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Abstract

The TRINAT collaboration has magneto-optically trapped ™K from TRIUMF’s ra-
dioactive beam facility with the goal of measuring to better than 1% the 8 — v cor-
relation parameter, a, of the superallowed 3 decay. This measurement will test the
Standard Model prediction of @ = 41, where a deviation from unity would be a clear
indication of scalar contributions to the weak interaction.

The subject of this thesis is the design, optimization and characterization of a
plastic scintillator used in coincidence with a double-sided Si-strip detector to observe
the E and AFE of the emitted positron. The timing response of the scintillator relative
to a micro-channel plate has a width of 0 = 1 ns, which provides a good time-of-flight
measurement used to determine the recoil momentum, allowing that of the neutrino
to be deduced.

The scintillator was designed with the aid of Monte Carlo simulations and opti-
mized for the 0 — 5 MeV region of interest. The energy has been calibrated to within
+5 keV using the Compton edges of v sources as well as by the on-line 8 spectrum.
The gain of the scintillator is kept constant over the course of the experiment to within
0.15% by a stabilization system.

The silicon strip detector has been calibrated using photon sources (30-80 keV)
and the calibration was extended using the on-line data by requiring energy agree-
ment between the  and ¢ strips. Using these calibrations, a detailed analysis scheme
has been developed that accounts for charge sharing between strips and multiple hits.
The strip detector is an important component of the telescope because it provides an
effective tag for B events which are needed to discriminate against the 3K ~ back-
ground in the scintillator. A hardware coincidence between the E and AE detectors

reduces this background by a factor of 35, and the analysis scheme reduces it another

il



v ABSTRACT

order of magnitude with minimal loss of good [ events.

The [ telescope’s energy spectrum from the April-May 1999 experimental run
is well reproduced by detailed simulations above 2.5 MeV, the lowest [ energy ex-
pected to be used in the analysis of a. The simulations are not quite as accurate in
reproducing the background and the Compton summing of the annihilation radiation,
limiting our understanding of the lower-energy part of the £ spectrum. A coincidence
condition with the recoil detector, however, virtually eliminates these backgrounds,

providing a clean measurement for the correlation experiment.



In memory of Otto Hausser



There are grounds for cautious optimism that we may now be near the

end of the search for the ultimate laws of nature.

Stephen Hawking
A Brief History of Time, 1988
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CHAPTER 1

Introduction

As Hawking and other physicists believe (albeit with reservation), we appear to be
very close to finally understanding the fundamental laws governing the universe. Im-
proved technologies have allowed measurements that are testing to greater and greater
precision the current theory of particle physics: the Standard Model. This model is
comprised of quantum electrodynamics (describes electromagnetic processes), the elec-
troweak theory of Glashow, Weinberg and Salam (unifies weak and electromagnetic
forces) and quantum chromodynamics (governs strong interactions). The Standard
Model cannot be the ‘final theory,” however, because it does not unify the electroweak
and strong interactions. A ‘Grand Unified Theory’ is one in which all three interac-
tions are seen to be low-energy manifestations of a single force. The next (and perhaps
final?) step would be to include gravity so that all four forces would be described by
one ultimate theory.

Hawking retains “optimism” that a unified theory will one day soon be discovered.
Perhaps it will be; or, like at the end of the 1800’s, perhaps it will be that we will
find evidence of new physics, this time from results outside the Standard Model. It
is my “optimistic” hope that this will be the case so that the physics community will
have many new questions to answer for a long time to come.

The Standard Model has to date stubbornly resisted any attempts at proving it
wrong; it remains one of the most thoroughly tested models in science, and has not
failed yet. It is important to continue searching for physics beyond the Standard
Model because any deviation would be an important guide for, or test of, a unified

theory.

Precision 3 decay experiments can be a sensitive test of the Standard Model be-

1



2 CHAPTER 1 INTRODUCTION

cause they are inherently weak processes. The novel technology of neutral atom traps
has opened the door to a new generation of 5 decay experiments. TRINAT has utilized
this technology and is currently measuring the 5 — v correlation parameter, a, in the
07— 0T Bt decay of ™K. The value of a is a sensitive probe of possible scalar
contributions to the weak interaction; a measurement to 0.1% precision would com-
plement the high-energy searches at accelerators. Although continued data collection
is planned to increase statistics with an improved geometry, TRINAT currently has
enough for a 0.3% measurement.

This thesis, after an overview of the theory and the correlation experiment, will
describe the design and characterization of the S-telescope used by TRINAT to observe

the momentum of the emitted positron.

Chapter 2 is an introduction to the theory of 5 decay. The first section provides
a detailed description of Fermi’s model so that the reader can have an intuitive un-
derstanding of the decay. The more modern and general view of 8 decay is outlined
in the second section, and shows how the correlation parameter affects the decay. A

number of books [1, 2, 3| were used as general reference guides for this section.

Chapter 3 is meant to provide details specific to the correlation experiment. Details
of the method TRINAT is using to measure a are given in the first section. Following
this is an overview of magneto-optic traps and how TRINAT uses them in the exper-
iment. The last section gives a brief description of the nuclear detection system as
a whole, which consists of the §-telescope contained in this thesis as well as a recoil

detector.

Chapter 4 describes in detail the S-telescope. The first section explains how the
telescope as a whole was designed and with what considerations. Section 2 is a detailed
description of the double-sided silicon-strip detector, its characteristics and the results
obtained from the 3¥™K data. Following this is a similar section, this time dedicated to
the plastic scintillator. Section 4 presents on-line results of the -telescope as a whole
and the final section gives a preliminary analysis of the S—Ar coincidence spectra,

although no attempt is made to calculate a as it is outside the scope of this thesis.
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Chapter 5 is simply a summary of important results and suggestions for future

endeavors.






CHAPTER 2

B Decay and Fundamental

Symmetries

B decay has proven to be an invaluable tool in our study of nuclear
and particle physics since the discovery of radioactive decay at the turn
of the century. Early experiments observed only two decay products: the
recoiling daughter atom and a charge-conserving ‘g ray,” which was soon
realized to be either an electron (87) or a positron (87). The simple
kinematics of such a two-body decay would require that the [ energy
spectrum be a peak corresponding to the energy released in the transition,
as in « decay. The fact that the emitted § ray was observed to have
a continuous energy spectrum prompted Pauli in 1931 to propose that
B decay is a 3-body process, the extra product being a light (or even
massless), neutral particle that interacts very weakly with matter and so
escapes detection. Only three years later, but twenty years before it was
ever proven to exist, Fermi called this elusive particle a neutrino when he
incorporated it in his theory of 5 decay. Fermi’s model provides us with a
simple, intuitive understanding of 8 decay that, even to this day, remains

essentially unchanged.

2.1 The Fermi Model

A nucleus that undergoes § decay converts one of its neutrons into a proton, or vice-

versa, so that its nuclear charge, Z, changes by £1 but the total number of nucleons,

5



6 CHAPTER 2 [ DECAY AND FUNDAMENTAL SYMMETRIES

Type Operator | Parity
Scalar 1 +
Pseudo-scalar 5 —
Vector Y +
Axial vector YuYs —
Tensor VYo — VoY | N/A

TABLE 2.1: Possible forms for an interaction consistent with Lorentz invariance.

A, remains constant. The basic processes underlying these decays at the nucleon level

are:

n—pt+e +7, B~ decay
p—n+e +u1, BT decay

pt+e —n+r, orbital electron capture (¢)

When Fermi first proposed his theory [4], little else was known except that the
force inducing the decay was weak compared to the strong force binding the protons
and neutrons together to form the nucleus. This allowed Fermi to use first order
perturbation theory to derive his Golden Rule, which gives the transition rate for

any suitably weak potential Vi, (for this chapter only, we use natural units so that
h=c=1):

1
A= - = 21| My *p(Ey) (2.1)

where My; = [ V% Ving i d3z is the matrix element of the interaction and p(E}) is
the density of states available to a final state of energy Fy. The mathematical form
of Vi for weak interactions is not predicted by Fermi’s theory, but there are only five
combinations of the y-matrices that are Lorentz covariant; these interaction types are
given in Table 2.1. Inspired by electromagnetism, Fermi guessed a vector form for the
interaction whose strength' is characterized by a coupling constant, Gr. The Feynman
diagram of Figure 2.1 is Fermi’s model of the % decay of a nucleus, 4X, using the

more modern concepts of hadron and lepton currents. The following discussion will

tExperimentally, Gr = 1.16639(1) x 105 GeV~2 [5].
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be restricted to 3% decay, but calculations for 3~ decay are the same except for the
direction of the currents.
The contact nature of the model implies the matrix element is simply a contraction

of the two currents:

Mfi = /(j“)had GF (ju)lep d3.’L‘ (22)

where the lepton current is simply given by

(ju)lep = Eue Yu Yet (2.3)

The hadron current is slightly more complicated because it must transform one
of the protons within the nucleus into a neutron. This involves isospin, a symmetry

of the strong interaction, which views protons and neutrons as two ‘states’ of the

same particle, the nucleon. The isospin of a nucleon is T' = % and the projectionsf

T3 correspond to the two distinct states, the proton (T3 = —%) and the neutron

(Ts = +3). The SU(2) structure of isospin is the same as angular momentum so

there are ladder operators, 74 |T' T3) = /T (T + 1) — T3(T3 = 1)|T T3 £ 1), which

transform between these nucleon states. The hadron current for 57 decay is:

(5" )haa = EY YTy hx (2.4)

where we use the 7, operator since the isospin is raised in 8+ decay.
We begin calculation of the hadron current by separating the wavefunction of the

decaying nucleon from that of the remaining nucleus:
wX = d)p wnucl wiso (25)

and

— —

1/JY = ¢iso '(/Jnucl En (26)

Here 1, and 1)}, represent the isospin components of the initial and final state (over-

all) nuclear wavefunctions. Treating the nucleons as structureless, Dirac particles, we

tIn particle physics, the convention is reversed with the proton in the T; = +% sublevel.
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spectator Z_1Y

nucleons

n

spectator
nucleons
X

A

FIGURE 2.1: Fermi’s contact, vector-interaction model for the AT decay ﬁX —
2 + et + v

use wavefunctions of the form!

Yy =ue " =/E, + mp< a.zf: )eipp"” (2.7)

Ep+mp s
and P, =ulyoe™ = VB, wm, (i —ZBox)emt(28)

where the x spinors carry the spin of the nucleons. The energy released in S decay is
much smaller than the nucleon masses; thus we can take the non-relativistic limit of

Equations (2.7) and (2.8). The overall nuclear wavefunctions are then:

wX —_— V 2E ( ) e_iEpt wnucl 77biso (29)

Epmy

By ——— B Vs V2En (X3 0) € (2.10)

En<< n
Substituting these expressions in Equation (2.4), the hadron current in the non-

relativistic limit becomes:

(7*)haa — (1°)haa = (X,’f 0) ( 1 _a'1> (Xs) TR (¢ISOT+¢ISO) i(Fp—En)t

E<m —o 0

= VABEy () (Bt ) € E 50" (2.11)

tFollowing the convention of Halzen and Martin [1].
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Note that in this limit, only the x = 0 (time) component of v* contributes to the
matrix element. The spatial components, responsible for leaving the neutron in a spin
state different from that of the proton, do not contribute in Fermi’s vector model of
B decay.

The leptons are naturally assigned Dirac wavefunctions, but in this case the non-
relativistic reduction is not valid. We only need the time component of the current

as for the hadrons, so the lepton current is

. A % T iPe T
(.70)lep = Uy, € Pre Yo Ve € Pe

= uf_v, e!Bre o)l gmilpy tpe)w (2.12)

where for the sake of generality we do not assume a massless neutrino. [ decay
energies are on the order of a few MeV and typical nuclear sizes are a few femtometers;
therefore, over the nuclear volume, (p, + p.) -« < 1. This allows us to expand
the exponential in Equation (2.12) and to keep only the first term (the “allowed

approximation”):

eii(pve‘ﬂ’e)'w = 1 _é(pye tpe) : :BJ_\(pVe +£e) : m|i+ s (213)
allowed 15 forbidden 9nd forbidden

Physically, the allowed term corresponds to the leptons being created at z = 0 with
no net orbital angular momentum carried away; any change in nuclear spin must be
reflected in the alignment of the spins of the leptons which can be either parallel
(S =1) or anti-parallel (S = 0). For the Fermi decays we are considering, the lepton
spins must be anti-parallel since according to Equation (2.11), the hadron current
vanishes if x, # xs so there can be no net change in the nuclear spin, I. The lepton
spins can be parallel in 8 decay, but in this case the operator is axial-vector, which
Fermi did not consider; these are referred to as Gamow-Teller decays which have the
selection rule AT = 0,+1. If I™ = 0% for both the initial and final nuclei (where
7 refers to their parity), Al = 0 but since no orbital angular momentum can be

transferred, it must be a ‘pure Fermi’ decay (no Gamow-Teller components).

The matrix element, Equation (2.2), of Fermi’s % decay can now be expressed
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as:

Mfi = 3 /4EnEp GF [’U,TU] €7i(Ep7En_Eue et / d?’iE (Erllucl wnucl) (214)

- v
-~

Mp

where Mp is the (Fermi) nuclear matrix element of this decay which accounts for the
effects of nuclear structure. Our choice of wavefunction normalization corresponds
to having 2F particles per unit volume, that is ufu = v'v = 2E, which we use after

squaring the matrix element Equation (2.14):

M| = 4E,E, G% [v"2E,, v] |[Mp|?
=16E,E,E, E.G% |Mp| (2.15)

This choice of normalization also makes calculating the density of states rather
simple: with 2F particles, the individual phase space available to a particle in the
momentum element p+d®p is simply (d®>p/(27)3)/2E. On the basis of Equation (2.1),
the differential decay rate of 4X — 77,V + et + v, from rest is

1 &p, d’p,  &p,

dWermi: i2 2 454 — Pn — Py, — Pe
F ‘Mf‘ 2Ep (27T)32En (271_)32EV8 (271-)32Ee ( 7T) (pp b Do, p)

(2.16)

with energy-momentum conservation ensured through the ¢* function. The matrix
element contains the ‘physics’ of the interaction, but the observed spectrum shape
will be dominated by the final state phase space. Letting E, represent the energy
released in the decay, substituting Equation (2.15) into Equation (2.16), and using
the relation p?dp = pQ%dE for both the electron and the neutrino gives

G2
dWFermi = ﬁ|MF‘2 peEedEedQe pI/eEI/edEI/eQVe 5(Eo - Ee - Eue) (217)
s
Finally, we use the ¢ function to integrate over dE,, so that we end up with the
decay rate:
dWFermi _ G%‘ %

=DeBe(Eo — E,) [(Es — E.)* —m? |* F(E., Z', R)|Mp|* (2.18)

dE,dQ.dQ,,  (27)
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The additional ‘Fermi factor’, F(E,, Z', R), accounts for Coulomb interactions be-
tween the emitted positron and daughter nucleus. Fermi derived an analytic expres-
sion for this function when he first proposed his theory [6]:
N2

F(E.,Z',R) = 4(2peR)2(5_1)e”"% (2.19)
where s = /1 — 0222, = +F, /p, and R is the nuclear radius taken to be 1.2 A"/ fm.
a = e2/4r is the fine structure constant and Z' refers to the daughter nucleus. Due
to the difficulty of evaluating the complex I' function, Fermi used a non-relativistic
approximation but since we now have computers to aid us, Equation 2.19 is used in
calculations throughout this thesis.

Although Fermi’s theory worked very well, there were still problems (specifically
with the decay of the kaon system) which prompted Lee and Yang [7] to question
whether parity was strictly conserved as required by a purely vector coupling. There
were, after all, four other types of interactions (Table 2.1) which Fermi could choose
from, and some do not conserve parity. Madame Wu’s experiments with polarized
60Co, as well as more accurate experiments that followed, indicate that parity is
mazimally violated in weak interactions. The form of the weak operator as presently
understood is V' — A; it is the (equally large) axial-vector component which allows

Gamow-Teller decays.

2.2 A Generalized Interaction

Modern particle physics is based on quantum field theory in which the forces are
mediated by the exchange of particles, the quanta of the field. The electromagnetic
force, for example, is mediated by the emission and absorption of its quantized field,
the photon. For the weak force, there are three massive bosons: the W* which carry
one unit of electric charge and the Z° which mediates weak neutral currents. The
weak coupling constant, g, is related to Fermi’s constant by
_ Vg,

8 M3,
and gives the relative strength of the weak force. The mass of the W+ has been mea-
sured [5] to be 80.41+0.10 GeV so that g,, ~ 0.653 is greater than the corresponding

Gr (2.20)
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constant for the electromagnetic force, g, = vV4ma ~ 0.303. Indeed, the only reason
this force is ‘weak’ compared to that of electromagnetism is because of the large mass
of the propagator.

If we limit ourselves to pure Fermi decays (ones where there are no Gamow-Teller
components in the matrix element), then the axial vector component of the weak
interaction vanishes as mentioned earlier. Similarly, the pseudo-scalar and tensor
components do not contribute. Consequently, we only have to consider vector and
scalar interactions; with only Lorentz invariance required, Figure 2.2 shows their
Feynman diagrams. The strength of each interaction type is reflected in the lepton
vertex parameters, Cs,y and Cgy,, which must be determined experimentally. The S
stands for a scalar current and the V' for vector; the primed parameters allow for parity
non-conservation in the lepton current, while time-reversal invariance is assured only
if all the parameters are real. We furthermore assume for simplicity that the scalar
coupling constant is the same as the vector, and that the scalar boson’s mass is the
same as the charged W.

