors. See saction (g) for details.

The difference in counts between the two germanium detectors for 511 keV
gamma rays, manifested in the difference in counts between the two TAC spectra,
is due to the right germanium detector being closer to the positron detectors from
where the 511 keV gamma rays originate as well as to having less 511 keV
gamma rays in the low energy shoulder of the 511 keV spectrum (due to the
damage the detectors sutfered) and more in the gated peak. (For the 1219 keV
gamma rays, originating in the target cell from which both gamma detectors are

equidistant, the counts are the same for the two detectors as would be expected.)
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Figures 1:

Eigure 13: Positron spectrum obtained in coincidence with 511 keV gamma rays.
This spectrum consists of data obtained with both beta detectors for 10 hours
collection time.

Eigure 1b: Positron spectrum obtained in coincidence with 1219 keV gamma

rays, consisting of positrons associated with 35Ar decay to the first excited state of
35CI. This spectrum represents ~ 40 hours of data collection using both detectors.
Eigure 1¢: Gamma ray spectrum above ~1MeV. This spectrum consists of data
obtained with a single Ge detactor for 10 hours collection time.

Eigure 1d: Semi-log plct of complete gamma ray energy spectrum for 1¢ above.
Figure 1e: Electron spectrum of 1%6Rh, -

Figure 1f: Monoenergetic electron spectrum of 207B;.

Eigure 1g: AE-detector spectrum of 2078,

Eigure 1h: AE-detector spectrum of 35Ar.

Eigure 1i-1k: 1%Rh spectrum (i) and 35Ar positron spectrum for the top detector in
coincidence with a 1219 keV {j) and 511 keV (k) gamma ray emphasizing the
relative positions of the endpoints.

Eigure 11,1m: TAC coincidence timing spectra between a top detector positron

and a 511 keV gamma ray in the right (I) and left (m) germanium detectors.
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D.Cuts on the Data

The asymmetry is caiculated from the counts in the beta spectra, spectra
numbers 2 and 4 (see Table 1a). Various energy cuts and gates are imposed on

the spectra to extract the cleanest data. These selection criteria are tabulated in

Table 2 below:
Table 2: final gate selections
gates on positron spectra aelection
P,. 511 peak, TAC peak B, wi:h 511 coincidence
P.. 511 peak, TAC peak B, with 511 coincidence
P,. 1219 peak, TAC peak B, with 1219 coincidence
P., 1219 peak, TAC peak B, with 1219 coincidence
P,, above 1219, TAC peak B, background correction
P_, above 1219, TAC peak B, background correction
P,, below 1219, TAC peak B, background corraction
P., below 1219, TAC peak B, background correction

The positron associated with 35Ar decay to the first excited state of 3°Cl is |

extracted from the beta spectra by a prompt coincidence requirement with a 1219
keV gamma ray. The background of the gamma spectra is dominated by

annihilation-in-flight gamma rays from B, in the main plastic detectors. Because

this will produce a prompt B-y coincidence, the narrow TAC gate on the timing
peak will not remove this contribution.Since the background is approximately
10%, it is not negligible and must be subtracted by interpolation of data obtained
by gating with a gamma energy window above and below the 1219 keV window.
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The B, (plus a small B, contribution) spectrum is obtained by a coincidence
requirement with a 511 keV annihilation gamma ray. Positrons coming to rest in
the plastic detectors will annihilate producing a prompt coincidence. Qur
decision to determine the groundstate asymmetry by this coincidence
measurement rather than just using "singles" data is based on three corhpelling

reasons.

(i) it suppresses noise and gamma rays in the beta spectrum (as does the AE-E
telescope) and will also suppress detection of electron decays, if any are present.
(i) Since a beta signal that is associated with a TAC must be a valid signal (see
chapter 2B.b), it removes invalid beta signals that are recorded because they

randomly arrive at the AtoD converter within the 2 psec window opened after a
master gate signal is generated from a valid signal from the gpposita detector
system.