In the limit that the momentum transfer, &, is small compared to the W mass
2
Mg,

(scalar). Tt is for this reason that Fermi’s contact approximation worked so well:

(applicable to § decay), the propagators reduce to constants: (vector) and M_—év

the mass of the W makes the interaction extremely short-ranged (on the order of

Z—1
ne

—i(guv—kuky /M)

a) vector propagator: b) scalar propagator:
g g

—1
k2—-MZ, k2—MZ,
FIGURE 2.2: General Feynman diagrams for the 0*— 0% 8+ decay of 4X —
z _jY—Fe*' +v, as mediated by a massive boson. The expressions for the propagators

for both the vector and scalar interactions are given below their diagrams.
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1/Myw =~ 0.003 fm). The interactions depicted in the diagrams of Figure 2.2 are (with

the same limits/approximations as in §2.1):

2

My = /4EpEnMF49# 90w,V (Cy + Cloys)ve (2.21)
w
2

M = /4EpEnMF$ Ty, (Cs + C'sys)ve (2.22)
w

Note that in the non-relativistic limit, the hadron current is the same for vector
interactions as it is for scalar.
The final matrix element is M ; = My +.Mg which, after squaring and evaluating

the traces, yields three terms:

D. D,
My |*= 16E,E,E.E, ,G% [(|CV|2+|C{,|2) (1 + = ) _

2y 2y ey,
(ov-cyppe] o)

€

IMsf= 165, B, B.5,,G5 [(Cal+1C32) (1 - PP ) -
)

(ICsI*~1Csl* (2.23b)

my,
E,

M Mg+ MEM, = 16E,E,E,E, G2 [me(cvcg — 0%

2Me(Cy O + C{,Cf;)%] (2.23¢)

e

Insertion of these equations into Equation (2.16) and continuing the same calculation
yields the generalization of (2.18), the decay rate for vector and/or scalar interactions
where massive bosons propagate the force:

aw o G
dE.dQ.dQ,  (2m)

D=

F(E.,Z',R)

5peEe(E0 - Ee) [(EO - E€)2 - mIZJJ

Xf 1+ape'pue+b mue+beme+b memy,

BE, ", T"E TEE, | @2

The decay rate of Fermi’s model is effectively renormalized by

¢ = [Mp[*[|Cs[*+Csl+|Cv[*+ICy 7] (2.25)
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and the other parameters are defined as:

_ —|CsP-IC51* + [Cv P+[Cy 2 p —  2Re(C5Cv — CgCy)
CsP+Cs* + [Cv P+ Cy | “ o |CsPHICEP + Oy POy
(2.26) (2.28)
_ —2Re(C5Cy + C5CY) L OO — Oy Oy
CS+ICHE + [CP+ICL P = TG H|CLE + Oy P+ICy
(2.27) (2.20)
In the Standard Model, Cs = C% = 0 and Cy = Cj, so that for 0t— 0 decays,

it predicts that the 8 — v correlation parameter a = 1. If instead the weak interaction

be

is mediated by a scalar boson (i.e. Cs = C§ and Cy = C}, = 0), then the correlation
parameter is equal to —1; in this manner, a precise measurement of a provides a very
sensitive test of possible scalar currents in weak interactions. A determination of a to
within +0.5% would be complementary to more direct high-energy searches [8, 9]. The
best measurement to date is of @ = 51— = 0.9989+0.0052 stat +-0.0039 sys [10]
from a detailed measurement of the energy spectrum of § delayed protons from the
pure Fermi decay of 32Ar(0F, T = 2) to the lowest 07, T = 2 excited state of 32Cl.

The b, and b,, parameters are the amplitudes of the Fierz interference terms which
arise from the MI,MS + MTSMV cross terms in the matrix element; b,, represents
an interference between the electron and neutrino wavefunctions within each of the
vector and scalar interactions. The b,, and b, terms are negligibly small (indeed,
possibly zero) since m,, < E,,, but are included for completeness and to expose the
symmetry. A limit of |b.|< 0.007 has been independently placed using measurements
of the Ft values of 0t— 07 decays [11].

Jackson, Trieman and Wyld [12] were the first to calculate the general decay rate
Equation (2.24) for allowed S-decays (including mixed Fermi/Gamow-Teller transi-
tions). Their calculations assume a massless neutrino and so do not include the b,
and b, terms. They do, however, include Coulomb corrections [13] which adds a
mf%%m(CSC‘*f—f-CfgC%/ [|Cs|?+|C%>+|Cy [>+|C},|?] term to a and multiplies b, by
the relativistic factor /1 — a2Z"7.



CHAPTER 3

The B8 — v Correlation Experiment

The 3% decay of the isomeric state of potassium-38 is one of the ap-
proximately twenty known cases of strong 0t— 01 decays that Nature
has offered us and, as an alkali atom, is perfectly suited for neutral atom
traps. The decay 3K —3% Ar + e 4+ v, from a trap provides us with
an excellent laboratory with which to search for scalar currents.

This chapter is meant to provide some details specific to TRINAT’s f—v
correlation experiment. The first section explains how the observables of
the decay in the back-to-back geometry can be used to determine a. Fol-
lowing this is a brief introduction to neutral atom traps, TRINAT’s double-
trap system and how we get our radioactive potassium. An overview of
our detection system as a whole is given in the final section which pri-
marily deals with the recoil detector since the S-telescope is the focus of
Chapter 4.

3.1 Using 3*™K to measure a

The decay schemes for both the isomer and ground state [14] are given in Figure 3.1.
The ™K decay is a pure Fermi transition with a branching ratio measured [15] to
be > 99.998% and a Q-valuel of 5.02234(12) MeV [16]. The 3¥K decay is also given
because ISAC’s mass analyzer (see §3.2.2) cannot isomerically differentiate between
the ground state and **™K, making us susceptible to the ground state’s v background.

In what follows, let us consider observing the decay from a point-like source in

tFor Bt decay, Q = Eo, — mec?.

15
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Q(3¥MK) = 5.02234(12) MeV

E, = 130.4 keV
+
7 64 min 3+ 0.9239(6) sec _(')_
38K /3+ T 38mK ,8
19 19
3.9367
2+ 0.2% 5.8
3.8102 =
3.3775 0+ < 0.0019%
2.1675 2+ 99.8% 5.0
) o+ > 99.9981% 3.5

38
18Ar

FIGURE 3.1: Nuclear energy levels for 3¥™K. The superallowed A+ decay
(log ft = 3.5) is by far the most favoured branch for the isomer. The ground state’s
BT decay feeds the 27 state resulting in a 2.17 MeV +.

the back-to-back geometry where the positron is emitted opposite the recoil. The
neutrino may be emitted either (a) parallel to the 8 or (b) parallel to the recoil. The
kinematics of the decay will be different for the two cases as shown in Figure 3.2; this
is a plot of the recoil’s time-of-flight (TOF) against the positron’s (kinetic) energy.
The recoil TOF is the observable used in the correlation experiment (along with the
position of the event) to determine the recoil momentum, so we use the TOF here
for consistency. The TOF is nearly independent of 5 energy in the fast branch (case
(a)) because the recoil velocity is not seriously affected by how the leptons share
the rest of the available energy: the recoil velocity is [E, — E(1 — ve/c)] ¢/Ma,c?,
which is a constant to order (1 — v./c). In the slow branch (case (b)), it is the recoil
which is sharing momentum with the neutrino, and in this case the kinematics yield
var/¢ = [Eo(1 +ve/c) — E,] /Macc®>. The B’s energy in the asymptotic limit of the
slow branch is defined by the relation: T, + p.c = Q.

The generalized decay rate, Equation (2.24), shows how the population of the two

branches depends on the form of the weak propagator: if purely vector (as in the
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Time—of—flight [us]

6 | | | | |
) 38Ar -~ e+
(}1‘/ Ue 4—# ' l
5 - o£ Vector
- (suppressed by (1-Y/))
J,
4 - %O BAr +
S Uy =1 ® &=9—¢
Scalar
3 _ (enhanced by (11+V/c))
2 _
"Fast" branch
1 - Bp L .Hlj:e* Bp - .:fy’eeﬁ
Vector Scalar
(enhanced by (1 +V/c)) (suppressed by (1 fV/C))

O T T T T

0 1 2 3 4 S
T, [MeV ]

FIGURE 3.2: Recoil time-of-flight vs. 8 energy for Ar® in the back-to-back geometry.
For this discussion, we take the neutrino to always be left-handed with helicity = —1
as shown and, depending on the interaction type, the positron is preferentially
emitted with either equal (scalar) or opposite (vector) helicity. The slow and fast
branches are either enhanced or suppressed since the total lepton spin must add up
to zero.
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Standard Model), a = +1 so that the fast branch (p, - p, = cosfs, = 1) is enhanced!
by 1+ v./c < 2, whereas scalar interactions (a = —1) are suppressed’ by 1 — v,/c 2 0.
In the slow branch, cosflg, = —1 so the situation is reversed, and this time it is the
scalar currents which are enhanced (with the vector suppressed). In this way, the
back-to-back geometry is the most sensitive geometry with which to search for weak

scalar bosouns.

The enhancement and suppression of the two branches can be understood physi-
cally in terms of the outgoing lepton helicities. Helicity is defined as the projection of
a particle’s spin, ¥, along its direction of motion. The projection operators, %(1 ++%),
can be used to pick out a particle’s helicity, i.e. for the (presently assumed massless)

neutrino, we can project out its left- and right-handed components:

1
uy = (1= 7")uy+ 5 (147 (3.1)

- A -’

=uk ull

These chiral states are helicity eigenstates with eigenvalues +1 (right) or —1 (left).

For particles with mass, however, this is only true in the relativistic limit since [17],

E—mc?
0
Y pipy =40 Pl ~ AP 3.2
p Yy ==Ly ( 0 B mzcg (S s (o (32)

where 1), represents a particle (u) and ¢ an anti-particle (v). Note that for massless

particles only, helicity and handedness can be used interchangeably; a left-handed

neutrino will always have negative helicity. A left-handed massive particle on the

other hand predominantly carries negative helicity, but a component that goes like
pe

(1 — %) in the relativistic limit has the ‘wrong’ (positive) helicity.

To see how this affects the 3¥™K decay, let us for the sake of clarity take the
neutrino to be only left-handed so that the scalar current of Figure 2.2 (on page 12)

then becomes ;%” ul(Cs + C%y°)ve. The +° of the projection operator anti-commutes

with the 7° in the adjoint, so * =u%(1 ++°) and the current can be seen to only

tNeglecting the negligible (but conceivably possible) contribution from the b, term.
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couple left-handed neutrinos to left-handed positrons:

. —iGw _ 1
(])lip = ﬁUV(CS + C%7y°) 5(1 + 7°)ve (3.3)
‘.\,L_/
=]

Similarly, right-handed neutrinos only couple to right-handed positrons so that for
scalar interactions, the leptons are emitted with the same handedness. In the limit
of zero mass, their helicities are equal; the positron may have the wrong helicity, but
this is suppressed because it is relativistic and so the approximation in Equation (3.2)

is very good.

The vector current of Figure 2.2 contains a v* at the vertex, which anti-commutes
with the 7° and so changes the positron projection. A left-handed neutrino in this
case couples only to a right-handed positron (and a right-handed v to a left-handed
e™). Vector interactions, therefore, differ from scalar interactions because the leptons

are emitted with opposite helicities.

As mentioned earlier, the spins of the leptons in a 0t— 0% decay must add up to
zero. Returning to Figure 3.2 (which depicts the lepton spins as fat arrows for each of
the four decay possibilities), it is easy to see how the fast and slow branches are affected
by the type of interaction. In the fast branch, the right-handed positron (resulting
from a Standard Model vector boson propagator) naturally has a spin opposite to that
of the neutrino’s, and so is allowed. In the scalar case, the dominant spin of the left-
handed positron is aligned with the neutrino’s which is forbidden; the positron would
have to have the wrong helicity to be in the fast branch (depicted as the shorter of
the two electron spin arrows). Similarly, the slow branch favours the leptons carrying

equal helicity since in this case the neutrino’s momentum is opposite the positron’s.

TRINAT will determine a by simultaneously fitting the recoil TOF spectra for a
number of 3 energy bins to detailed Monte Carlo simulations. The shape of these
spectra will depend on the ratio of slow to fast branch events and hence a. The § —v
correlation experiment and the analysis of its results is largely a part of A. Gorelov’s
Ph.D. and so the interested reader is referred to his thesis [18].
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3.2 Trapping Techniques

Ever since the first successful experiment where neutral atoms were trapped using
lasers and magnetic fields [19], the use of magneto-optical traps (MOTs) has become
widespread in many fields of physics. The ability to observe radioactive decays from
such traps opens up new possibilities in precision 3 decay experiments. The MOT
() confines the decays to occur within a compact (=~ 1 mm?) trap volume, (i) cools
the atoms to temperatures at or below the mK level, and (4ii) allows distortion-
free detection of the daughter particles’ momenta because of the negligible source

thickness.

3.2.1 The Neutral Atom Trap

A unique feature of magneto-optic traps is that their force is dependent upon the
atom’s position as well its velocity; much like a spring, the positional force returns
atoms back to a common centre while the latter adds a damping effect, as if the spring
was submerged in a viscous liquid. A laser field generates the velocity-dependent
force which cools the atoms in an optical molasses, while a polarized laser field and
an applied magnetic field adds the positional dependence needed to actually confine
them.

Initially, if one considers how small the incident photon’s momentum, ik, is com-
pared to that of thermal atoms, a trap based on the light forces from a laser beam
seems futile. For example, the Si/, — Py (D) transition in **™K has a wavelength
of A = 766.5 nm so that ppet &~ 1.5 €V /c while the atom’s thermal momentum is
typically 45 keV/c. In addition, when the atom decays from the excited state via
stimulated emission, this small momentum kick is nullified since the atom will recoil
by —hk if the photon is emitted coherently. Spontaneous emission, on the other hand,
emits photons homogeneously into 47 so that, at least on average, there will be a net
momentum transfer in the direction of the incident photon. Clearly, the atoms must
absorb and spontaneously emit many photons if one hopes to optically trap them.

Alkali atoms are well-suited for neutral atom traps because they have a simple
electronic configuration; the ns' valence electron alone determines the fine and hyper-

fine structures of the atom since all other electrons are in closed (noble gas) shells.
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The atomic angular momentum, J = S 4+ L, and nuclear spin, I, of an atom are a
coupled system, so the good quantum states are |F, mp) where F = J + I. The tran-
sition from the F' = I + 1 ground (S)/2) state to the F' = I + 2 excited (Ps,) state
cannot decay back into the other F' =T — % ground state since the photon carries one
unit of angular momentum; the atom must return to the same F' = I + % ground state
where it started. This ‘cycling transition’ allows an atom to absorb many photons
from the same laser beam so that the light forces can build up and significantly affect

the atom’s motion. The cycling is not perfect due to off-resonant transitions and finite
1
2
they will no longer be in resonance with the laser light. Atoms in this ‘dark’ state are

linewidths, and so atoms may be optically pumped into the F' = I — - state where
not trapped, so to transfer them back into the cycling transition, a ‘repumping’ laser
is tuned to the F =1 — 1 — F' = I + ; transition.

It is worth noting at this time that for ™K, I = 0 which simplifies the atomic
energy levels; there is no hyperfine structure in an atom with no nuclear spin. In this

case, there is no need for the repumping laser.

Doppler Cooling

Consider the effect on an alkali atom that is placed within a laser field generated
by two identical, counter-propagating laser beams detuned A MHz below the atomic
resonance, wy. Thermal atoms will have a Maxwellian velocity distribution in all
directions and, due to the Doppler effect, will be affected by each beam differently.
An atom moving collinear with one of the laser beams will see the light red-shifted
farther below resonance by a factor vaom/c while the counter-propagating beam will
be blue-shifted closer to resonance. The atom will preferentially absorb photons
from the laser beam that is against the atom’s direction of motion and, with each
absorption, the atom’s momentum is reduced. It is in this way that the atoms are

cooled.

It can be shown [20] that the force in an optical molasses is proportional to the
velocity if (i) the Doppler shift isn’t too large and (i) the laser intensity, I, isn’t

strong enough to induce stimulated emission. Letting w;, = w4 — A represent the
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frequency of the laser light, the Doppler force is:

81k2A I/ La
T(1+4 %5 + &2

_ hacl
33

The transition linewidth ends up being this force’s limiting factor; in a simple
model [20], the coldest temperature attainable is T, = hI'/2kg where kg is Boltz-
mann’s constant. In the case of 3¥™K for which 7 = 26 ns, this ‘Doppler limit’ is
150 K.

where I' = 1/7 is the transition linewidth and I, is the saturation intensity.

The Magneto-Optic Trap

An atom with magnetic moment g subject to a magnetic field, B, will remove the
mp degeneracy and Zeeman split the |F,mp) energy levels according to
FF+1)+JJ+1)—-I(I+1)

E ~ B .
F,mF g]<<gJ gJ 2F(F + 1) mF/'[’B (3 5)

where g¢; is the (atomic) Landé g-factor and pp = eh/2m, is the Bohr magneton. If we
apply a linear magnetic field, B, = B,z, to atoms in an optical molasses (Figure 3.3
depicts this for the 1-D case), the Zeeman effect will provide us with a position-
dependent force: the energy level shifts (hence the transition frequency and scattering
rate) will be proportional to the distance from z = 0. An atom at z > 0 will have
its |3 3)—> |3 ) transition shifted closer to the laser frequency. The two counter-
propagating beams are distinguished by their polarizations; the Ampr = —1 transition
can only be driven by the ¢~ beam, so the atom feels a net force acting towards the

left. Similarly, atoms at z < 0 will preferentially absorb the o™ light through the

1 -1
2 2

not have perfect polarization, the atom can absorb photons from the wrong beam and

)—> |2 I) transition and be pushed back towards centre. If the laser field does

will be heated rather than cooled. Thus, the quality of the circular polarization of
the laser light is very important.

The magneto-optic force is a combination of the Doppler force with effects induced
by the Zeeman shift. The trap centre is defined at z = 0 where the magnetic field

changes sign. If we let £ = kv + 8z where [z represents the Zeeman effect on the
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FIGURE 3.3: Atomic energy levels and Zeeman shifts of ™K in a one dimensional
magneto-optic trap. The shift of the energy levels depends linearly on the magnetic
field (for weak fields) giving a positional dependent force. The trapping arises
because of preferential scattering off the laser that is shifted closer to resonance,
depicted by the solid lines arising from ot light in (a) and o~ in (c); the force in
either case pushes atoms towards z = 0. Both laser beams are equally off resonant
at the trap centre (b) so neither is preferentially absorbed and the atom feels no
net force.
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transition frequency, then the overall magneto-optic force is [21]

hkF IL/Isat IL/Isat
2 1_+_ Ip + ( 6) 1+ I + (A+€)

I sat I sat

Fyvor(r,v) = (3.6)

It can be shown that [22], for small detunings, this force is proportional to £ so that
the trapped atoms behave like a simple, damped harmonic oscillator.

The generalization to three dimensions requires a magnetic field that is zero at
the centre and which increases linearly with distance from there; this is generally
accomplished using a quadrupole field generated by two coils in the anti-Helmholtz
configuration. With six laser beams oriented along the axes as depicted in Figure 3.4,
forces similar to those of the 1D case are present no matter which direction an atom
within the trapping volume is travelling.

Typically, MOTs are not very deep and so considerable effort is needed to effi-
ciently load them. The most popular method is known as the vapour-cell MOT [19]
and it uses the fact that a MOT can capture the low-energy tail of the Maxwell-
Boltzmann distribution of velocities. The cell which defines the trapping volume can
be specially coated |23] so that atoms tend to bounce off the wall rather than (perma-
nently) chemisorbing to it. When they bounce (physisorb), the atoms re-thermalize
(repopulating the whole Maxwell-Boltzmann distribution) and are able to be trapped
by the MOT again. The many repeated opportunities for capture allow this method

of loading the MO'T to have efficiencies on the order of several percent.