(iii) The coiricidence requirement results in a geometry factor G, that is calculated

analogously to G,. Although the factors will not be identical since the B,

annihilation 511 keV gamma rays are produced inside the plastic detector and
not inside the target volume, thay are more similar than the singles geometry
factor. See section (g) for more datails on the geometry correction.

The end result of the coincidence requirement is much cleaner data at a
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slight cost in statistics. (This cost was not significant since the p, data sample is

smaller by a factor of ~100 compared to that of Bo coincidence data.) Earlier

studies of the data used different selection criteria than those listed in Table 2.
Some of that data is presented in the following sections; it was used for stability
checks and reproducibility checks, but was not used in the final asymmetry

calculation.

E.Energy Dependence of A

The energy depandence of A or Ag is manifested in the geometry factor G:

j [f(E)aT%cosG]dEdQBdﬂde

G=
I[f(E)eT]dEdQBdﬂde

G can be considered an average of {v/c)cos®, weighted by the distribution #{E)eT.

The value of this average is a function of the energy limits of the integration. The

quantity v/c varies by ~6% between 1 MeV and 5MeV (kinetic energy), and cose
varies as a function of energy because the detector efficiency drops near the
edges of the detector for higher energy positrons. Both effects tend to increase
the geometry factor with increasing upper integration energy limit, but overali

these effects are mild and G will not vary by more than a few percent from some
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average value.
Figures 2a&b present plots of the asymmetry as a function of channel bins,
gither ten or twenty channaels per bin (the entire spectrum covers ~ 250

channels). This corresponds to binning the asymmetry by energy E with spread

AE. The energy spanned is appproximately 1.2 MeV to 4.2 MeV with a spread of
approximately 0.018 MeV/channel for the higher energy channels. From the
plots, it is clear that the asymmetry is stable. This stability versus energy was
observed for all the subruns; in addition, the asymmetry determined from real
time data displayed during each subrun showed no deviation, within statistical
fluctiations, as a function of time, otten over several hours. A slow variation could
be discerned over ionger time periods; but the fluctuations in asymmetry between
subruns was no more than 20% and waS usually less than 12% (for the subruns
after #602, representing 80% of all the data). This variation is attributed to drift in

the polarization of the proton beam.

Eigure 2a (next page): The asymmetry A for the top and bottom detectors as a
function of energy. Each energy bin represents ~0.36 MaV spread (more for the
lower channels) and the range is approximately 1.1 MeV to 4.2 MeV. Thess data
are from subrun 603. It consists of betas in coincidence with a 511 keV gamma

ray for the left Ge. The bin width is 20 channasls.
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Top and Bottom Asymmetries: 511 coincidences
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Figure 2b (next page): The asymmetry A for the top and bottom detectors as a
function of energy. Each energy bin represents ~0.18 MeV spread and the range
is approximately 1.1 MaV to 4.2 MgV. These data are from subrun §08. It
consists of the raw beta spectrum gated only by the polarization. The bin width is
10 channels. The important point to be concluded here is that even the raw data
is very stable as a function of energy and the asymmetry is the same, within

statistical uncertainty, to the procassed data shown in Figure 2a above.
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Top and Bottom Asymmetries: Raw data
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Figure 2¢ (next page): The aymmetry integrated over energy for the top and
bottom detectors for each of the subruns. The beta spectra are taken in
coincidence with a 511 keV gamma ray and all the final cuts listed in Table 1.
Thesw data are also tabulated below in Table 3. (Thn asymmetry for the top and
bottom dstectsis in coincidence with a 1219 keV gamma ray for each subrun is
tabulated in Table 3 below but bacause of the large uncertainties in the individual

asymmetries, they are not presented in graphic form.)
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Top and Bottom Asymmetries: Final cuts
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E.Gated Data and the Asymmetry

The asymmetry data are presented in Table 3. The data for B, had a low

energy cut at channel 100, corresponding to an energy ~1.7 MeV, and a high

energy cut just below the muon distortion. The lower cut-off was chosen to lie

well above the 1.2 MaV (kinetic) endpoint of 13N. The B, data was cut at channel

30, just above the hardware cut-off. This channel lies above the low energy

pile-up {(see Figure 1a) and corresponds to an effective cut-off ~1.1 MeV. The
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annihilation-in-flight (1219+4.8) keV gamma rays from (mostly) B, are removed

by subtraction of approximately 10% of the peak data, calculated by interpolation
of data obtained from 9.6 keV windows located above and below the peak. The
relative weights of the two windows are 0.73 for the window above and 0.27 tor
the window below. (The lower window was placed low enough to avoid

contamination from the 1219 keV shoulder and 1173 keV ®Co contamination

line.)
Iable 3: asymmetries

run# Agop Bgpottom Birop Bybottom
601 -0.02101+0.0040 0.015510.0042 -0.080610.0391 -0.016810.0419
602 -0.021110.003% 0.015010.0043 -0.010710.0377 0.0608+0.0400
603 -0.028910.0028 0.022740.0026 -0.054310.0286 0.004310.0265
605 -0.02991+0.0060 0.0<15+0.0047 -0.122310.0679 0.084610.0565
606 -0.02624£0.0027 0.023710.0024 -0.(82510.0271 0.0562+0.0255
607 -0.027240.0048 0.024510.0041 -0.052110.0470 0.07491+0.0429
608 -0.021410.0030 0.022610.0026  -0.0119+0.0296 0.0483+0.0271

The average of these runs is obtained by maximum likelihood, i.e. the

individual subruns are weighted by the inverse of the square of their quoted

uncertainty. This reprasents a weighting of each run by its total counts in a given

detector. The resuits are:
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By =-0.024520.0013  Ag.,... =0.0221£0.0012

Bppp=-0.052610.012 A, =0.039820.0125

A, A
—Jop__Thomonm _ 0.5040.101

Amp'Albom

G. Corractions
This section describas the corrections for the systematics to the above

result. All the corrections are small so it is unnecessary to rely on the full

expression for A (see section A) in order to introduce the corractions properly. To
lowest order, the corrections anter simply as multiplicative factors except for the
effective branching ratio correction.

(a) Deadtime correction

The deadtime for each detector system ranged between ~2-8%, depending

on the subrun. This does not include the computer deadtime of 2usec per event

that was common to every channel. To lowest order, the deadtime corraection to

A, or A, is the difference in deadtimes between the top and bottom detector

systems, which is <1%. The ratio Ay/ A, cancels this deadtime correction to

lowest order. At most, the correction is <0.2%, which is negligible.
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(b) Effective branching ratios

The "B," spectrum is not entirely due to 35Ar decay to the groundstate of

35C), but rather, is a mixture of all the excited state transitions and the groundstate

transition. The asymmetry for "B," is obtained from a low energy cut at ~1.6-1.8

MeV which will weigh the groundstate more heavily than by the simple ratio of
branching ratios since the excited spectra will have a greater fraction of their
spectra removed by the cut-off. The correction enters as follows:

A

f,+, £, £,
Oexperimental = (I'T‘)(Ao'*-oAl*f‘o"-\z)

o f
where f denotes the branching ratio and the subscript labels the branch. It must

be remembared that all the A's in this exprassion are obtained from an energy cut

above channel 160. Thus the ratio of this expression with A, obtained by

coincidence with a 1219 keV gamma ray must take into account the different

value for the geometry factor at the different energy cut, due primarily to the {v/c)
effect. The second excited-state branch {, is small compared to f,.

Taking the known branching ratios and integrating the (allowed) energy
distributions with lower cut-offs ranging from 1.4 MeV te 2.0 MeV, a spread of
effective branching ratios is obtained. The calculation neglects the Coulomb
corractin~, which shouid be small and negligible compared fo the estimated

uncertainty. Only the first and second excited state decays contribute
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significantly. The correction is:

£ £
-2 = 0.009+0.001, 2 = 0.00120.0005
f, £,
f+f -
1 2= (1.0£0.2)x10 i
(1]

The correction tends to decrease the ratio A,/4, .
(c) Background corraction

The background was monitored by runs without CCI, in the target cell. It
had no asymmetry and was a approximately 4% of the signal. The background
was due to CCl, which leaked into the beampipes, and to 13N produced by a
{p.n) reaction on '3C in the mylar entrarice and exit foils and in the CCl,. The 3N
doesn't enter into the asymmetry for a simple reason: its endpoint energy for

positron decay is T=1.2 MaV, so it is not detected directly in the plastics. It can be

detected by annihilation of the 3N positron in a AE-detector with emission of a

511 keV gamma ray into the main plastic, which has a detection efficiency ~10%.