3.2.2 TRIUMF’s Radioactive Potassium Source

TRIUMF has long been interested in developing radioactive ion beams (RIBs) because
they offer the ability to study nuclei away from the valley of stability. The copious
production of exotic nuclei delivered with low kinetic energy has already been used
by TRINAT as well as an experiment measuring the transition probabilities of su-
perallowed decays which will test the conserved vector current hypothesis [24]; future
planned experiments at TRIUMF’s RIB include magnetic moment measurements using
the Low Temperature Nuclear Orientation facility [25] as well as studies using a po-
larized 8Li beam [26]. Medium-energy (0.15-1.5 MeV /u; A<30) RIBs are important
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FIGURE 3.4: Schematic diagram of a vapour-cell MOT with an ion beam catcher
and neutralizer. ISAC provides us with a potassium ion beam which is neutralized
in the hot Zr cone. The atoms then diffuse out into the vapour-cell MOT and the
ones in the low-energy tail of the velocity distribution are able to be trapped in
the MOT. The quartz cube defines the trapping volume and is coated with SC-77
Dryfilm [23] so as to maximize the number of bounces off the walls and increase
the trapping efficiency.
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FIGURE 3.5: The IsacC radioactive beam facility at TRIUMF. The 500 MeV pro-
tons bombard a CaO target, producing a variety of isotopes; a potassium beam is
extracted and filtered through a mass spectrometer before being transported to the
TRINAT laboratory.

for nuclear astrophysics because theoretical calculations of stellar processes require
measurements of certain nuclear cross-sections that affect key stellar cycles |27, 28|.

A test facility, T1soL [29, 30|, based on the ISOL facility at CERN-ISOLDE |[31]
has been operational since 1987 to provide low energy RIBs as well as to develop
a robust target-ion source. The 200 — 500 MeV protons from TRIUMF’s high inten-
sity (150 pA) cyclotron provide an excellent production beam with which to bom-
bard thick targets, and TISOL has proven that a wide variety of radioactive nuclei
can be efficiently produced (500 MeV protons; 1 pA current). Ion beams were
extracted from the target at 6 — 12 keV, and transported to a magnetic analyzer
(mass resolution M/AM = 1600) that had a bend angle of 90° to provide a clean,
tunable beam of radioactive isotopes to the experimental area. TRINAT was able to
successfully couple T1sOL’s RIB to a MOT, continuously trapping 2 000 atoms of 3"K
(ti2 = 1.23 s) and 5000 of *™K. From this, the viability of the correlation experi-
ment was proven and measurements were made of the isotope shifts [32] in potassium

as well as charge-state distributions of daughter atoms in § decay [33, 34].
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Isotope Intensity
STK 1 x 107 ions/sec
3BmK 2 x 107 ions/sec

3K (bkgd) 5 x 10® ions/sec

TABLE 3.1: IsAC radioactive beam intensities.

The success of TISOL and the experience gained in developing it has enabled
TRIUMF to successfully build a large scale radioactive beam facility: ISAC (the Isotope
Separator and ACcelerator). A schematic diagram of the new beam facility is given in
Figure 3.5. The general idea is the same as for T1SOL, but the new surface ion source
can handle more intense production beams (1 gA in June, 1999; currently 10 A and
up to 100 pA in the future) and the ions can be extracted between 12—60 keV. ISAC’s
mass analyzer consists of a low-resolution pre-separator followed by the former Chalk
River mass separator [35] which has a mass resolution of > 5000. The isotopically
selected RIB is then transported to the various experimental areas; in the case of
TRINAT, the beam is deposited into a conical zirconium foil as indicated in Figure 3.4.

ISAC’s first radioactive beams, *"3¥™K  were produced on November 30, 1998. By
TRINAT’s June 1999 run, ISAC had already demonstrated the ability to produce these
beams with intensities comparable to those attained at T1SOL (see Table 3.1). The
vapour-cell MOT of Figure 3.4 allows an efficient loading of atoms into the trap, but
is completely incompatible with observing the recoil of the decays. Efficient loading
of an open MOT can be obtained by carefully transporting atoms already trapped in

the vapour-cell MOT; this system is outlined in the next section.

3.2.3 TRINAT’s Double MOT System

In order to reduce backgrounds as well as to isomerically differentiate between K
and 3K, a double-MOT system is utilized (see Figure 3.6). The first ‘collection
trap’ is a vapour-cell MOT that traps the potassium atoms once they diffuse out of
the hot Zr neutralizer (which is based on the Los Alamos scheme [36]). The laser
linewidth is small enough to resolve the different fine structure of the isomer and

ground state, so only the isomer is trapped. The cold, trapped **™K atoms at the
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FIGURE 3.6: Schematic diagram of TRINAT’s 8 — v correlation experiment. The
ion beam from ISAC is deposited and neutralized in a Zr foil and then trapped
in the first ‘collection’ trap. The cold, trapped atoms are then transferred to the
2°d trap where the decay is observed using a micro-channel plate (recoils) and the
B-telescope (positrons).

centre of the collection trap are then pushed with a small (=~ 1 mm?) pulsed laser
beam to a second ‘detection trap.” The push beam, aimed a few millimeters above
the 2" MOT so as not to interfere with any atoms already trapped there, generates
a low-energy (vatom ~ 40 m/s) atomic beam of ™K that can be directly captured in
the detection trap. The large separation of the two traps reduces the probability of
a thermal 38K randomly entering the detection chamber, and so provides a cleaner

environment from which to observe the decay.

As the atoms are being transferred they expand radially, so the efficiency of the
transfer will rapidly decrease as the inter-trap distance is increased. In order to be
able to separate the detection trap 75 cm (enough to add approximately 15 ¢cm of
lead shielding) without a great loss of atoms, two 2D MOTs (‘atomic funnels’) have
been employed to compress them back along the push beam axis. The detection trap
typically catches 75% of the atoms pushed from the 1% trap. The efficiency of the
system as a whole, including capture and transfer, is 5 x 10~* atoms trapped per ion

incident into the neutralizer.
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For a more thorough review of TRINAT’s double-MOT system and the details

regarding the transfer, the interested reader is referred to [37].

3.3 Nuclear Detection System

The 8 — v correlation experiment requires the detection of the recoiling Ar atom and
the emitted A% and, as mentioned earlier, is most sensitive to scalar contributions in
the back-to-back geometry. The recoil detector has a nominal active area of 2.6 ¢cm in
diameter and is placed —6.23 cm along the Z direction from the center of the chamber
(which roughly corresponds to the detection trap center). The (-telescope is on the
opposite side and consists of a 1.2 X 1.2 cm? double-sided silicon strip (AF) detector
at z = 4+6.90 cm backed by a large plastic scintillator (E) detector. The solid angle
subtended by the recoil and 8 detectors are 0.14 and 0.13 sr respectively.

The MCP purchased from Galileo [38] and depicted in Figure 3.7(a) is a thin array
of tens of thousands of tiny cylindrical lead glass channels (10 — 15 pm in diameter).
Each of the specially formulated micro-channels acts as a miniature electron multi-
plier tube. An ion incident on one of the channels will generate secondary electrons
which are accelerated down the channel wall and generate further secondary elec-
trons, resulting in a cascade which yields amplifications up to a few times 10*. The
applied high voltage bias provides the electric field along the length of the channel,
and supplies the electrons needed for the avalanche. The channels are oriented ~ 11°
with respect to normal of the MCP surface in order to minimize variations in the
detector’s efficiency as a function of the incident particle’s direction which is related
to 03,. TRINAT’Ss recoil detector is a combination of three 600 ym thick MCPs in the
Z-stack configuration (see Figure 3.7(b)) with an inter-plate separation of 150 um.
The signal from the Z-stack, which has an amplification up to 10!, is registered by
a resistive anode which has four separate readouts; the relative distribution of charge
between the readouts allows the position of the recoil to be determined to +0.25 mm.

As TRINAT is determining the recoil momentum from the position of the hit in the
MCP and its time-of-flight relative to the plastic scintillator, the MCP is operated at
saturation (=~ 1 keV bias/plate) to make its efficiency as insensitive to the incident

ion’s energy as possible. The timing resolution of the MCP is excellent (characteris-
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FIGURE 3.7: Schematic diagram of an MCP detector and the arrangement used by
TRINAT. The distribution of charge of the four resistive anode readouts is used to
determine where the event occured.

tically hundreds of picoseconds), and so it is not surprising that the relative timing
between the recoil and § detectors is limited by the scintillator’s timing (see §4.3.2).

The MCP efficiency for Ar recoils can have a strong dependence on the atom’s
energy; over energies of 0 —450 eV, the MCP efficiency is not known. This fact makes
using the neutral Ar recoils for the correlation experiment very difficult because the
slow branch covers a large recoil energy range. For decays where the daughter Ar
is a positive ion, however, this source of systematic error can be greatly reduced;
TRINAT uses a uniform electric field to accelerate the charged Ar recoils up to energies
where the MCP’s efficiency is known [39] to be relatively flat (depcp < 2% between
Epr =5.3—-5.6 keV).

Additionally, this field separates the different charge states in TOF and increases
the number of detected recoils by focusing Ar ions that would have otherwise missed
the MCP. Collection of the complete angular distribution is obtained for charge states
greater than +3 with our present field of —829 V/cm.

The double-sided silicon-strip detector (DSSSD) provides both position informa-
tion of the B as well as a coincidence condition to be used with the scintillator to
reduce background (non-g) events. The energy deposited in the scintillator (and, to a
lesser extend, in the DSSSD) together with the position of the hit in the DSSSD pro-
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vides us with a measurement of the 5’s momentum. Therefore, the energy resolution
of the scintillator needs to be as good as possible for the 37 momentum reading. With
the recoil and positron’s momenta both measured event-by-event, the momentum of
the neutrino can be deduced; in fact the kinematics of the decay are overdetermined,

and so we are able to check systematic errors in our experiment.






CHAPTER 4

The Positron Detector

This chapter will first go through the design of the scintillator and will
then go on to the characterization of the AE and the E detectors. The
[B-telescope as a whole is discussed in the final section where results from
the April/May 1999 run pertinent to the 8 — v correlation experiment will
be presented.

4.1 Design and Construction

For the S—v correlation experiment to succeed, the emitted positron must be detected
with good energy resolution and have good timing relative to the recoil MCP detector.
In general, the energy of S-particles is difficult to measure accurately because they
are relativistic over the 1 — 5 MeV region of interest; because of their small mass,
they scatter easily, into large angles and emit bremsstrahlung radiation which may
escape detection. The situation is worse for 57’s since one must also contend with
the possible detection of the annihilation radiation. An added complication is the
possibility of annihilation-in-flight, in which case E, > m, and it may add to the

low-energy tail.

4.1.1 Design Considerations

Early TRINAT experiments utilized a double-Si(Li) detector in conjunction with a
double-sided Si-strip detector (DSSSD) to form the F and AE detectors of a (-
telescope, which has been discussed in detail elsewhere [40]. The Si(Li) semiconductor

devices naturally have excellent energy resolution (FWHM = 60 — 120 keV over the

33
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region of interest) as well as linear energy responses, but suffer from a number of
serious drawbacks: they have a large low-energy tail from bremsstrahlung and the
large probability of backscattering off the high-Z material; a systematic error for 5’s
that penetrate the first Si(Li) due to the necessary dead-layer between the detectors;
and its overall change in response (the peak of the response function at 2.5 MeV
is ~ 3x larger than at 5 MeV) [40]. Simulations of the correlation experiment [41]
compared [-telescopes where the E detector was (1) a double-Si(Li), (2) a @4 cm x
4 cm plastic scintillator, (3) a @7.5 cm X 5.1 cm plastic scintillator, and (4) a perfect
detector (d-function response). The simulations used measured response functions
from [40] for (1) and (2); the parametrized responses of Clifford et. al’s telescope have
been published [42, 43| and were used for (3). The results indicated better sensitivity
to the correlation parameter if a plastic scintillator similar to the Clifford design was
used instead of the Si(Li).

4.1.2 GEANT Simulations

In order to optimize the plastic scintillator for TRINAT’s 8 — v experiment, Monte
Carlo simulations were performed for various geometries using the GEANT detector
description and simulation tool [44]. The goal was to design a scintillator that is
insensitive to the entrance angle/position of the s upon the DSSSD.

The initial geometry was extremely simple: a piece of silicon, representing the
DSSSD, was placed in front of a cylindrical scintillator, both ‘magically’ suspended
in space. The sizes of scintillator considered ranged from 4 — 6.5 ¢cm in diameter
and lengths between 3.5 — 6 cm, while the strip detector was constrained to be
2.4 cm X 2.4 cm x 491 pm (the size of the existing detector). The simulations helped

to determine the best compromise between:

1. Too large a scintillator — Compton scattering of the annihilation radiation
adds a high-energy tail (the ‘Compton toe’) that approximately scales with the

volume of the detector.

2. Too small a scintillator — the positrons may escape the detector before annihi-
lating thereby adding to the low-energy tail; also the likelihood of bremsstrah-

lung radiation escaping increases.



4.1 DESIGN AND CONSTRUCTION 35

Number of counts [arb. units]

0 1000 2000 3000 4000 5000 6000
T_. (dashed) or T, (solid) [keV]

scin

FIGURE 4.1: GEANT simulations of response functions for a @6.5 cm X 5.5 ¢m
plastic scintillator for 1,2,... ,5 MeV positrons. The solid line has a resolution
function folded in and the DSSSD’s energy added back in, while the dashed line
represents a perfect energy reading which requires a DSSSD coincidence, but the
energy is not added to the scintillator’s.

Simulations of response functions for a plastic scintillator are depicted in Figure 4.1
for Ts = 1,2,...,5 MeV. The high-energy tail is due to Compton summing of the
annihilation radiation and is most prominent for 1 MeV positrons (§A.3). The low-
energy tail contains events where the positrons escaped the detector before stopping,
but also adding to this tail are cases where bremsstrahlung (radiative) energy losses
escape the detector (§A.2) and/or the positron annihilates before depositing all of its
kinetic energy and the v quanta escape (§A.3).

The optimal geometry

Figure 4.2 shows the percentage of positrons that fired the AFE detector but, due to
multiple scattering, missed the scintillator and therefore represent lost events. The
plot on the left has the AE placed 1.0 cm in front of the E detector while the plot

on the right is the case where it is only 0.3 cm away. The effects of backscattering
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FIGURE 4.2: Monte Carlo design simulation of the fraction of positrons that multi-
ply scattered in the DSSSD and consequently did not interact with the scintillator.
The effect depends on the diameter of the scintillator if the DSSSD-scintillator
spacing is 10 mm (left), but is nearly independent if this spacing is only 3 mm
(right). The 7.6 cm x 5.1 cm design, based on Clifford’s dimensions [42], was
simulated for comparison.

directly off of the DSSSD is, of course, independent of its position and so the same
in both cases. The original DSSSD mount used with the Si(Li) was such that 2.5 cm
was the closest the AFE could be to the front face of the scintillator. The results
of Figure 4.2 indicate that almost all of the positrons are fully contained, virtually
regardless of the diameter of the scintillator, if the DSSSD is placed close enough to
the front face of the scintillator. This motivated the design and implementation of a
new mount [45] which enabled us to reduce the spacing to 0.29 cm (see also §4.1.3).

A major factor in determining the optimal diameter was the requirement that
all of the positrons come to rest and annihilate within the plastic’s volume. In the
experiment, the most energetic positrons will have the largest range and so simulations
of 5 MeV positrons were performed with a very large scintillator to see what the

required length and diameter must be to contain them all. Figure 4.3(a) shows the
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FiGURE 4.3: Monte Carlo design simulations of a pencil beam of 5 MeV positrons
depicting the radius (a) and depth (b) of where in the scintillator the annihilation
occurred. The dashed line in (a) represents the radius of the scintillator used
throughout this thesis.

radius at which the positrons annihilated in the plastic. This aspect of the scintillator
design was based primarily upon this result, but other factors, such as the total
number of accepted events and the relative percentage in the (high- and low-energy)
tails, also supported a larger radius. The dashed line in the figure depicts the final
scintillator’s size and one can see that virtually all of the positrons are contained.
We would have considered a slightly larger diameter, however mechanical constraints
due to the existing vacuum chambers limit us to the present design with a 6.5 cm
diameter.

The penetration of the 8s along the length of the scintillator (Figure 4.3(b)) is
well contained below 2.75 cm. The original analysis scheme for the correlation ex-
periment, which involved excluding kinematically forbidden events, was thought to
be very insensitive to the re-absorption of annihilation radiation, and so any extra
volume was not a major concern. The low-energy tail on the other hand, which was
the instigating factor for switching from the Si(Li) to a plastic, is a potentially large
source of systematic error. Therefore, we ordered and (at least for the present time)
have continued using a @6.5 cm X 5.5 cm piece of scintillator, saving the option of
later cutting the length to ~ 2.75 cm.

The scintillator used throughout this thesis is 5.5 cm in length, and therefore the

Compton toe of the response function is larger than necessary; although we will see
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that the present scintillator suffices at this time, the existing scintillator should at
some point be compared to one whose depth is only 2.75 cm. If the light collection is
not seriously compromised or if the final analysis scheme does prove to be sensitive
to the re-absorption, the [S-telescope should be upgraded with the smaller piece of

plastic.

The 8 window

Some of the S-telescope’s components (e.g. the scintillator’s wrapping) are not com-
patible with the ultra-high vacuum needed by a magneto-optical trap and so it is
housed in a separate (‘S-telescope vacuum’) chamber as depicted in Figure 3.6. The
front face of this chamber is 7 mm thick stainless steel with a @38 mm ‘window’ the
B particle can enter through to suppress the observation of activity from atoms that
do not decay from the trap.

The positrons Coulomb scatter in the foil as they traverse this necessary dead
layer and, if the positron scatters into a large angle, the deduced positron momentum
(calculated by the position of the subsequent hit in the DSSSD) would not be cor-
rect. Originally, the 8 window was a 0.025 mm thick stainless steel foil (Zstst ~ 26.5);
however, the characteristic scattering angle [46] that defines the cone the s scatter
into scales with Z2/3/p3, so the steel is clearly not the optimal material. The scat-
tering angle should be cut in half by using a lower Z material like a commercially
available [47] beryllium foil (type IF1, Z = 4.14).