However this low energy signal is remaved from the A, calculation by the ~1.7

MeV energy cut, and does not contribute to A,, since it only occurs in random

coincidence with a 1219 keV gamma ray, which is negligible at the observed

beta activity.
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The dominant background was due to 3Ar in the beampipes near the mylar

windows. The 1219 keV activity detected was consistent with this hypothesis,

albeit with a large uncertainty due to the very few counts (<10). Because the
asymmetry was consistent with zero, determined from the B, spectrum, the
background reduces the measured asymmetry A. If the activity were all 3°Ar, then

the background factors for A, and A, would be the same, up to geometry factors,

and cancsl in the ratio. To be conservative we choose a correction factor:

N
1+-N.B.-‘-
Bo 1
—_— = = 1.024+0.03
B, 1. Nme
NO

The correction increases the ratio Ay A,

(d) Random coincidence correction

Random coincidences in B, is dominated by @, annihilation-in-flight gamma
rays in random coincidence with B,. This event is enhanced by B's that pass
through the target walls and annihilate in the plastic absorbers directly in front of

the Germanium detectors, greatly increasing the gamma solid angle ~x5-10;

additionaliy, there is an enhgnre~-~ <:ate  positron momentum in the



66

direction of the Ge detectors, which defines a preferred cone of emission for the
annihilation-in-flight gammas. This random coincidence is also present in the

beta spectra generated with an energy window above or below the 1219 keV

gamma line, so the background subtraction performed on the B, data already

corracts for it.

Random coincidence in 3, will also have a contribution from B, annihilation
near the Germanium detectors in random coincidence with 3,. It will also have a
large contribution due to B, in random coincidence with the 13N 511 keV activity.
This is estimated to be ~20x B, activity; nevertheless, this background carries the

asymmetry A, and produces no correction to A,. Looking at the asymmetry in the

upper channels of the TAC spectra (only due to random coincidence) verifies this
assumption, i.e. the random coincidences carry an asymmetry consistent with A,

and Ag.

(e) Backscatter correction
The experiment was carefully designed to minimize backscatter. The

interaction region is surrounded by plastic. Saturation backscatter from carbon at

normal incidence is $2%2 above ~1 MaV. The correction to the ratio AJ A, is
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even smaller, since it involves the change in backscattering for B, versus f,.

Saturation backscattering occurs at material thicknesses ~0.2R, where R is
the practical range of the beta radiation in the material. This is understood
qualitatively by the following argument: beta radiation penetrating deeper than
R/2 will never come back out of the material because of energy losses, so there is
a play-off between increasing the probability to backscatter by penetrating
deeper and not penetrating so deeply that it is not possible to escape. In other
words, backscattering is zero for zero thickness and zero for positrons
backscattered from a depth greater than R/2- it must peak somewhera between
these values. So saturation backscatter will be reached at some thickness
between 0 and R/2. A first guess would be ~R/4.

It is important to distinguish between the practical range, defined as the
mean depth of penetration of a particle in a material, and the "continuous slowing
down approximation range”, used previously in this thesis, which is the total
integrated path length until the particle comaes to rest.2 The practical range is a
more useful experimental parameter, since it folds in the fact that beta particles
do not travel in a straight line as they pass through materials.

The practical range for electrons is given by the empirical equation*

(sufficient for our purposes):
8 .. 125 175
R, crapol M[cmzl 0'565(Z¢M“ 1T z)E[MeV]-0.423(7¢F67)
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where Z, = 5.3 for pilot-B. The practical ("extrapolated”) range at T=1 MeV is

R,,=0.47 g/icm?=0.45cm for pilot-B. It rises to 1.0cm at 2.0 MeV, 2.0cm at 3.5

MeV, and 3.0cm at 5.9 MeV. For comparison, the thickness of the AE-detector is
0.16cm (not including the tape wrapping) and the thickness of the main detectors
is 3.8cm.