In order to see if the position improvements warranted purchasing the relatively
expensive beryllium foil, GEANT simulations were performed to compare the beryllium
(0.127 mm thick) with the stainless steel. Low energy (s have the greater probability
of scattering into large angles, so a pencil beam of 1 MeV positrons was incident
normally on the centre of the § window in the simulations to see the position deviations
caused by the two types of foils. The geometry in the MC is the same as for the actual
telescope used in the April/May 1999 run, which has the front of the DSSSD 2.9 mm
behind the # window.

Figure 4.4 shows the radial position of where the positrons hit the AE after travers-
ing the two types of foils. The distributions are approximately Gaussian over the peak

(from small angle scattering) but have more pronounced tails arising from large angle
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FIGURE 4.4: Monte Carlo design simulations of multiple scattering effects due to
the B window. The solid line depicts a pencil beam of 1 MeV positrons entering
the DSSSD after traversing a 0.127 mm beryllium foil while the dashed simulates
0.025 mm stainless steel. Both foils are placed 2.9 mm in front of the DSSSD.

(Rutherford) scattering. The widths of the distributions are 0.46 and 0.97 mm for
the beryllium and stainless steel respectively. For the stainless steel foil, then, a £
originally incident towards a given DSSSD strip will only have 1o of this distribution
firing that strip, whereas 20 will fire the correct one for beryllium. This factor of two
improvement is decidedly worth the effort, and so the 8 window was changed to the
0.127 mm thick beryllium.

4.1.3 The Final Design of the Telescope

The Telescope Assembly

The realization of the plastic scintillator and of the S-telescope as a whole is depicted
in Figure 4.5. The scintillator, a @6.5 cm x 5.5 cm long BC408 plastic purchased
from Bicron [48], is optically coupled to a plexiglass light guide which in turn is
coupled to a Philips 4312/B 12-stage photomultiplier tube (PMT). Both the plastic
and the light pipe are wrapped with a diffuse reflector, Teflon, to increase collection
of the scintillation light as discussed in §4.3.1. The scintillation light produced in
the BC408 (Amax = 425 nm) overlaps the maximum of the bialkali photocathode’s
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FIGURE 4.5: Schematic diagram of the S-telescope assembly (to scale). The major
components are described in the text.

response (400 — 450 nm; 20% quantum efficiency). The Philips PMT was chosen
because it was specified to have a good hybrid of energy and timing characteristics. A
transistorized voltage divider assembly (Philips VD123K) was used to minimize gain
fluctuations arising from variations of the dynode voltages.

The S-telescope’s chamber separates the trapping region’s 2 x 1071 Torr ultra-
high vacuum from the telescope’s poorer vacuum of typically 5 x 10~% Torr. A conflat
flange was modified by adding two vacuum pumping ports and four 16-pin electronic
feedthroughs for the 48 DSSSD strips. The vacuum is maintained by an O-ring which
seals the light guide to the flange using a specially designed clamp.

The PMT is surrounded by 0.2 mm thick g-metal which, in addition to protecting
the PMT from magnetic fields, also serves to make the system light-tight. A blue
LED! with a nominal wavelength of 450 nm (closely matched to the scintillation
light) is coupled to the PMT via a fibre-optic cable as shown in the figure. This is
used to stabilize the PMT gain as discussed in §4.3.4.

The DSSSD is mounted within a plexiglass disk (as shown in Figure 4.6) whose
thickness is only slightly larger than the 0.40 ¢cm thick frame of the DSSSD (which
mounts the silicon wafer and houses the strip readout contacts). The low Z material
and minimal thickness was chosen so as to reduce the probability of gs scattering

off this mount. The plexiglass plate provides both a rigid mount as well as a well-

tA Panasonic digikey #P390-ND light emitting diode.
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FIGURE 4.6: Schematic diagram of the DSSSD mounting showing the strip detec-
tor’s reference frame relative to that of the detection chamber.

defined overall DSSSD orientation; with the axes defined in Figures 3.6 and 4.7, the
DSSSD is rotated +(45.0 £ 0.5)° with the y-strips facing the recoil detector. The
G10 frame represents the largest source of scattered s adding to the telescope’s low-
energy tail; as the DSSSD is manufactured this way, we are not free to reduce this
contribution mechanically, but we may suppress it in software by not including the
edge strips in the analysis (see §4.2). Coaxial wiring for the strip readouts is fed out
of the p-telescope’s vacuum chamber through the 16-pin feedthroughs, and is input to
locally constructed [49] preamplifiers which are mounted directly on the flange. The
wiring from outside the shielded vacuum chamber to the preamplifiers is coaxial (and

additionally are shielded) to prevent noise from electrical pick-up.

Final GEANT Geometry

Once the [-telescope was built and optimized, a more realistic description of the
geometry was input in the Monte Carlo simulation. A diagram of the volumes included
in GEANT is given in Figure 4.7. The § window is at z = +6.60 cm and is defined
by the specifications [47] of the IF1 type beryllium’. The bulk of DSSSD remains a

pure wafer of silicon, but now the geometry of the detector includes the 48 aluminum

199.837% Be, with the biggest contaminations from Fe (0.006%), Ni (0.02%), Ca (0.02%) and
Zn (0.01%). These percentages, and those hereafter, give the relative number of elements making

up the medium.
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FIGURE 4.7: Geometry of TRINAT’s detection chamber that is input into further
(detailed) Monte Carlo simulations. The volumes outside of the 3-telescope’s vac-
uum chamber are important because positrons can (back)scatter off of them before
entering the S-telescope.

readout strips (assumed to be 500 A thick) and, more importantly with regard to
scattering effects, the G10' frame in which the wafer is mounted. The plexiglass*
mount was simplified in the MC by approximating it as a ring whose inner diameter
does not overlap the G10 frame. The four stainless steel rods connecting the DSSSD

mount to the (smaller) telescope flange are also included.

The scintillator has five layers of Teflon* on the front face totalling 0.02 cm in
thickness, and many layers around the sides of the scintillator and light guide, totalling
about 0.7 cm in thickness. The BC408 plastic is defined by the hydrogen to carbon
ratio of 1.104, but also contains a 2% addition of PPO' which is added to increase
scintillation efficiency [50]. The light guide extends out past the flanges, but other
components behind the flanges (the clamp, the PMT, etc.) were not included because

they will not affect detection of the positron.

tdefined as 60% SiO, and 40% Kapton (CaaHigN2Os).
tdefined as CHy=C(CH3)CO,CHj.

*defined as CF,=CFS5.

tdefined as C15H11N101 (2,5-diphenyloxazole).
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The rest of the geometry includes the 2" trapping chamber, the aluminum hoops
for the electric field and the MCP assembly. The material of the MCP plates is
Corning 8161 glass' and the resistive anode is pure Si. A large number of 3’s were
found to scatter off the MCP or one of its electrostatic components before entering
the f-telescope (see §4.5.1) and so it is important to keep these volumes in the Monte
Carlo, even though it requires &~ 10x the CPU time. The rods for the hoops, not
included in the simulations presented here, have since been included since they offer

a considerable volume of stainless steel that s can scatter from.

4.2 The Double Sided Silicon Strip Detector

This section begins with a brief introduction to these semiconductor devices, but
for a more thorough review, the interested reader is referred to [51]. Sections 4.2.2—4
describe the energy calibration and resolution of the detector, followed by the position
decoding scheme in §4.2.5. The final section, §4.2.6, presents the results obtained from

the correlation experiment data.

4.2.1 The Device

The AE component of the S-telescope is a double sided silicon strip detector pur-
chased from Micron Semiconductor [52]. It is a silicon wafer of dimensions 2.4 cm x
2.4 cm x 491 pm upon which a thin (typically a few pm) p*-type layer is deposited
onto the ‘front’ or ohmic side of the n-type silicon. Similarly an n'-type layer is
deposited on the grounded side (‘rear’) of the detector as depicted in Figure 4.8. This
forms a p™n junction, each side upon which is evaporated a thin (typically 500 f&)
layer of aluminum; a reverse bias of —135 V is applied to the p™ side (with the n™ side
at ground) to ensure that the depletion layer extends throughout the Si wafer so that
all of the energy deposited by an ionizing particle gets collected onto the aluminum
readouts. The negative bias also increases the magnitude of the electric field across

the depletion layer which serves both to make the charge collection more complete as

tdefined as 8.8% Pb, 61.1% O, 24.6% Si, 4% K, 0.8% Rb, 0.3%Ba, 0.19%As, 0.08% Cs and 0.15%
Na.
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FIGURE 4.8: Schematic diagram of a p*n double-sided silicon strip detector.
Electron-hole pairs are created as an ionizing particle goes through the depletion
region, and they are separately collected on readouts on the p™ (electrons) and n™
(holes) side. Both of these readouts are divided into 24 strips, providing position
sensitivity in both Z and g.

well as to decrease the time needed for the electrons and holes to reach the readouts
(i.e. the pulse duration). To add position sensitivity to this detector, the aluminum
readouts are both divided into 24 orthogonal strips whose width and spacing are nom-
inally 900 and 100 pm respectively. The lengths of the p™ strips are aligned with Z
and so, depending on which strip registers the hole collection, we obtain the position
of the hit in y. Similarly, position information in Z is determined by the negative
charge collection on a given n* strip. With a depletion depth of d = 491 um, the
capacitance works out to Cysyip =~ A/d = 4.4 pF, where A = 900 ym x 2.4 c¢m is the
area of a strip.

Upon entering (and exiting) the detector, a charged particle will interact with the
aluminum contacts, thus introducing two necessary (yet entirely negligible) dead lay-
ers. As the particle then goes through the bulk silicon, the energy deposited through

multiple Coulomb scattering in the depletion region' creates electron-hole pairs; the

tthough fully depleted, the wafer will have small gaps in its depletion region near the surface of
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positive holes are swept by the electric field to a readout on the ohmic side while
the negative electrons migrate to the readout at ground. Thus for each event, the
DSSSD fires two pulses — one for holes and the other for electrons — which are both
proportional to the energy deposited by the incident particle. The electrons and holes
are created in pairs so the two signals should in fact be identical, although in practice
differences occur due to electronic noise and, hopefully to a lesser extent, uncertainties
in the energy calibration of the strips.

The electronics for the DSSSD is illustrated by the sample strips depicted in the
figure of Appendix C (page 128). The timing of the y-strips is used to trigger events
while the energy signal (of both the x- and y-strips) goes directly to LeCroy 2249A
charge-sensitive ADCs. The timing signals are fanned together in groups of four,
each of which is then input to the 2228A TDC for separate timing; these six groups
are then fanned together giving any ‘DSSSD event’ either (a) used to provide an
event trigger (off-line calibrations) or (b) checked to see if it is coincident with the
scintillator’s timing (on-line event trigger). The hardware thresholds for each of the
24 triggering strips were individually optimized and set to be above their respective
pedestals (< 20 keV).

We will see how with a good energy calibration and an understanding of the
detector’s resolution, a condition on the difference between the two energy readings

provides a clean tag for 8 events.

4.2.2 Energy Calibration

Low-energy photons from the decay of 2! Am and '**Ba were used to calibrate the
strip detector. '*3Ba decays by electron capture [53] to a number of excited states in
133Cs. The resulting radiation consists of Cs X-rays as well as several 7 rays, with the
photons of interest listed in Table 4.1. For calibration purposes, we use the weighted
average of the two unresolved M1 v peaks and fit to one (slightly widened) peak at
80.898 keV. Similarly, the K,,- and K,,-shell X-rays are averaged to 30.851 keV. The
« decay of 2! Am to 2*"Np has a strong E1 branch (E, = 59.5412 keV [54]), providing

us with a third calibration point.

the areas between strips — carriers generated here do not get collected with the same efficiency.
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The photoelectric effect and Compton scattering are the two competing processes
for photon interactions over the energy range hv = 30 — 80 keV in silicon. In a
photoelectric process, a K-shell electron bound to the Si atom totally absorbs the
incident energy; this ‘photoelectron’ is ejected with a kinetic energy 7, = hv — B,
where B, is the shell binding energy. As was the case for barium, the inner shell
vacancy is filled up, but in this case Auger processes are favoured and so the binding
energy is generally recovered. In Compton scattering’ the photon imparts only a part
of its energy to the struck ‘Compton electron’, the amount of which depends entirely
on the direction of the scattered photon. The result is an energy spectrum that
extends from zero up to a maximum (7)., < hv corresponding to a backscattered
photon (see Equation (4.12)). For 30 keV X-rays, the photoelectric effect has the
largest cross-section so the DSSSD spectrum contains the large peak at £ = hv with
a small low-energy tail arising from Compton collisions. At 60 keV, these processes
have about equal cross sections and by 80 keV the Compton effect is an order of
magnitude larger; since the photoelectron’s spectrum is concentrated over a small
energy range, the photoelectric peak is still evident in the v sources, although the
Compton tail complicates determining the centroid as precisely as with the X-rays.

In addition to those resulting from the photon sources, a large peak referred to as
the ‘pedestal’ is evident in the energy spectrum (as in Figure 4.9); this peak occurs
when the strip in question did not fire, but another strip triggered the event. For

the charge-integrating ADC’s used, the observed pulse-height of the non-triggered

tthis is covered in more detail in §4.3.3 with regard to the off-line scintillator calibration.

Source | Rel. intensity Energy [keV]
133Ba | Cs Ky, 0.648 30.973

Cs Ko, 0.351 30.625 } 50.851

~v (M1) 0.929 80.9971(27)

~v (M1) 0.071 79.6139(6) [ 50898
2Am | v (E1) — 59.541

TABLE 4.1: Low-energy photon sources used to provide an initial calibration of the
strip detector.
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FIGURE 4.9: Sample fits to the DSSSD energy spectrum of the y source 24 Am.
The data is the coarsely binned histogram and overlayed is the fit using a function
consisting of a Gaussian (photoelectrons) plus a constant low-energy background
(Compton electrons). The fitting range is indicated by the lines above and below
the 59.541 keV peak.

strip corresponds to the ADC offset and, ideally, would be a ¢ function. In re-
ality, the pedestal is a Gaussian peak centered at zero energy with a width that
directly reflects the noise in the electronics. The average width for the x-strips is
(0g°¢) = 3.7+ 0.7 keV and that of the y strips (07°) = 3.9 £ 0.4 kéV. The centroids
of each of the photoelectron peaks as well as the pedestal provide four points which
can be fit to a linear calibration relating the observed pulse height with the energy
deposited in the detector.

The Am and Ba sources were placed in front of the DSSSD within a light-tight
and electrically shielded volume: a thin stainless steel cylinder @40 cm x 60 cm (suf-
ficiently large to minimize scattering effects off the walls of the container) with a
mount for the S-telescope assembly.

Each peak in the resulting energy spectra of the 48 strips was then individually
fit to a function consisting of a constant background that extends below the mean of
a Gaussian peak (the photopeak) representing the full energy reading of the ejected
photoelectron. Fits to the 60 keV peak from 24!Am in strips x; and y; are given
in Figure 4.9. The pedestal is fit independently by gating on pulser events for the
scintillator, in which case all of the DSSSD strips were read out with zero energy. The

widths, which are calculated using the final off-line source calibration, are typical;
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FIGURE 4.10: Energy calibration of the DSSSD strips xg and yo using the sources
133Ba and 2*!Am. The four points used in the fits (given above) consist of the
sources listed in Table 4.2 plus the ADC offset. The calibrations have an offset
with units of channels and the slope has units of keV /channel.

the pedestals contribute 3 — 4 keV to the noise while the pulsers are roughly equal
to the photopeak widths of 5 — 6 keV. The fits to the barium peaks were done
in a similar fashion, but in that case a separate overall constant background was
also required to account for the higher energy photons that Compton scatter in the
detector. The 81 keV photon interacts predominately through Compton scattering, so
the resulting photopeak in the observed spectrum is weaker compared to that arising
from the Cs K,-shell photons; these calibration points, therefore, have relatively large
uncertainties in their values.

Using the results of the fits to these spectra, energy calibrations were made using
linear regression on the four points. Figure 4.10 is the calibration for x, and ys
and numerical results of the off-line source calibrations are given in Table 4.2. The
calibration to the strips look reasonable but, as we will see in the following section,

we can improve the calibrations using the on-line 31 data themselves.

4.2.3 Extended Calibrations

In addition to the inherent resolution, the final energy reading from the strip detector
will also be affected by systematic deviations in each strip’s calibration in many ways.

As we will see in §4.2.5, event selection is based upon which and how many strips
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strip x calibration y calibration
number offset slope offset slope

(channels)  (keV/chan) | (channels)  (keV/chan)
1 58.114+0.44 0.871+0.028 | 77.15£0.24 0.850+0.017
2 55.404+0.23 0.890+0.015 | 97.49£0.16 0.74140.009
3 43.491+0.27 0.893+£0.018 | 75.264+0.12 0.822+0.008
4 43.79£0.18 0.885+0.012 | 72.62+0.22 0.805+0.014
5 58.594+0.30 0.848+0.018 | 74.98+£0.25 0.768+0.015
6 62.64+0.30 0.965+0.023 | 52.984+0.30 0.854+0.022
7 60.03+0.24 0.982+0.019 | 66.824+0.26 0.817+0.018
8 51.9840.40 0.949+0.030 | 75.17£0.17 0.81540.011
9 65.10£0.20 0.816+0.011 | 123.26+0.14 0.700+0.007
10 65.99+0.27 0.792+0.014 | 73.86+0.28 0.773+0.017
11 64.02+0.27 0.837+0.015 | 96.114+0.29 0.792+0.018
12 67.49+0.21 0.786+0.011 | 92.874+0.20 0.756+0.011
13 64.04+£0.21 0.925+0.015 | 42.41£0.31 0.807+0.020
14 61.74£0.26 1.006+0.021 | 53.46+£0.25 0.847+0.018
15 61.08+0.25 0.965+0.019 | 86.454+0.20 0.788+0.012
16 190.32+£0.39 0.68540.015 | 51.93+0.35 0.775£0.021
17 71.854+0.25 0.768+0.012 | 72.52£0.28 0.75940.016
18 61.15+0.23 0.809+0.013 | 108.564+0.18 0.761+0.010
19 91.98+0.26 0.8204+0.014 | 126.26+0.21 0.725+0.011
20 63.54+0.28 0.828+0.016 | 55.63+0.24 0.843+0.017
21 72.66+0.31 0.815+0.017 | 59.63£0.28 0.82540.019
22 63.27+0.35 0.767+£0.017 | 59.944+0.29 0.810+0.019
23 63.57+0.28 0.857+0.017 | 111.814+0.21 0.859+0.016
24 69.42+0.57 0.736£0.026 | 66.43+0.28 0.797+0.018

TABLE 4.2: Fit parameters of the DSSSD strips off-line source calibration. The
calibration is fit to a function of the form E[keV] = slope x (channel — offset).
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pass a calibrated energy threshold, as well as a maximum limit on AE = |E, — Ey|,
and so poor energy calibrations will cut legitimate events. In order to minimize the
differences in each strip’s energy reading, we take advantage of the fact that the two
signals in & and g should be identical, and effectively re-align the strips by forcing
that fact to be true on average. To that end we can use the on-line 3K data which
is advantageous because they provide a continuous spectrum well beyond the 81 keV
barium peak; the re-alignment of the calibrations using the data themselves is, by
definition, over the entire energy range of interest.

In applying the off-line calibrations to the on-line data, corrections for possible
DC offset and gain variations in the electronics were made by comparing the peak
positions of the pedestals and pulsers. Throughout the experimental runs, the offsets
of the original calibrations are adjusted by the difference in the pedestal centroids

(over ~ 5 minute intervals) from the centroids observed when calibrated. Similarly,

the slope of the calibrations was adjusted by the ratio of the pulser centroids. If 2.4

[e}

ouis the pulser centroid when the off-line calibration was done,

is the pedestal and z

then the corrections applied at time ¢ are:

offset’(t) = offset — (Zpea(t) — Zpeq) (4.1)

o
X - xped

slope’(t) = slope (Ipulg () - xped(t)) (4.2)

o
puls

The calibrations were done only a few days before the April 1999 experiment and
since the DSSSD is an inherently stable device, these corrections end up being very
small, typically on the order of 0.1%.

After applying these corrections to the 3™K ST data, for each x-strip that passed
a low-energy threshold of 40 keV with only one corresponding strip in y, the energies
E, and E; were plotted as in Figure 4.11. Assuming that variations in the y-strips’

calibrations average out, the deviation from (E;) = E,, provides us with a correction
E},tl (Exz) = an;EXi + Bxi (4.3)

with which to align each of the x-strips to the average of y. In making the fits,

Poissonian statistics needed to be used in order to be able to include the scarce events
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at higher energies. Note, however, the extended low-energy tail especially evident in
the edge strip x; (the inner strips, e.g. xo, are much cleaner indicating edge effects in
the DSSSD). FEwvery event in Figure 4.11 is plotted, so this actually only represents
< 10% (S 1%) of the total number of counts in the edge (inner) strips. It is still an
important concern, however, because this low-energy tail has a stronger weighting in
the fits if all the data are used, thereby biasing the calibrations to o, < 1 and S, > 0.
In order to minimize this effect, yet still retain the high-energy events, an iterative
method was used: in the first step we assume a,, = 1, By, = 0 and fit Equation (4.3)
only to events where Ey — 30keV < E; < F, + 30keV. Based on the new values of
oy, and [y, we again fit using events where the new |Ey; — E7|< 30 keV. This process
was repeated until the changes in the parameter values were less than their respective
uncertainties. Table 4.3 lists in detail the corrections to each of the x-strips using this

alignment scheme.

The iterative method used to fit the extended calibrations ends up applying rather
large corrections to the ?*!Am and '*3Ba calibrations. Generally, the slopes are de-
creased and the offsets increased, but by far more than can be explained by the bias
from the low-energy tail as described above. Most surprising is the change in the
offset; the pedestal peak is well-defined and if it really does represent zero-energy, one
would expect the S, parameters to be very close to zero. Random changes in the ay,
would be expected (versus a systematic difference) since the larger energy range of
the on-line data is more sensitive to the slope of the calibrations. The extended cali-
brations and the calibration of the DSSSD as a whole are therefore not without their

problems, and so the uncertainties quoted by the fit are certainly underestimated.

The extended calibrations are effective in aligning all of the x-strips’ calibrations
together, which is necessary in order to be able to compare the energies of each equally.
In order to similarly place the y-strips on equal footing, we do the same procedure
to re-fit them to the average of the corrected x-strips. The corrections are listed in
Table 4.4 and Figure 4.12 shows the fits to y; and ys. The variance of the points
around the fit is reduced compared to Figure 4.11 because the x-strips have already
been calibrated to a common energy axis. The fit parameters still show the same
trends as in the x-strips (8;, > 0 and oy, < 1), but are not as large or systematic.
The high-energy tails, however, can be seen to still have a bias since they do not
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TABLE 4.3: DSSSD calibration fits of E;, = (Ey) = oy, X Ex; + Bx;. These fits
align the calibrations of the x-strips to the average calibrations of the y-strips.

strip | By (keV)  ay (keV/keV) | strip | Bx (keV) oy (keV /keV)
1 16.94+0.11 0.9075+0.0006 | 13 12.94+0.10 0.8751+0.0005
2 13.55+0.10 0.8671+0.0005 | 14 16.80£0.10 0.8010+0.0005
3 14.4440.10 0.8562+0.0005 | 15 15.66£0.10 0.8586+0.0005
4 10.99+0.10 0.9230+0.0006 | 16 | —5.67£0.11 1.1542+0.0007
) 12.27+0.10 0.9015+0.0006 | 17 5.01£0.11 0.9923+0.0006
6 16.44+0.10 0.8729+0.0005 | 18 7.124+0.10 0.981140.0006
7 16.084+0.10 0.8804+0.0005 | 19 6.50£0.11 0.9691+0.0006
8 17.55+0.10 0.8671+0.0005 | 20 6.65+0.11 0.9720+0.0006
9 5.20£0.11  0.983040.0006 | 21 6.52+0.11 0.9948+0.0006
10 5.20£0.10 0.9856+0.0006 | 22 6.07+0.11 0.9769+0.0006
11 6.09+0.11 0.992140.0006 23 7.24+0.11 0.983240.0006
12 5.01+£0.11 0.9803+0.0006 | 24 9.47£0.12 0.9797+0.0007
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FIGURE 4.11: Comparison of E; and Ey energy readings using the calibrations
determined using off-line sources for strip x; (left) and xo (right). The solid line is
the fit B! = a X Ex + By and the

|Ey — Ey|< 30 keV.

lines contain the fitting region defined by
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follow the fit line to within the quoted uncertainties, again indicating that they are
underestimated.

As with the x edge strips the y-strips contain a background, but in this case it is
manifest as a high-energy tail. The vast majority of these events have too much energy
in ¢ and correspondingly too little energy in Z. Yorkston, et. al [55] have discussed
such effects in the case where the incident particle was a heavy ion, and they found
that inter-strip events gave rise to pulses of the wrong polarity from induced charges.
They performed similar tests with 2°“Bi but did not observe this effect in this case; the
tails seen in our edge strips are not at present understood, but the effect is relatively

small and the events can be excluded in software if desired (see also §4.4.3).

4.2.4 Characterization of the Resolution

The dominant noise apparent in the DSSSD spectra is electrical, but additional com-
ponents arise from fluctuations in particle-hole generation and charge collection. As
mentioned earlier, the electrical noise determines the width of the pedestal while the
overall inherent resolution of the detector should be reflected by the width of the
photopeaks. The average widths of the *3Ba M1 « peaks are 5.6 & 0.5 keV for y and
5.5+ 0.9 keV for x, in agreement with the resolution of these devices as indicated in
the literature [51].

The final resolution of each strip was determined by comparing the difference of
the corrected energy reading of a given strip to that of the orthogonal’s corrected
energy. This is basically the same procedure as in the extended calibrations, except
this time we just look at the deviations in order to generate an average resolution
function. As can be seen for x4 in Figure 4.13, the final extended calibration of this
strip versus all of those in y still suffers from a slight bias, as is especially evident
from events in the high-energy tail of the peak (above a2 400 keV). The dashed lines
above and below E; = E_ are at +-24 keV, representing a AE < +30y,, acceptance
for this strip (see below). The low-energy thresholds are set to 40 keV, well above
the pedestals of the strips. This strip was chosen as the example because it has the
largest offset and smallest energy range as is evident by the saturated ADC readings

at Ex,, /= 725 keV. In order to ensure that no biasing of the on-line data occurs due to
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TABLE 4.4: DSSSD calibration fits of By, = (Ex) = ay, x Ey, + fy,. These fits align
the calibrations of the y-strips to the average calibrations of the (already corrected)

Energy in (any) X [keV]

x-strips.

strip | By (keV)  ay (keV/keV) | strip | By (keV) oy (keV/keV)

1 7.02£0.11 0.9526+0.0006 | 13 | 12.80£0.10 0.8808+0.0005
2 4.53+0.11 1.0003+0.0006 14 | 10.84£0.10 0.9174=£0.0005
3 6.63+0.10 0.9685+0.0006 | 15 5.55£0.10 0.9785+0.0006
4 9.76+0.10 0.9634+0.0006 16 | 11.40£0.10 0.9123=£0.0005
3 6.36+0.10 0.9635£0.0006 | 17 6.43+0.10 0.9744=£0.0006
6 11.04+0.10 0.9130+0.0005 18 2.84+0.11 1.019440.0006
7 6.80+0.10 0.9679+0.0006 | 19 1.77£0.11  1.042040.0006
8 5.86£0.10 0.9752+0.0006 | 20 | 10.67£0.10 0.9123+0.0005
9 1.20+0.11 1.0361+0.0006 || 21 | 10.57£0.10 0.9198+0.0005
10 6.13£0.10 0.9728+0.0006 || 22 9.424+0.10 0.9360=£0.0006
11 5.10£0.10  0.9911+£0.0006 || 23 | 10.74£0.10 0.9280+0.0006
12 3.46+0.10 1.0098+0.0006 | 24 7.95£0.11 0.9450+0.0006

1000 : : 1000 : :
o, = 0.9526+0.0006 a, = 1.0003+0.0006
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FIGURE 4.12: Comparison of the energy readings of strips y; (left) and yo (right)
to that in x. The result of the fit yields Ey = ay, Ey, + By, which aligns each y-strip
to the average of the (already corrected) x-strips.
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FIGURE 4.13: Plot of Ey = vs. (Ey) — Ey , with the proposed thresholds for the
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on-line data indicated by the dashed lines. Strip x14 has the largest ADC offset and
hence smallest energy range; the upper energy threshold needs be placed at 725 keV
so as to ensure that no events are off the energy scale of this the most limited strip.
The solid lines at +24 keV represent an Z-y energy agreement condition used to
discrimate against noisy events.

such saturated energy readings, a high-energy threshold of at least 725 keV needs to
be imposed; the threshold may be set lower to value of 400 keV so that the bias from
the imperfect alignment of the calibrations is contained within the strips’ resolution.

The resolution functions defined by:
Ry, = (B, — Ey) and Ry, = (B}, — Ey)) (4.4)

were generated and a sample of them are depicted in Figure 4.14. The fact that the
Gaussian fits agree reasonably well over the peaks of the distributions, and that they
are nearly centered around zero, is very encouraging. This indicates that the resolution
of the strips is dominated by random processes and that the strip calibrations are
consistent. The widths of these Gaussian fits, listed in Table 4.5), average 8.1 keV.
The (relatively) large tails of the edge strips, however, show that they suffer from
additional systematic effects. Since these tails are not a large percentage of the events,
the edge strips can be included in a final analysis, but one might wish to consider

excluding these events if statistics is not a concern.
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Number of counts

Number of counts
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FIGURE 4.14: Overall resolution functions for strips xj, x12 (left), y1 and yio
(right). The resolution is calculated as Ry, = (Ey, — E;,J) and Ry, = (Ej, — E:’(])
The dashed lines are at 30 of the Gaussian fit (solid line), which fit well over the
peak of the distributions; the x; and y; have especially large tails arising from edge
effects.
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TABLE 4.5: Final widths of the DSSSD energy readings by comparing x and y
energy readings. The average widths are (oy) = 8.07 & 0.18 and (oy) = 8.08 &
0.18 keV.

strip x-s(tjll?i?)SsSD gi—es\t/r]ips strip x-s(tjll?i?)SsSD g{-(;v}c/llips
1 8.29+0.06 | 8.52+0.06 | 13 | 7.76+0.03 | 7.72+0.03
2 | 8.14+0.04 | 8.574+0.04 | 14 | 7.80+0.03 | 7.814+0.03
3 | 8.10£0.04 | 8.20+0.03 | 15 | 7.944+0.03 | 8.02+0.03
4 | 8.144+0.04 | 8.27+0.04 | 16 | 8.1840.03 | 8.00+0.03
5 | 8.07£0.03 | 8.184+0.04 | 17 | 8.18+0.03 | 8.05+0.04
6 | 8.04£0.03 | 8.00+0.03 | 18 | 8.07£0.03 | 8.12+0.04
7 | 7.96£0.03 | 8.06£0.03 | 19 | 8.17£0.03 | 8.28+0.03
8 | 8.004£0.03 | 8.09+0.03 || 20 | 8.24+0.03 | 8.04+0.04
9 | 7.974+0.03 | 8.03+0.03 | 21 | 8.214+0.04 | 8.09+0.03
10 | 8.03+0.03 | 8.04+0.03 || 22 | 8.35+0.04 | 8.09+0.04
11 | 7.89+0.03 | 7.92+0.03 || 23 | 8.36+0.04 | 8.24+0.04
12 | 7.87+0.03 | 7.98+0.03 | 24 | 8.96+0.07 | 8.29£0.06
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Calibrate each strip and impose
energy threshold conditions

l If strips that fired are adjacent,
add up their energies to form
Is there only one hit in £ _"© a total ‘group energy.” Now,
and only one hit in 37 is there only one group in & and
. one group in y?
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(unknown energy)
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FIGURE 4.15: Block diagram of the DSSSD analysis scheme. Essentially, we simply
require that events in the strip detector are consistent with a single hit, and that
the energy deposited in the two sides (Z and §) agree to within the resolution of
the strips.

4.2.5 Position Decoding and Analysis Scheme

The analysis scheme developed for the DSSSD relies on two important premises: (i) a
‘good’ event is one where only one pixel, a single hit in Z; and one in g;, fired and (i)
the energy reading in z is consistent with the energy reading in . The first ensures
that one particle went through the detector only once (in particular discriminating
against s that backscattered out of the scintillator), while the second is a necessary
condition for a final energy reading. A summary of this analysis scheme is given in
Figure 4.15.

The fact that the strips are calibrated allows us to impose energy threshold con-
ditions that applies equally to all strips. The first of these conditions is a low-energy
‘strip threshold’ that is placed well above the hardware (triggering) thresholds, and
any strip whose energy is greater than this is considered to have fired. Ideally (indeed
most likely), only one strip in Z and one strip in § passes this condition giving us

an event at Tpes = (1 — 12.5) mm, ypes = (j — 12.5) mm where i, j represent the strip
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number of the x- and y-strips that fired. We would like to make this threshold as low
as possible, but we must make sure that it is high enough that we don’t have strips
firing due to a random fluctuation above their respective pedestals; if this happens we
will veto legitimate events as (phantom) multiple hits. With condition (7) satisfied
and the position of the hit known, we now need to determine the energy the particle
deposited using the two energy readings. As mentioned earlier, the energy in Z should
be the same as ¢ to within the resolution of the individual strips, so we check to make

sure that they pass an energy agreement condition:
AFEpsssp = | By, — Ey;| < 0cutOpsssp (4.5)

where

ODSSSD = 4 /dl;;%Z + dE?] (46)

and oy is an adjustable (user) parameter that determines how tight this energy
agreement must be. The dFy;, dE,, are the 1o widths of the resolution functions,
as given in Table 4.5. If this condition is true, then we take the final DSSSD energy
reading to be the average of the two calculated energies weighted by their respective
widths:

E../ dEfi + Ey;/ dE?j

1/dEZ +1/dE], (4.7)

Engssp =

Events that do not satisfy (i) are not immediately vetoed because we expect that
s will occasionally be scattered into an adjacent strip. For this reason if two strips
fired in, say x, instead of just one, we check to see if they were x; and x;4;. If so, we
add up the energies deposited in each and weight the position of the hit according to

the energy deposited in each, i.e.
E, =E, + By, (4.8)

and

1 —125)Ey, + (1 — 125 £ 1)Ex,,,
Tpsssp = ( ) z —(FE )i mm (4.9)
X Xit+1
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In this way we define ‘group’ hits which are treated the same as single strip events:
if there was one group in x as well as one in y, we then check for energy agreement

between the group energy readings and accept the event if it passes.

The most sensitive test of the setting of the strip threshold is again through use
of the on-line ™K data themselves; the x- and y-strip positions, combined with
the relative number of single-pixel versus multiple strip events, indicates good noise
discrimination without a loss of good events. Figure 4.16 is a plot of the zpsssp
position for events in which there was one (group) hit in # and a corresponding one in
¢ which passed the AFpsssp < 30psssp energy agreement condition. The large peaks
of the individual strips (i.e. where no adjacent strip passed the strip threshold) reflect
the consistency of the x- and y-strip calibrations. A poor alignment causes the energy
condition (Equation (4.5)) to veto more events, the number of which would depend
on how misaligned a given strip’s calibration is compared to the average of the other
side’s; this is seen in the position spectrum when the initial off-line calibrations were
used (dashed line, slightly offset for clarity). The extended calibrations can be seen
to remedy this situation by making these peaks much more homogeneous. Almost 7%
of the events that would otherwise be vetoed are retrieved once the strip calibrations
are properly aligned and, more importantly, the efficiency of the DSSSD is much more

uniform across the strips.

The distribution of the inter-strip events is less sensitive to the relative consistency
of the calibrations; the shape of the distributions for the off-line and extended cali-
brations is very similar as seen in Figure 4.16. These events are, however, sensitive to
the applied strip threshold; if set too low, a strip adjacent to where the g left (all of
its) charge is more likely to fire from random fluctuations above threshold. This will
bias the shape of the inter-strip events towards having too many events just below
the main single-strip peak (there is not a corresponding bias just above because of
the choice of binning in this figure accentuates the very low E; ;, while the corre-
sponding F;,; is absorbed in the main peak). Alternatively, if the threshold is too
high, we would also see an overall loss of events because the cases where only a small
fraction of the charge went into the adjacent strip would be less likely to pass. For
example, if 100 keV is deposited in x; and 40 keV in x;1 (with the full 140 keV in
y;), a threshold of > 40 keV would not add back the x;;; energy back and may veto
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FIGURE 4.16: Position of DSSSD f hits in & from the on-line 3¥™K data. The
dashed line corresponds to the initial photon calibration while the solid uses the
extended calibration. Note the improved homogeneity in the number of counts of
the individual strips (linear scale, above) as well as the symmetry of the inter-
strip hits (logarithmic scale, below). The corresponding spectra for § shows similar
characteristics.

the event since Ey; # Ey,. Thus, too high a threshold suppresses events near (i + 6)
where § < 0.5, but will not seriously affect events near the midpoint since these leave
nearly equal amounts in each. The shape of the inter-strip events (averaged over all
x-strips) are plotted in Figure 4.17 and shows how the data are affected by the value
of the low-energy strip threshold. The fits, which are to a quadratic function, are
all in agreement with the data except for the last point; the 20 keV threshold is too
low because it allows too many events here while the 65 keV one is clearly too high.
Between these two thresholds, the shape and even the overall number of counts is seen
to be relatively insensitive to the value used. The large 65 keV threshold is clearly ex-
cluding events where a small (but real) amount of charge was deposited in an adjacent
strip. By looking at plots similar to Figure 4.16, but with finer steps in the low-energy
threshold, it was found that the inter-strip distributions were constant over the range
35 — 55 keV. The results contained within this thesis all use a low-energy threshold
of 40 keV.
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FIGURE 4.17: Average position of inter-strip DSSSD events using different low-
energy thresholds. When the threshold is too low (20 keV), we see too many events
below the single-strip peak and if set too high (65 keV), events to either side of the
main peaks are reduced. The lines are quadratic fits to all but the last point.