Backscatter from the opposite detector system is highly suppressed when

the energy losses and energy cuts imposed on the data are considered. The

average backscattered energy is <T,...;,n/2: and drops rapidly with increasing

. incident energy (deeper penetration) and lower Z of the material.> This resuits in
severe constraints on backscatter from the opposit E-detector: the backscattered

positron will lose ~T/2 plus ~700 keV in passing hack through the AE-detector
and mylar foils and must then deposit anough energy in the E-detector to be
detected, but pot have deposited enough energy in the opposite E-detector to
allow a veto. The veto will occur for an energy deposition lower than the cut-offs
imposed on the data for "detection”, depending only on the much lower hardware
cut-off. This is an insurmountable constraint and effectively rules out this

scenario for backscatter.

Backscatter from the oppposite AE-detector has the advantage of no veto,

but the disadvantage of not occuring in the saturation region. To be detected
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above a 1 MeV cut-off the incident positron must have >2 MeV kinetic energy. At

this energy, the backscatter coefficient n is already falling below saturation. The

backscattering is approximated by the empirical relation?,

(t) = 1- e'a""uz)2
L

where tematerial thickness=0.18g/cm? for the AE-detector, and t,,20.28T"2!

[g/em?] for pilot-B is the thickness at which transmission is down by 50%. For T~3

MeV positrons, n=10%n,,, which is negligible.

Backscattering is dominated by backscatter from the target walls. The wall

thickness is 0.8cm. At T=5 MeV, n=60%n,, so for most of the energy spaectrum
the backscatter is close to saturation. Using the empirical backscatter coefficient
of Kuzminikh and Vorobiev® for normal incidence and integrating over the

positron energy spactrum above ~2T,,, .4 (normalized by the spectrum above

Teuon fOr direct incident positrons) we obtain a value for the correction. This is

an upper limit (in the sense that it is a measure of the maximam deviation from
unity) because from the K-V paper there is avidence presented that positron
backscatter rises with increasing angle of incidence. Although we do not

understand why this should occur, the effect is fairly insensitive to energy, so it
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would lessen the change in backscatter between B, and B,. In addition, the

average energy of backscattered positrons from carbon is less than T/2, so the

integration includes an excess of positrons available for backscatter- this effect

tends to gnhanca the difference in backscatter between {3, and f8,, and so offsets

the etfect mentioned above. Choosing a cut-off T,=1.1 MeV and T,=1.8 MeV a

value for the correction is obtained:

1+2
-—1—19 = 0.99+0.01

1+2'nl

The factors of 2 come from the opposite asymmetry that the backscattered

positrons carry, which enhances the effect when the asymmetry is calculated. The

uncertainty is only an estimate. The correction decreases the ratio Ay/A,.

(f) Geometry correction

Calculation of G (see sections B and E of this chapter) requires an eight
dimensional integration. This was calculated using a Monte Carlo simulation,
which took into account the positions of all detectors, the v/c effect, the
attenuation factor for the gamma rays in the Ge detectors, the dead inner core of
the Ge detectors, and the reduced detection efficiency of the beatas at the edges of
the scintillation detectors. The simulation was done with two diffusion models for

35Ar in the He butfer gas, representing the two limiting cases for diffusion during
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the counting period. The first was a distended line source located where the
beam passed through the target, and the second was a uniform distribution
inside the target cell. The true model lies somewhere between these two
extrames. (An analytic solution for a delta function line source generated at t=0
sec can be obtained. For 1atm of He buffer gas, the 35Ar diffuses quite slowly:
only 10% of the initial *Ar diffuses outside a concentric cylinder, with 3cm radius,
in the 3.2 sec counting period. This suggests the line source modal is probably
closest to the true diffusion pattern.)