4.2.6 38mK Results

As mentioned in §4.2.1, a charged particle such as a relativistic positron loses energy
through multiple Coulomb scattering, which is an inherently random process. The
energy deposited by the positron will depend on the angle(s) it is scattered into and
how long the random walk through the detector is; the energy density distribution
follows a Vavilov distribution [56] which contains a large peak corresponding to parti-
cles which suffer only small angle scattering, as well as a high-energy tail for the ones
whose random walk through the detector is relatively large.

The on-line ¥™K data in Figure 4.18 show the final DSSSD energy reading as
analyzed according to the scheme outlined in §4.2.5, and are compared to a GEANT
simulation. The Monte Carlo has been renormalized so that the peaks of the two
spectra are equal. Both the simulation and the data have the following conditions

imposed:

e a 40 keV low-energy DSSSD threshold (from the previous section).
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FIGURE 4.18: DSSSD energy spectrum of the on-line 3¥™K (solid line, all strips)
and the comparison to GEANT simulations (dashed). The first three moments of
both distributions are given to characterize the differences.

e a 500 keV high-energy DSSSD cutoff (to reduce bias as noted for Figure 4.13).
e an Ey, — Ey, energy agreement condition using ocy; = 3.

e 2a 2500 keV low-energy scintillator threshold®

There is a clear discrepancy between the experimental data and GEANT with a
> 10 keV difference in their average energy losses; the table in the figure lists the first,
second and third moments of the two distributions. The sharp rise on the low-energy
side of the peaks agrees (up to a constant shift) and this shows that the simulated
data have had the detector resolution properly incorporated. The high energy side of
the peak is clearly sharper in GEANT, and this may be indicative of an underestimate
in the number (or angle) of scatters within the DSSSD. Part of the problem may arise

from the extended calibration corrections (of §4.2.3), and simply be a problem with

tthis condition on the E detector’s energy reading eliminates the *®K ground state v contami-

nation, which is not included at this stage of the analysis (see §4.3.5 and beyond).
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the overall calibration. Spectra of the individual strips are all aligned by virtue of
the resolution functions being centered about zero, and therefore the data are not
wider due to strip calibration variations. If the difference were solely due to the
overall calibration, then it could be corrected by fitting the data to the MC, with the
energy scale free to vary. Attempts to do this did not fully correct the situation as
the high-energy side of the peak remained underestimated, so it is more than just the
calibrations.

At this time, we do not fully understand this difference, but we do know that
in relation to the telescope’s total £ + AFE energy reading, this discrepancy is very
small: at 1 MeV, the average difference is only 1% of the total and it is only 0.2% at
5 MeV. The impact on simulations of the scintillator’s spectrum, which must include
the energy lost in DSSSD, is discussed in §4.4.1, and §4.3.5 shows that the total energy
spectrum is well reproduced if the average difference is considered. It is therefore not
crucial that we resolve the discrepancies found within this section, but improvements
can be made in the understanding of this device if more careful calibrations are made.
The full energy peak of a conversion electron source, such as 2"Bi, would help to
provide a cleaner initial calibration which would make the extended calibration easier
and presumably involve smaller corrections. The source must, however, be open
(unlike the one used throughout this thesis) so that the electrons do not suffer (much)

energy straggling before entering the DSSSD.

4.3 The Plastic Scintillator

This part of the -telescope is important to TRINAT’s # decay experiments because
it provides the (majority of the) energy measurement of the emitted positron and the
time of the event relative to the recoil detector. It has been my hope from the start
of my studies to design and optimize the scintillator well enough that the energy and
timing resolutions do not limit our measurement of the correlation parameter. The
timing of the scintillator will be shown to be good enough that our recoil time-of-
flight measurement is limited by the trap size. Preliminary tests [57] of our sensitivity
to uncertainties in the calibration of the gain indicate that Ao, = 0.1% for a 0.1%

change in the slope of the gain. As anyone who has worked with s will appreciate,
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this represented a formidable task.

4.3.1 Optimization

The block diagram of Figure C.1 in Appendix C (page 128) outlines the scintillator’s
electronics. The energy signal is taken from the dynode output of the PMT and
inverted through a LeCroy 428F linear fan in/out. The anode provides the timing
signal to the Tennelec 455 constant fraction discriminator which is used to set the
scintillator’s hardware threshold to approximately 300 keV. The stabilization unit,
discussed in greater detail later (see §4.3.4), minimizes gain variations by monitoring
a LED’s pulse-height in the PMT.

Once the scintillator and its electronics were assembled, tests were performed to
determine the wrapping that would best collect light in our geometry. The wrapping
of the scintillator can be broken up into two areas: the front face of the plastic,
and the wrapping around the side of the scintillator and light guide. For the front
face, extra care was taken to minimize the energy straggling of positrons as they
enter the scintillator. To that end, 2°"Bi spectra obtained using a Si detector were
compared when sheets of different wrappings were placed in front it. 2°’Bi decays via
orbital electron capture [58| giving two mono-energetic internal conversion electrons
at 975.6 and 1048.1 keV, which are resolvable with the Si detector. Comparison of the
energy loss effects of different wrappings and thicknesses could then be made using the
peak-to-valley ratio of these two peaks. This was done for aluminized mylar (Al on
CsH405), Teflon (CF,=CF,), white paper and Tetlarf, the results of which indicated
that Teflon [59] caused the least amount of energy loss and straggling.

Figure 4.19 shows the spectra of a 2°"Bi source using a few of the wrapping schemes
considered. Once again, the diffuse reflector Teflon was found to be best suited for
our geometry because it was with this wrapping that we observed the largest signals.
One can see that Teflon around the sides clearly yields better overall light collection
compared to Al mylar. With Al mylar only on the front face, the same overall gain

is observed as the Teflon (once enough layers was applied), but one can also see the

tThis is normally used to keep scintillators light-tight, but these tests indicated that it adds to
the energy straggling of the incident particle and so was not used.
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FIGURE 4.19: 2O7Bi spectra using different scintillator wrapping schemes. The
Teflon wrapping around the sides of the scintillator and light guide can be seen to
provide the greatest light collection; aluminized mylar on the front face yields the
same light collection efficiency, but Teflon minimizes the energy straggling of the
electrons as they enter the scintillator.

energy straggling effects in the electron conversion peak. For this reason, the final
wrapping of the plastic and light guide was done entirely with Teflon (as specified in
GEANT’s geometry on page 42).

4.3.2 Timing

Good timing resolution between the recoil and 8 detectors is essential for accurately
determining the recoil momentum from its time-of-flight. To understand the tim-
ing characteristics of the scintillator, tests were performed with another scintillator
(@4 cm x 4 cm) using a ?Na source. When placed between the two scintillators,
the back-to-back annihilation radiation from the 8% decay of this source allows a
measure of the relative timing between the two detectors. The resulting timing peak
had a FWHM = 0.9 ns which, assuming both scintillators have equal timing, gives a
Ogcin ~ 0.4 ns.

It is the relative timing of the scintillator with that of the recoil detector that

is relevant to the experiment and, since the MCP does have a small efficiency for
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FI1GURE 4.20: Relative timing between the S-telescope and the recoil detector using
an 8Y source (left) and the on-line data (right). Both fits yield a scintillator-MCP
timing resolution of g =~ 1 ns.

detecting ~ys, tests using a %Y source were made using the essentially coincident
emission of the 898 and 1836 keV lines. An 8 ns delay cable was added to the
scintillator’s timing half-way through the test in order to allow an easy channel-to-
time calibration. The results of a double-Gaussian fit to the two peaks are depicted
in Figure 4.20 (left) and give a relative scintillator-MCP timing, o, of about 1 ns.

The timing from scintillator—MCP coincidences in the on-line data contains, in
addition to the Ar recoils, a peak at zero TOF. This ‘prompt peak’ (right of Fig-
ure 4.20) is thought to arise from events where one of the annihilation s hits the
recoil detector; if an electron is ejected in one of the channels, the MCP will register
it as a hit. The prompt peak’s energy spectrum in the scintillator is badly distorted
towards lower energy, indicating that the other annihilation quantum is what pre-
dominantly fired the B-telescope!. The events above 511 keV probably correspond to
the positron backscattering off the MCP and then into the telescope (the transit time
for a relativistic 8 is 0.35 ns).

The tail at longer TOF (103-110 ns) may come from events where the positron

tA DSSSD coincidence is required in this timing spectrum.
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fires the [-telescope and this time a low-energy photon produced by the decay fires
the MCP. The daughter Ar® atom has a good probability of being left in an excited
state (11 eV) after the 5 decay; these excited states decay to the ground state by the
emission of a UV photon.

The fit to the prompt peak is a Gaussian plus two exponential tails with decay
times of 2 and 8 ns (for the atomic excited states), all with free normalizations. This
fit agrees with the %Y measurement and so we take our detector TOF resolution to
be oror = 1 ns.

In the 8 — v experiment, the resolution of the deduced energy of the recoil is
dependent not only on the relative timing of the detectors, but also on where the
decay occurred. The size of the trap affects the uncertainty in the position of the
decay (which is assumed to be the trap center) and hence the distance the recoiling
atom transverses before firing the MCP. With the typical trap dimension of 0.5 mm
along the detector axis and considering the fastest recoils (Art%+5--)  this effect adds
a £4 ns ‘time jitter’ which is greater than the detectors’ relative timing resolution.
The timing characteristics of the ([-telescope are therefore adequate for the energy
measurement of the recoil by TOF. If the trap size can be reduced by a factor of four,
however, the uncertainty in the scintillator’s timing will become significant. Another
reason for trying to improve the timing resolution is to use the *™K measurement
to deduce the trap size; this could then be compared to that obtained using a CCD

camera, which is not without its own systematic errors.

4.3.3 Energy Calibration and Resolution

The largest systematic uncertainty in the g — v experiment introduced by the (-
telescope is the energy calibration of the plastic scintillator, and therefore considerable
effort was directed toward understanding it as completely as possible. Unfortunately,
a well-characterized source of mono-energetic positrons between 1 and 5 MeV is not
readily available at TRIUMF, so the calibration was done by fitting the Compton
edges of various 7 sources.

The analysis of the Compton spectra was performed using two schemes: fitting

the data analytically to the Klein-Nishina formula, as well as fitting to a Monte
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FI1GURE 4.21: Kinematics of the Compton effect and the energy spectrum of the
Compton scattered electron for an ®8Y source (E, = 0.898 and 1.836 MeV) and an
annihilation quanta (E, = 511 MeV). The solid line is the Klein-Nishina calculation
and the dashed lines represent GEANT simulations.

Carlo simulation. Agreement between the two methods served as a consistency check,
but the detailed analysis was limited to the Monte Carlo fit since the analytical
formula does not include multiple scattering, surface effects, ¢ rays, and other effects
contributing to the low-energy tail below the Compton edge.

The energy calibration is assumed to be linear (see §A.1) so that the observed

pulse height, zapc, can be calibrated using:
TADC = To + )\Tscin (410)

Here x, is the ADC offset and A has units of channels/keV.

The dominant component to the spectrum of ¥’s in plastic is the Compton effect
(cf. photoabsorption in a Ge(Li) or Nal scintillator) which is the inelastic scattering of
a -y off an atomic electron (assumed to be free) as depicted in Figure 4.21. The energy

of the Compton electron follows from energy-momentum conservation and depends
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only on the direction of the scattered photon:

_ 7*(1 = cosO)mec?
" 14 7(1—-cosh)

(4.11)

with v = E,/mec?. The photon will transfer the greatest energy when it backscatters
(cosf = —1) so that the maximum energy in the Compton spectrum occurs at the

so-called ‘Compton edge’:

Ey (4.12)

Te max — T . 5 /o
(T.) 1+ m.c?/2FE,

To calculate the differential energy spectrum of the Compton electrons, we turn
to the quantum mechanical calculation of Klein and Nishina [60]. Letting s = T, /E,,

the result is:

d0comp wr2 52 s 2
= < 2 - — 4.13
dT, MeC2y? + 72(1 — s)? + 1-s\° (4.13)

where 7. = €?/4me,m, = 2.818 fm is the classical electron radius. GEANT uses
Equation (4.13) to simulate Compton scattering, and one can see the comparison
of the Klein-Nishina formula with simulations in Figure 4.21. The extra bump at
energies above the Compton edge arise from events where the v has scattered more
than once within the scintillator. A larger low energy tail is evident due to particles
escaping before depositing their full energy as well as from electrons that Compton
scattered from various neighboring volumes before entering the scintillator. The effects
of bremsstrahlung in the low Z scintillator at these energies is small (see Figure A.3),
but is calculated in the Monte Carlo.

The final fitting function for the 7 calibrations needs to account for the resolution
of the scintillator which depends on the number of generated scintillation photons,
the number of these collected on the photocathode, noise in the electronics and in-
homogeneities in the plastic. If we assume that the width is dominated by photon

statistics and is therefore Gaussian, we use a function of the form [61]:

0-2 (Tscin) = 0-3 + - Tscin (414)

scin

where p and o, have units of keV. The noise introduced by the electronics, o, is
reflected in the peak observed when the scintillator does not fire (the pedestal).
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The distribution used to fit the v calibrations is the convolution of the Monte

Carlo simulation with the resolution, Equation (4.14), i.e.:

Te(iﬂmax) do-
Fcom (xADCaO-scin) == / <ﬂ> exp
’ 0 dTe

The parameters free to vary in the fit to data are the energy calibration (z,, A) and

- Telzane) - 6)2] e (4.15)

20

scin

the width of the resolution (0., p). The overall normalization is fixed such that the
data and simulation have an equal number of counts over the fitting range. Fits to
8Y are given in Figure 4.22 and are seen to agree well when the fitting range is
limited to just the Compton edge itself (top and middle; the arrows denote the low-
and high-energy limits of the fitting range). The events above the Compton edge
arise from cases where the v Compton scattered more than once in the plastic, and
this effect is generally reproduced in the MC; for the low-energy s (511 of *Na and
137Cs), the MC does not do as good a job. The fit to the whole spectrum (bottom)
is not reproduced as well, and the resolution is forced to increase to help compensate
for this fact. Note, however, that when both edges are included, the offset and slope
can be simultaneously fit and that the fit values for the calibration do not change
much. The correlations between these parameters (as well as o, and p), however, are
as large as 90%; the results can depend strongly on the initial guesses for their values
and so the results are not reliable. We must therefore fix the offsets z, and o, when
fitting the spectra and should only fit over the Compton edge itself where the MC
reproduces the data well. As an initial guide, the parameters z, and o, are taken to
be the centroid and width of the pedestal.

The channel number, zapc, and width, ogin, at each (T;)max are calculated using
the fits to A and p from the 7 sources: ??Na, %°Co, Y and '3"Cs. These six pointsf
are then used to fit Equations (4.10) and (4.14) which then give the first iteration of
the calibrations: z/, X', o/ and p'. In this case, the offsets, z, and o,, are free to vary
and so are fit, even though in fitting the actual v spectrum they are always fixed.
The v spectra are then re-fit with these new values of the offsets fixed, and the whole
calibration process is repeated. This iterative method is continued until changes in

the fit values become negligible.

tThe two lines in ®°Co are not resolved by the scintillator and so only constitute one fitting point.
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FIGURE 4.22: Fits of a 88Y Compton spectrum to a GEANT simulation. The fits are
to the 898 keV «y (top), the 1836 keV « (middle) and the whole spectrum (bottom).
The solid line is the MC over the fitting range (indicated by the arrows) and the
dashed shows the rest of the MC spectrum.
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Table 4.6 lists the results of such fits for two iterations of a calibration for the
April 1999 experimental run. The fit to the calculated zapc of the 2"¢ iteration and
the residual plot are given Figure 4.23. If we are interested in calculating the energy

for a given channel number, the calibration in the figure is expressed as:
Ticin = (3.376 + 0.005 keV /chan) X zapc — (145 + 3 keV) (4.16)

The solid lines in the residual plot are the uncertainties in the calibration as given by
the above expression. The discrepant point at (7%)max = 1.94 MeV is from the Comp-
ton edge of the **K 2.2 MeV ~. This Compton edge could not be fit well because of the
large **™K ‘background’ which needed to be included in the fit; as will be mentioned
later, there appears to be a 2% discrepancy in the scintillator response between s and
Bs and so simultaneously fitting the 8 spectrum will necessarily bias the Compton
edge fit. This point was therefore not included in the fit to the calibration.

Over the limited range that the - sources cover, and neglecting the poor **K result,
the scintillator is found to be linear and calibrated to within +4 keV. Indeed, since
the experimental region of interest extends out to 5 MeV, we still must be concerned
about the linearity at higher energies. A ?*!Am/Be source is normally used for the
neutrons it produces via the ?Be(a, n)'2C reaction, but attempts were made to use
it as a 4.44 MeV + source from when carbon atoms left in the excited state decay
back to the ground state. The neutron background, much like with the 38K, made the
fit to the Compton edge unreliable. Still, to give some understanding as to possible
non-linearities in the scintillator gain, Figure 4.24 is a plot of a fit to the Compton
edges of the lower-energy ~s as well as this ?*! Am /Be source. The solid line represents
a linear fit through all the points while the dashed line is a fit with the non-linear
calibration given in the figure. The difference between the two types of calibration is
seen to be less than £25 keV which should be a conservative upper limit considering
the poor fit to the 22!Am/Be source. Clearly, it would be desirable to add points
between the #Y (1.9 MeV) and ?*! Am/Be Compton edges to better determine the
linearity between 2-4 MeV.