The geometry factor is the ratio of two angular integrals; while the individual
integrals varied by a few tens of percent, depending on the diffusion model, the
ratio was fairly insensitive to these variations. This was even more the case for

the ratio G/G,. A conceptual description of the integration follows to provide a

better understanding of the approach. This description is purely pedagogical, the
Monte Carlo program disregarding a step by step approach to the integration:

A volume slement is chosen and because the AE-detectors force
acceptance only of those positrons that pass through the face of the main
detector, the solid angle integration is limited to this face. This is integrated over

the energy distribution of the positrons. f(E), and mildly weighted by the efficiency

¢(E) which was assigned the value 1 if the chord of the straight line trajectory
through the E-detector deposited the minimum cut-off energy; otherwise, it was
assigned a value 0. This had the effect of reducing the detection efficiency of the
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plastic for high energy positrons near the edges of the detector. For simplicity,
the transmission was assumed to be 1 for the integrated energies. This is not
true at the low energy end but since the varation is mild it could safely be ignored
and monitored by seeing the effect on G by raising the cut-off energy. The effect
was very small.

This beta integration is then weighted by the integration over the gamma

ray solid angle. For Gy, this involved a gamma ray generated from where the

beta particle penetrated the plastic and for G,, it involved the target volume

element. Separate integrations are performed over the faces of the Ge detectors
and their sides. Except for geometrical effacts, it is assumed that the intrinsic
efficiency is the same for entrance into the Ge from the face or side.” A gamma
ray's efficiency for detection is calculated by determining the chord through the

Ge detector, discounting the inner dead core, and weighting the event by

(1-exp{-ul]), where "I" is the chord length and u=0.132cm"! for 1219 keV gammas
is the attenuation length. This efficiency weighting has a very mild effect on G;
again, it is the ratig of the integrals that is important and this minimizes the
influence of the efficiency. The integration over the gamma ray detector solid
angles has the effect of weighting the target volume elements differently.
Because it is a ratio of integrals and because one gains back somewhat in solid
angie on the edges of the detectors what one loses on the faces, this integration

turns out 1o have a mild etfect on the geometry factor.
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One reason the B, data was selected by requiring a 511 keV coincidence
was to make the geometry integrals as analogous as possible. One indication of

how different G, and G, may be, is to look at the experimental geometry factors

for B, singles (no coincidence with a gamma ray) versus {3, coincidences with a

511 keV. This provides an extreme case, since one geometry factor is weighted
by the Ge detectors while the other factor has no dependence on the garmanium
detectors. The result calculated is determined from runs 603, 606, and 608, the

three biggest runs, and the coincidence data uses the final analysis cuts:

. G,..
Osingles Osing
) = (E_— = 0.97+0.06
A incid Ocoinc

¢

The Monte Carlo predicts (for the uniform distribution) 1.000+0.004. The
experimental result implies that the geometry correction must be only a few
percent. This is what is found with the simulation.

The Monte Carlo was tested by setting up artificial situations that couid be
solved analytically. All these tests give agreement to within 0.5% with the Monte
Carlo and within the Monte Carlo estimated uncertainty. In addition, | integrated
out one dimension and the new function, when evaluated with the Monte Carlo,
gave the same answers. Solid angles extracted from the Monte Carlo data agrea
with analytic solutions for simple geometries and estimates for more difficult

geomatries involving the sides of the Ge detectors.
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The Monte Carlo itseif is a sophisticated program called VEGAS, written by
G. P. Lepage. It divides the integration space up into hypercubas and with a
random number generator, selects a point in each cube and evaluates the
integral at this point. The program then iterates, shuffling the density of cubas to
those regions that are changing most rapidly. Monitoring the variation from
iteration to iteration provides intormation on the stability of the solution. The
entire simulation was run on the Lawrence Berkeley Laboratory’'s VAX/VMS

computer system.
The result turned out to be faily insensitive to small changes in geometry

and to the different diffusion models. The final result with my estimate of the
uncertainty (based on the scatter in G,/G, as a function of energy cut and

difftusion model) is,

GO
g, = 1.02:0.02

The correction decreases the ratio A/A,.