Returning now to the results of Table 4.6, the resolution was fit to the o, of
the 2" iteration with the results given in Figure 4.25(a). The *K and ?*'Am/Be
Compton edges are plotted, but not included in the fit (the ' Am/Be was taken from
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FIGURE 4.23: Calibration of May 2", 1999 using the Compton edges of the ~y
sources listed in Table 4.6 (left) and the residuals of the fit (right). The additional
point at 1.94 MeV is the 3K ground state, but this was fit with a large %™K 23
‘background’ and subject to systematic errors; this point was therefore not included
in the fit. The lines in the residual plot represent the uncertainty in the
calibration.
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FIGURE 4.24: Non-linear fit to the scintillator’s calibration using the Compton
edges of =y sources. These calibration points and those of Figure 4.23 were taken at
different times.
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Figure 4.25(b); see below). Additionally, the result quoted by Clifford, et. al [43] is
included for comparison; as indicated by the design simulations, it was hoped that
TRINAT’s scintillator would have a resolution comparable to Clifford’s, and it can be
seen that this has been accomplished. At least over the range of the 7 sources, the
resolution follows the square-root law expected if photon statistics dominate uncer-
tainties in the scintillator’s energy measurement. The fits actually tended towards a
negative offset, i.e. Ogein ~ V1t X Tuein — 0o} as this is unphysical, the fit was forced
to 0, = 0 if it converged to negative values. The width of the Compton edge at
lower energies is more dependent on multiple scattering effects as the vy cross section
is increasing; this complicates deriving the resolution for ¥”Cs and the annihilation
radiation from ?2Na, and tends to overestimate the o4, of these points. When o, = 0,
the fit value of p will increase in compensation, so that the resolution given in the
figure is not underestimated, though it may in fact be overestimated.

Figure 4.25(b) is a fit to the same -y sources (except '3"Cs was not included) when
the spectra were taken off-line in an environment where scattering off nearby volumes
was minimized. The fits to these spectra provided cleaner spectra that could be fit
further below the Compton edge than those taken when the scintillator was mounted
in the detection chamber. The dashed line of this figure represents the fit if the
241 Am /Be edge was not included; the solid one, whose results are the ones quoted, is
if this higher energy point is included. The result, which is in agreement with that of
the April 1999 fit, is only slightly affected by the ?*! Am /Be point due to the relatively

large uncertainty in its value. The resolution of the scintillator is therefore taken to be

Oscin = \/ (1.80 keV) X Ticin- It is this resolution function that is used in subsequent

MC simulations.

4.3.4 Stabilization

As mentioned earlier, the gain of the PMT is stabilized to correct for long-term drifts,
changes in count rates, and temperature variations. The system is schematically
depicted in the lower left part of the electronics diagram (page 128); further details

about the ‘stabilization unit’ can be found in reference [62].

A blue LED is rigidly coupled to the light guide of the scintillator just outside the
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FIGURE 4.25: Resolution of the scintillator as determined by fits to Compton edges.
The 33K and 24! Am /Be points are not included in (a) because their Compton edges
are on top of a large background (s and neutrons respectively). The result quoted
in (b) includes the ?*! Am /Be point (solid line) and does not change the result much
from just using the lower-energy ys (dashed line in (b) and result given in (a)).

vacuum system as well as to a photodiode (PD) via a fibre-optic cable. The intensity
of the LED is locked by the stabilization unit which adjusts the power driving the LED
such that the signal in the PD is maintained constant. The temperature dependence
of the PD’s gain was measured to be —0.1%/°C, so large temperature changes would
not be properly corrected for. Although TRINAT uses a temperature stabilized clean
room (£0.5°C to help keep temperature drifts in the Ti:sapphire laser intensity from
extending beyond the feedback loop’s range), we decided to house the PD in a casing

stabilized with Peltier coolers to £50 mK. Thus the LED light output is constant at
the 1 x 10~* level.

The gain of the scintillator is monitored by the unit and stabilized by locking the
LED pulse height in the PMT; this is done by adjusting the (nominally —1850 V) high

voltage applied to it. The 450 nm wavelength LED was specially chosen (versus more



78 CHAPTER 4 THE POSITRON DETECTOR

1.050
ey
<
a0
o 1025 ~
<
[}
=
a
' 1.000
S
)
Z
= 0.975
[
"~
standard deviation of points = 0.40%
0.950 \ \ \ \
0 1 2 3 4 5
Time [hrs]

FIGURE 4.26: Stabilization test of the scintillator’s gain. Plotted is the peak posi-
tion of a 207Bi source in the scintillator over the course of hours. The system can
be seen to keep the gain of the PMT constant even when subject to large count
rate changes and temperature variations.

readily available green LEDs) to closely match the spectrum of the BC408 scintillation
light as well as to overlap the peak of the photocathode response (both 425 nm). This
is important to ensure that the spectral sensitivity of the photocathode to the LED
and scintillation light be as closely matched as possible. Also, since the temperature
dependence of the photocathode’s quantum efficiency is a function of the incident
photon’s frequency, good overlap ensures that temperature variations are properly

corrected.

Tests of the stability were made using the electron conversion peak in 2°"Bi. The
scintillator, unlike the silicon detector used to test for energy straggling, does not
resolve the two lines; the spectrum has just one peak at roughly 1 MeV. The 207Bi
decay also has a few + lines, but a coincidence condition with the DSSSD removes
this background; the full absorption peak of the mono-energetic positrons is a nearly
Gaussian distribution, which is a good monitor of the PMT gain. The results of one
of the stabilization tests, when the detector was subjected to large changes in the

count rate as well as the ambient temperature, is given in Figure 4.26. The rates were
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FIGURE 4.27: Long term test of the scintillator stabilization system. The count
rate was a constant 750 Hz and temperature variations are less than 0.5°.

changed by introducing 7 sources (*”Cs and ®Co) which do not contaminate the
electron conversion peak again because of the DSSSD coincidence. In the experiment
the count rates only vary from 100 — 500 Hz, predominantly due to changes in the
amount of 3K background. The test demonstrates that, after an initial jump, the
stabilization system adequately corrects the PM'T’s gain when subject to count rate
changes 5x larger than we see in the experiment.

The temperature dependence of the system was investigated by adjusting the
ambient temperature of the TRINAT laboratory by 3°, which again is much larger
than experienced during the correlation experiment. As it did when the count rate
was tested, the stabilization system recovers shortly after an initial jump, and correctly
locks the gain.

The overall stability of the gain including large count rate and temperature changes
is 0.4%. With only small, long-term drifts in the temperature and a constant count
rate of 700 Hz, the long term stability was tested over a period of four days with the
results given in Figure 4.27. Though the gain shows a definite drift of approximately
—0.4%, the short term variations in this case are seen to be as low as 0.05%. The
Compton calibration has an uncertainty of 0.14% (extrapolated to 5 MeV) so the
stabilization unit corrects the gain well enough considering how well we can measure

the energy.
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Approximately every three days during the April/May 1999 run, calibrations using
8Y, 22Na and %°Co were made so as to monitor the long term drift of the scintillator
gain. The differences in these calibrations are only about as large as the uncertainties
in the fits themselves, and so the system is stable to within our ability to measure it
this way. Increased sensitivity to long-term drifts might be obtained by comparing
the scintillator’s on-line S spectrum as a function of time. Indeed, as we will see
in the next section, the final calibration of the scintillator is taken from fitting the
B spectrum of the entire data set. By doing this, we become less sensitive to the
long-term drifts because in this case, the calibration is fit to the gain averaged over

the entire running period.

4.3.5 38mK Results and an Extended Calibration

The on-line spectrum of the scintillator on its own, despite the 75 cm collection—
detection trap separation and the lead shielding (both of which help greatly), is still
dominated by the *K background. The -3 ratio in the pre-scaled scintillator spec-
trum was measured to be 45:1 by simultaneously fitting the Compton edge of the
2.2 MeV « and the 3¥™K 3 spectrum to GEANT simulations of the two. The hard-
ware DSSSD coincidence greatly reduces the ground state background by a factor
of 35, but the v events cannot be totally removed this way because they do in fact
have a non-negligible probability of firing both detectors in the telescope. The most
likely mechanism for these v coincidences is when the photon Compton scatters in the
DSSSD and the collisional partner, the electron, is detected in the nearby scintillator;
both detectors in this case register an event which is thus indiscernible from a (good)
B event.

Here and throughout the rest of this section, the scintillator spectra presented
require a coincident DSSSD event that passed the analysis scheme outlined in §4.2.5.
This condition, which can also be imposed in simulations, is used because it provides a
cleaner 3 spectrum by reducing the 3K background; however, the 2.2 MeV s do fire
both detectors and so will still need to be included in the analysis as a background.

The shape of the on-line 8 spectrum, particularly the low-energy part of it, was
found to have a strong dependence on the conditions imposed by the DSSSD anal-
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ysis scheme. In order to get 95% of the events in the resolution functions of the
strips, a oqyy = 3 energy acceptance should be chosen (see Equation 4.5 on page 59).
By definition, the variation of the energy reading in the AFE increases with the
AFEpsssp < 30psssp acceptance, and the suppression of background events will be
less efficient; note also, however, that it tends to accept more higher-energy DSSSD
events (2 500 keV) since these events are the ones which suffer most from inconsis-
tencies between the strip calibrations (see for example Figure 4.13). More precisely,
a tight cut of lopgssp will ezclude (good') higher-energy DSSSD events whereas the
larger acceptance retains them. The plots in the top of Figure 4.28 show the Kurie
plotst for the different DSSSD energy agreement conditions of lopggsp, 20psssp and
3opsssp- The tightest condition, A Epsssp < lopsssp, accounts for 68% of the 3opsssp
overall acceptance; the (1 —2)opsssp and (2 — 3)opsssp events contain the additional
26% and 6% respectively. In order to compare the spectrum shapes (bottom of the
figure), the spectra have been renormalized so that they all have the same total num-
ber of counts and then the difference from the average was taken. The spectrum
shape of the 20pgssp events is not dramatically different from the tight 1opsssp cut,
but does have slightly more events at lower 8 energy. The 30psssp events have a
very different shape which is expected, whether the low-energy events correspond to
high-energy DSSSD events or to a background; §4.4.1 discusses the total (F + AF)
B energy reading which discriminates between these two cases. As statistics is not a
concern in the 3 spectra from the April/May 1999 run, a DSSSD energy agreement

condition of lopgssp is used throughout this thesis unless otherwise noted.

GEANT simulations of the 3¥™K decay were programmed [63] to generate the initial
positrons (as well as the recoils) from the trap* according to the decay rate, Equa-
tion (2.24); the Standard Model values of the Cs = C5 = 0 and Cy = C, = 1 are
(always) assumed. The (s are emitted isotropically into 47 and tracked until they
either annihilate or exit the detection chamber. Any generated secondaries are also

fully tracked to ensure the simulation properly accounts for coincidences where the

t‘Good’ in that it was an e* which fired the DSSSD; it will be ‘bad’ in that we will have a large
uncertainty in the overall energy.

!The response function is not accounted for in Figure 4.28 so as to show its effects.

*The finite size of the trap, as measured by CCD cameras, is incorporated in [63].
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FIGURE 4.28: Scintillator Kurie plots for different DSSSD x- and y-strip energy
agreement conditions. The Kurie plot with AEpgssp < 3opsssp follows a straight
line above the 2.2 MeV ~ background; the events above the end point (nominally
4.75 MeV, which is below the QQ-value because of the energy lost in the Be foil,
DSSSD and Teflon) are from Compton summing of the annihilation radiation. A
DSSSD energy agreement condition set between (2 — 3)opgssp does not contribute
many events compared to the rest (top), but have a much larger low-energy tail
(bottom; renormalized).
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scintillator and/or DSSSD only fires as a result of the annihilation radiation or a ¢ ray
that goes from one into the other. The scintillator and DSSSD singles spectra are in-
cremented by the total energy deposited in them by either the primary positron or any
generated secondary. If the simulated energies deposited in the detectors both pass
their respective thresholds, as defined by those used in the experimental data analysis,
then the telescope’s singles (i.e. the T = Tyin + Epsssp coincidence) spectrum is also

incremented.

Simulations of the *K decay were made in an attempt to generate the shape of the
v background. The MC generates the 2.2 MeV photons at the collection trap since
this is where most of the ground state’s activity is concentrated. In order to speed
up the simulations, the s are not emitted isotropically, but are initially directed
towards the [-telescope in a cone that covers the area exposed by the 15.24 cm
diameter detection chamber. The Monte Carlo does not contain any volumes outside
the detection chamber, but it is important to start the ys from the first trap because
they can (predominantly forward) scatter in the chamber wall and this probability
will depend on the initial direction of the . The lead shielding is not included because
the CPU requirements would be exorbitant; this will certainly affect the simulated
3K spectrum shape because the s that (forward) Compton scatter in the lead (and
then detected in the telescope) will appear as a source of s that are distributed with

energies less than the original 2.2 MeV.

The Kurie plots of the scintillator’s on-line 8 spectrum in Figure 4.28 can be seen
to be linear above about 2.2 MeV. The deviations are predominantly due to the 3K
background, but effects from the response function of the scintillator must also be
included. The response function effects are most clearly visible as the high energy
tail near and above the end point, and by the large number of events just above
threshold; the former is from Compton summing of the annihilation radiation while
the latter arises from events where the positron was stopped in the DSSSD and one
of the annihilation quanta Compton scattered in the plastic. Both of these effects are
reproduced in GEANT as can be seen in Figure 4.29; this is a fit of the data to MC
simulations of the 3¥™K 3 spectrum and the ground state’s (coincident) v background.
The Compton edge at 340 keV corresponds to the 511 keV annihilation quanta and

has in fact allowed us to keep the offset and the slope of the energy calibration
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FIGURE 4.29: Fit of the 3¥™K spectrum to a Monte Carlo simulation that includes
the 2.2 MeV background. This spectrum represents the energy deposited in the
scintillator (only) detected in coincidence with an event in the DSSSD. The dashed
line represents a simulation of the B spectrum and the filled curve is the 33K ground
state background. The solid line is the sum of these two simulations over the fitting
range (304 — 5204 keV, over the entire spectrum).

both free to vary in the fit because we have two distinct points in the data: this
Compton edge and the known ()-value of 5.022 MeV. Note that the g spectrum only
appears to extend all the way out to the ()-value because of Compton summing of
the annihilation radiation; the bulk of the missing energy is deposited in the DSSSD
and will be retrieved in the telescope’s total energy reading. Approximately 25 and
40 keV are lost in the § window and the Teflon wrapping respectively; however, these
small dead layers are included in GEANT and so this energy loss should be accounted
for in the simulations.

In addition to the slope and offset of the energy calibration, the relative normal-
ization of the **K and **™K Monte Carlos and the resolution of the « spectrum were

also free to vary in the fit. The resolution of the 8 spectrum was fixed as the function
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obtained from the Compton edge analysis (Figure 4.25). The same could not be done
for the « spectrum because the Compton edge ends up being much too sharp. As
mentioned earlier, the lead shielding (and other additional scattering volumes) will
cause the 8K background not to be the result of only 2.2 MeV photons, but a dis-
tribution of v energies; this will smooth out the Compton edge at Eg, = 1.94 MeV.
The resolution of the background was therefore free to grow as large as necessary to
get essentially the same effect and indeed it tended towards much larger resolutions
(typically 0. ~ v/25Fey). This method of smoothing the simulated K spectrum
to account for the lack of scattering volumes included in GEANT’s geometry allows the
fit to be extended all the way down to threshold, approximately 300 keV as indicated
in the figure (also, see below). The smoothed background is not a perfect approxima-
tion to the true ground state background as is immediately evident by the fact that
it extends above 2.2 MeV, the total energy of the initial photon. The calculated 14%
contamination from the ground state represents an additional 9.4x suppression from
the DSSSD analysis scheme (using a AFEpsssp < lopsssp acceptance) on top of the
35x suppression from the hardware scintillator-DSSSD coincidence. This calculation
of the amount of 3K background present in the 3 spectrum can only be considered
approximate, however, because the fitting of the relative normalization is based on the
total integral number of counts in the two MCs. This will depend on the shape of the
spectrum and, since it changes rapidly below about 250 keV, is subject to systematics
which far outweigh the statistical uncertainty quoted.

The imperfect understanding of the v background is the source of most’ of the dis-
crepancy between the data and the fit, most notably in the ‘valley’ at about 450 keV.
This compromises the effectiveness of the 511 Compton edge in reducing correlations
between the fit parameters (in particular xz, and A of the scintillator calibration).
The fit of the edge’s position in channel number is still good, however, because the
~ spectrum is smooth and does not change very much over the limited range of the
511 Compton edge itself. It would be very useful to obtain an experimental shape for
this 3K background because it would allow more precise calibrations down to lower

energies and provide an overall better understanding below 2.2 MeV. Attempts were

tAnother possibility is an underestimation of the low-energy tail by GEANT, but this will be
shown to be small by the results of §4.5.2.
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Energy Zo A 9
Channel [keV] [channels] [ch/MeV] X
128 285 45.59 288.76 2.256
129 292 44.46 289.05 1.869
130 299 43.41 289.31 1.515
131 306 42.32 289.59 1.106
132 309 42.27 289.60 1.106
133 313 42.29 289.60 1.107
134 316 42.27 289.60 1.107

TABLE 4.7: Map of the x?/v as a function of the low-energy cut-off of the fitting
region. The threshold determined from the 7 sources of 131 channels is consistent
with this map. The high-energy limit of the fit was fixed at channel 1550.

made to get the shape from events when the 3¥™K was not trapped, but with only
a 7.6 min half-life of the ground state, they did not provide nearly enough statistics
in the scintillator-DSSSD coincidence spectrum. A dedicated period of the next run
should be directed towards measuring this background, simply by not trapping the
$8mK but still having ISAC provide us with the potassium beam.

In fitting the on-line 3 spectrum, the x? was found to depend on the fitting region
used, particularly with the low-energy cutoff. This is not surprisingly because the
low-energy part of the spectrum is where the greatest contribution to the x? comes
from. In order to have an unbiased estimate of the true energy threshold of the
scintillatorf, the threshold was determined from spectra of  sources (¥3Y, ®°Co and
137Cs) which do not contain a 511 Compton edge. These spectra showed that the
threshold does not affect the scintillator’s spectrum above channel 131. As a check,
the x? per degree of freedom (v) was mapped as a function of the low-energy cut-off
with the results given in Table 4.7. The x2/v as well as the fit parameters can be seen
to change dramatically below channel 131, but are all more or less constant above it
and so this map is consistent with the threshold value found in the 7 sources. The
threshold is therefore always taken to be at channel 131 in the scintillator spectrum;
for the calibration of Figure 4.29, this corresponds to 306 keV.