(g) Weak magnetism correction

ForJ,, J, 2 1, differences in the alignment of the proton spin axis, for spin up

versus down,with respect to the magnetic field can lead to a quadrupole moment

in the angular distribution of positrons. This "weak magnetism" ¢orrection is a

recoil effect and is smaller than the usual terms by a factor ~ E,/M,, ..., » but may
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not be negligible compared to AP for low polarization. The distribution is given

by?:
J+1 2
2 ivH 12 2
(p, E, |P*+N B IP. 2 P,
AWee1+A—— + 52— i Alc0s 8 - —;
B My, b | E, 3E,

where Nsmass number=35, usthe difference between the isovector cor it tions
to the total magnetic moment, in units of Horoton * between Argon-35 and

Chlorine-35, p=G,(c)¥G(1), and A is the "quadrupole moment” given by,
2
3(m;)

A=l-37G+D

The polarization P is the "dipole moment”,

m A A
P=—=——7z=10.06z

Using |p |=0.3 (for Aj=0.5, p=-0.28 and decreases in magritude for decreasing
Ag) and ps(ClY- |ANMI5(CI)- 1y(Ar)}= -0.2nm= -0.07 1.

E V2 2 1l v2
2Me AI(C)COSB-?E)]

nuc

dWee1+ E—PAcose +

The value of P does not constrain A, and it is possible (although not probabie) to
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have | A k1. This produces the following orders of magnitude,
(v/c)PA <0.06(0.5) = 0.03
(Eo/2M,,,)A < (5MeV)/(70GeV) = 7x105

Note that the third term in the expression for dW above is even under coordinate

inversion. Thus it cannot contribute to the difference (N,-N.) except for

differential misalignment of the incident proton spin. Thus we have:

{Ecp
Atop = GtopAP + -z-'I‘TI-—- (A+-A_)

nuc

E
Ao = —CioronAP + (—25&"“—”—‘“ (A-A)
nuc '

We have neglacted the quadn. -ole term in the denominator (N +N_), wherg it is

smaller than the dominant term by four orders of magnitude. We have also
generously assumed that the angular integration of [(v/c)2cos?8- (v/c)2/3] is 1.

The term (E) is the "average" positron energ:’, weighted by the Fermi integrand

HE). It differs between top and bottom to the extent that the energy cuts differ for

the two detectors. The quantity A is:
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E,)
2Mnuc

A=A By = Gty ) AP + (A - )

where S(E)-(E)top-(E)bonomﬂ.SMeV. This value is determined from the relative

shift in the top and bottom energy spectra, which was about twenty channels.
From the high energy calibrations, the energy change per channel is 0.018MeV,

hence twent; channels represents an energy shift of about 0.4MeV. Thus we
find, very conservatively assuming (A -A_)=100%(A)=1,
(A, ~ADXEN/2M,, . =(1/2MeV)/(70GeV)=7x1 06

which is compietely negligible compared to GAP20.047.

H. Conclusion

~ Combining these corrections we obtain the final result for A,. Because the
uncertainties associated with the corrections are small compared to the statistical
uncertainty in B, they are negligible when combined in quadrature. The final

result is,

A, =0.4910.10

The final result agrees with the value A, = 0.4310.01 caiculated from the

accepted value for G,. This result is in marked disagreement with the old value,
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measured on three previous occasions, A, = 0.22+0.03 (Ref.8 ). The derived

value for the Cabibbo angle from this experiment is,

0, = 0.28+0.08 rad

in agresmaeant with ail other beta decay measurements; equivalently, the derived
value for the vector coupling constant G, is

(1+8) G, = (13975 03)x10™" erg om’

compared with tie value

(1+4,) "G, = (1.4129+0.0004)x10™" erg cm’

derived from the 0*=>0* pure Fermi transitions.
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Cabibbo angle (radians)
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Eigure 3: Graph of the Cabibbo angle determined from hyperon decays,

pure 0*=> 0* Fermi decays, neutron decay, '?Ne, and %Ar (including the previous

weighted average and our new measurement).
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