It is difficult to differentiate between the fast fall immediately below the 511 Compton edge and
that caused by the threshold.
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The dependence on the high-energy cut-off is less sensitive; fits where the upper
limit of the fitting region was varied between 4.94 and 5.46 MeV showed that the
X%/v remained essentially constant: it only changed by +1.8% at 4.94 MeV, but by
+11.1% at 5.46 MeV. Note that a small background subtraction, not included in
the present analysis, would reduce the dependence above the end point; the MC has
virtually no counts above 5.3 MeV, so the x?/v naturally rises due this high-energy
tail (which probably is a result of the cosmic ray background). The fit values for z,
and A (i.e. the calibration) changed only by a negligible amount, *3%"% and *J91%
respectively. These differences are within the fit parameter uncertainties, so the fit
of the § spectrum is independent of the high-energy cut-off. The counts in the data
are predominantly background above channel 1550 (& 5.2 MeV) and so this value is
chosen for the f fits which follow.

The calibration fit in Figure 4.29 is rather different from that obtained using
the 7 sources (see Figure 4.23 on page 75). The channel numbers corresponding to
5 MeV differ by 2.2%, which is well outside the difference allowed from the calibration
uncertainties. This effect may be a result of inefficient light collection from where the
[Bs generate scintillation light compared to the whole; since the vs Compton scatter
homogeneously throughout the plastic, they average over the bulk of the plastic while
the fBs are concentrated more near the front face of it. Another possibility is the
inaccuracy of GEANT’s ability to properly simulate () annihilation-in-flight, (4) the
differences in the radiative energy losses of e™ to that of a Compton scattered e,
and/or (4ii) the relative cross-sections for radiative and collisional energy losses of
positrons. Differences in calibrations from v and positron sources has been noted by
others [64], but a full explanation has still not been found. Since the 8 spectrum
fit is to the data themselves and it averages over variations throughout the running
period, this calibration is preferentially used instead of the Compton calibration. The

resolution, however, remains defined by the fits to the Compton edges.

For the 8 — v correlation experiment, the additional coincidence condition with
the recoil detector virtually eliminates the 3K v background and indeed, may one
day be used as a test of the lower 8 energy part of GEANT’s simulations. At present
though, other uncertainties preclude doing this (see §4.5.2), and so the measurement

on a will be sensitive to how different the [-telescope’s response function is from
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GEANT simulations. The present analysis scheme does not, however, use events below
Ts = 2.5 MeV; thus the fit of the scintillator’s S spectrum that is relevant to the
experiment does not include the ground state background. Without fitting the 511
Compton edge, the offset of the calibration cannot be fit, so we fix it to the result
obtained from the § fit of Figure 4.29, namely z, = 42.3 channels. With now only
the slope, A, of the calibration free to vary, Figure 4.30 shows the result of a fit
where the low-energy limit of the fitting range was 2.2 MeV. Over this more limited
range, the GEANT simulation of the 5 spectrum is excellent, with a confidence level of
over 80%. This means that for the correlation experiment, GEANT does a very good
job of reproducing the 3 spectrum over the region of interest. A potential source
of concern would be a difference in the value of A fit here with that of Figure 4.29,
however the difference of 0.05 ch/MeV is well within both of their uncertainties.
The two calibrations agree, and this result is important because it shows that the y
background and, to a lesser extent, the DSSSD—-GEANT discrepancy, does not bias the
scintillator’s calibration obtained in fitting the § spectrum. The GEANT simulation
of the ground state smoothed with a resolution much worse than measured, is in this
case an adequate approximation because fitting above it does not change the best-fit

calibration. Therefore, the calibration of Figure 4.29:
Ticin(zapc) = (3.4531 + 0.0014 keV /chan) X zapc — (146.1 + 1.5 keV)  (4.17)

can be considered reliable and should be used in any analysis of the April/May 1999
data set that requires the s energy. The differences from the observed DSSSD energy
spectrum and that of GEANT’s may also affect this fit because this energy is subtracted
in both the MC and the data; the calibration may therefore be biased, but only slightly
since the discrepancy is very small compared to the energy deposited in the scintillator.
This effect is addressed later in §4.4.1.

4.4 The B-telescope

Whereas earlier sections dealt with the £ and AE detectors separately, this section
deals with the results from the April/May 1999 run of the S-telescope as a whole.
First, the telescope (meaning the Tyin + Epsssp = T3) B spectra are presented and
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FIGURE 4.30: Fit of the 3¥™K spectrum above 2.2 MeV to a Monte Carlo simula-
tion. The fitting region (2193 — 5205 keV) is above the 3K background contam-
ination, and so the MC in this case is only of the § spectrum. The offset of the
calibration is fixed at z, = 42.3 from Figure 4.29 because the 511 Compton edge
is not fit.
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discussed. Following this is §4.4.2 which compares backscatter calculations of GEANT
to those on-line using the DSSSD position information. The uniformity of the tele-
scope response to the incident positron’s direction is discussed in §4.4.3. The final
section explains how the S-telescope may be used to measure b,, the Fierz interference

parameter.

4.4.1 Total 8 Energy

The previous two sections have provided us with both the calibration and the resolu-
tion of the scintillator and all of the forty-eight DSSSD strips, as well as an effective
position decoding analysis scheme. The calibrations allow us to sum up the scintillator
and DSSSD energy readings for a total Ts measurement!. Having an understanding
of these detector resolutions further allows us to program GEANT to simulate the
telescope’s B spectrum of the ™K decay; the resolutions are essential because they
must be applied before adding the two energies (as is the case with the real data)
rather than fitting them after. Prior to fitting or comparing the on-line spectra to
these MCs, considerable effort must be made to ensure that all conditions placed on
the on-line data are reflected in the simulation. As a quick list, the most important

parameters to consider are:
e The detectors’ resolutions and calibrations (fixed).
e The scintillator’s low-energy threshold (user parameter).
e The DSSSD low- and high-energy thresholds (user parameters).

e The active area of the DSSSD (user’s choice; for example, whether or not the

edge strips are included).

We saw earlier in Figure 4.28 how the value of 0., used in the analysis of the
on-line data has an impact on the resulting S-telescope’s spectra. The corresponding
figure for the total energy, T = Tyein + Epsssp, is given in Figure 4.31. A qualitative

comparison of these two figures tells us that the additional low-energy events in the

tIn fact, this coupled with the position information gives us a measurement of the positron’s

momentum, p,.
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F1GURE 4.31: The telescope’s 8 spectra for different AFEpgssp conditions. These
are the corresponding spectra for Figure 4.28; they have the same conditions applied
and only differ in that the DSSSD energy has been added to the scintillator’s.

larger AFEpsssp spectra are not due to the greater acceptance of high-energy DSSSD
events (as suggested they may be in §4.3.5) because adding back the DSSSD energy
does not remove this low-energy tail. With just a little imagination, one can see the
Compton edge of the 2.2 MeV background in the 3opsssp [ spectrum, indicating
that the larger acceptance instead allows a greater contamination from this, and
presumably other, backgrounds. Thus unless statistics is a great concern', the tighter
AFpsssp energy cut of < lopsssp should definitely be used.

The Compton edge at 340 keV, prominent in the scintillator’s energy spectrum,
no longer appears once the DSSSD energy has been added back in. If the peak
remained, it would indicate that these events fired just above the DSSSD’s threshold,
and they would likely be due to a random fluctuation above threshold, randomly
coincident low-energy photons, or they might point to a flaw in the analysis scheme.
The fact that the edge does not remain in the telescope’s 8 spectrum shows that an

appreciable amount of energy was deposited in the DSSSD; this is consistent with a

tWhich may be the case once the recoil coincidence is applied, for example.
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positron scattering or stopping in the strip detector, and then one of the annihilation
quanta Compton scattering in the scintillator. The total energy of these events are
distributed above the Compton edge in the [ spectrum, so the telescope will contain
some background from these events, but these events are (i) impossible to remove
by a re-design of the telescope, (7i) a small percentage of the total number of events,
and (4i¢) reproduced reasonably well by GEANT for the scintillator’s spectrum as
shown in Figure 4.29. They can be greatly suppressed, however, simply by setting
the scintillator’s (software) threshold at or above 400 keV in the analyzing program.

Although it is good that these events do not remain a well-defined Compton edge
in the telescope’s spectrum, it also perhaps a /little unfortunate because we no longer
have two distinct points to fit to as before. As was the case when fitting above
the 2.2 MeV background, we must fix the offset of the energy calibration. For the
telescope, this ‘energy calibration’ will be different from the scintillator or DSSSD’s
in that it is already calibrated, and therefore in units of energy rather than channels.
If we were to fit the MC to the telescope’s 8 spectrum and if everything was perfectly

calibrated and simulated, the telescope’s calibration:
T =Tg +n (Tscin + Ensssp) (4.18)

would yield an offset of T = 0 keV and n = 1 keV /keV for the slope. The poor
agreement between the DSSSD’s energy spectrum and that simulated by GEANT is an
immediate indication that this is not the case. To first order, however, the difference
between the DSSSD and GEANT’s energy distributions is given by the difference of
their mean values, which is —10.3 keV (see Figure 4.18). We therefore can account
for the AFE’s discrepancy on average by fixing the offset to be +10.3 keV.

The ( spectrum from the on-line data and the results of a fit to a MC simulation
is given in Figure 4.32. As mentioned earlier, the resolution of the detectors must
be input into the MC before adding the detectors’ energies up, and therefore the
resolution cannot be fit. The free parameters in this fit are just the slope of the
calibration and the relative normalization of the 8 and 2.2 MeV 7 background. The
simulation of the ground state, which is convoluted with the same resolution as in
Figure 4.29, is not as good an approximation anymore as the Compton edge is clearly

visible at 1.9 MeV. The unreasonably large resolution of the ground state in fact
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FIGURE 4.32: Fit of the 3™K T spectrum to a Monte Carlo simulation. The offset
was fixed at 10.3 keV because of the average difference between the GEANT simu-
lated and measured DSSSD energy spectra. The 3K background is not reproduced
as well when the DSSSD energy is added back in.

can be seen to limit our low-energy fitting range because it unphysically places events
below the scintillator’s threshold, resulting in a low-energy tail. One point that should
be noted is that the resolution of the 3¥K background in the DSSSD was not adjusted
since we have no idea what the DSSSD’s spectrum is in this case. Indeed, simulations
indicate a higher average energy loss than the 3¥™K s, and since there already is a
DSSSD-GEANT discrepancy, the DSSSD’s *K spectrum can play a more important
role. Perhaps most significant, however, is the fact that in this case the background
shape in both detectors must be fixed when fitting the 8 spectrum, rather than open to
approximating over-estimations of the resolution. It is not too surprising, then, that
this total 8 energy spectrum is not reproduced as well. Once again, an experimentally
measured spectrum shape for the ground state is essential for a good understanding
below 2 MeV.
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FIGURE 4.33: Fit of the 3¥™K Tp spectrum above 2.3 MeV to a Monte Carlo
simulation. Above the 3¥K background, the MC is seen to reproduce the on-line

38mE 3 spectrum very well.

The fit to the data naturally has a large x?/v due to the ground state background,
but otherwise the fit looks very good. The fit to the re-calibrated slope is unity within
uncertainties which is encouraging. As with the scintillator’s spectrum, we also fit
above this ground state to see how that affects the calibration. The result is plotted
in Figure 4.33 and again we find that the MC does an excellent job of reproducing the
data. The fits were sensitive to the low-energy cut of the fitting region, and needed
to be placed slightly higher than expected (< 2.2 MeV) in order to obtain good
agreement. The value of 7 is one to within 0.06%, which is a clear indication that the

DSSSD-GEANT discrepancy is negligible once the average difference is accounted for

(T2 = 10.3 keV).
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4.4.2 Backscattering Losses

As discussed earlier, one of the reasons TRINAT decided to switch to a plastic scintil-
lator instead of the Si(Li) as the FE detector was to reduce backscattering losses. The
low-Z plastic has a relatively low probability for backscattering and the simulations
of Figure 4.2 indicate that our losses are dominated by backscattering off the DSSSD;
this represents an overall loss of event acceptance and can affect the § spectrum if
an annihilation photon then Compton scatters in the scintillator, as discussed in the

previous section.

There is also another type of backscattering loss to consider, and one that can
be measured and then compared to GEANT as a check of how well it is reproduced
in the simulations. Consider events where the g first goes through the DSSSD, then
scatters in the scintillator, and eventually scatters back out through the DSSSD again.
These events (hereafter called ‘backscattered events’) will add to the low-energy tail
of the telescope’s response function because energy is deposited in both the £ and AFE
detectors. The pixel of the DSSSD that the positron enters through will, in general,
differ from the one that it backscatters out through; in this case, the event is flagged
as a double hit and vetoed by the analysis of the DSSSD position information. We
assume that these double hits in the DSSSD, where both (Z and ) group hits passed
the position and energy cuts (o¢, = 1) of the DSSSD analysis scheme, are primarily a
result of this backscattering effect; the probability of a random double § coincidence
is very small considering our 3 event rate of typically < 30 Hz. The fraction of these
backscattered events in the 3¥™K data was 1.12% of the total number of accepted 3
(one DSSSD hit) events using o, = 1 in the analysis scheme. If the DSSSD energy
agreement is increased to oy = 3, the fraction of backscattered [’s increases to
1.35%. In either case, events where there was more than two groups in Z or ¢ were
still excluded (less than 0.09%), and not considered to be a backscattered f. GEANT
simulations can also have these backscattered events tagged, and the comparison to
the on-line data gives an idea as to how well GEANT calculates scattering within the
scintillator. The result of a simulation of the unweighted /3 spectrum was 1.22%. This
is in agreement with the data, considering the spread in the results from the choice

of Ocut-
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4.4.3 Uniformity of Response

The gain of the scintillator may vary according to where in the plastic the scintillation
light was generated because the light collection efficiency can vary with position. Off-
line tests were performed with a 2°"Bi source where the source was moved along the

length of the scintillator, with variations in the gain found to be at the 1% level.

This preliminary result is encouraging, but the effect on the correlation experiment
can be different. By placing different position conditions on events in the DSSSD, we
can use the on-line **™K data to map out the non-uniformity. The difference in the
B spectra of the different cuts can be used to determine our sensitivity. For example,
if we define an ‘inner’ DSSSD position cut and and outer DSSSD cut, we can check
that the light collection of the scintillator around the centre is the same as near its
edge. In order to obtain good statistics on the f spectra, a large area at the centre
of the DSSSD (defined by a @1.2 cm circle) was chosen for the inner cut; an outer
area defined by strip positions outside the @2.4 cm circle has the same area as the
inner circle. Circles are defined (rather than 0.1 mm wide squares) because of possible
inter-strip events, even though they are but a small fraction of the single-strip events.
Note that these circles do in fact have an equal number of the dominant single-strip
pixels (only one strip in Z and one in g).

The B spectra of Figure 4.34 are the results where the inner and outer position
conditions were imposed on the 3¥™K data set. The outer DSSSD events’ efficiency is
83% that of the inner ones and this is mainly due to the reduced efficiency of the edge
strips as discussed in §4.2.5. In order to aid in comparison of the spectra, this relative
inefficiency has been corrected for by renormalizing the inner DSSSD’s spectrum to
have an equal number of counts as the outer. The plot in the upper right of the figure
is the difference in the number of counts, and generally the agreement can be seen to
be very good. The difference is < +5% in the number of counts (for energies less than
4 MeV; see plot in upper right of Figure 4.34) indicating uniformity of the scintillator

and telescope as a whole to the direction of the incident /.

Above 4 MeV, the difference is a considerable fraction of the total number of counts
and we should determine how sensitive our measurement of the correlation parameter,

a, will be to this non-uniformity. To that end, full Monte Carlo [65] simulations with
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F1GURE 4.34: Uniformity of response of the plastic scintillator. The two 8 spectra
differ by the position condition of the DSSSD imposed on them: the shaded @1.2 cm
circle in the centre (‘inner’) and the shaded area of the corners (‘outer’) chosen such
that the two have equal DSSSD areas. The plot insert in the upper right is the
(percentage) difference in the number of counts between the two spectra.

both responses must be performed. The resulting fits of a to these fake data, and
their deviations from that input into the MC, will give us the relative importance of

the telescope’s uniformity.

4.4.4 The Fierz Interference Term

The Fierz interference term, b, of Equation (2.24) will, in general, be non-zero if
a # +1; this is made explicit by Adelberger, et. al [10] when they express their mea-
surement in terms of a = m The final analysis of TRINAT’s 8 — v cor-
relation experiment may very well incorporate b, by directly fitting the Cgy and
sy Pbarameters; in the present analysis scheme, our sensitivity to this interfer-
ence term will be small because it only considers events above Eg = 2.5 MeV where
0.093 < mec?/E, < 0.17. With the limit of |b,| < 0.007 [11], the impact on the corre-
lation parameter is relatively small: @ would only differ from a at the 0.1% level.
The ability to reproduce so well the unweighted 3 spectrum for the %™K data
allows us to consider fitting b, using the telescope on its own. A preliminary investi-

gation into this prospect has been completed which looks very promising, but a more
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detailed analysis is necessary to compete with current limits. The unweighted § spec-
trum was fit to MC simulations as in §4.3.5, but this time the number of counts in
this MC spectrum was renormalized by (see Equation (2.24) with Jackson, Trieman

and Wyld’s Coulomb correction):

Nuce

NJI\/IC(E) 2 1—(1805)2

(4.19)

1+ b,

where b, was a free parameter in the fit. The other parameters left free to vary
were the slope of the energy calibration (A of Equation (4.10)) as well as the relative
normalization and resolution of the **K background (which was not renormalized by
Equation (4.19)). The slope of the calibration in this fit agreed with the fit when b, was
set to zero: A = 289.59 + 0.13 versus 289.72 4 0.15 channels/MeV and z, = 42.2+ 0.4
versus 42.3 £+ 0.4 channels). This is an important result because it shows that the
Fierz interference term will not bias our on-line § calibrations of the scintillator.
The normalization of the v background did significantly change, however, and was
highly correlated with b, (97%). This is a result of the poor spectrum shape of
the background simulated by GEANT, and limits our sensitivity to b, since energies
below the Compton edge are where the interference term will have the largest effect.
The result of this fit was b, = —0.05 £ 0.03 which is much larger than the limit of
|be| < 0.007 £ 0.005 [11] reported earlier. If only A of the calibration and b, are left
free (with the background fixed to the results of the fit with b, = 0), then the limit
on b, is very good and comparable to the published results: b, = —0.003 £ 0.008.
There is no justifiable reason for fixing the background parameters, however, and
this result is only an indication of what limits may be attainable once efforts in
understanding the shape of the *K background are complete; in addition, questions
about non-linearities in the scintillator gain will need to be addressed, and calculable

higher-order corrections must also be included.

4.5 B—Ar Coincidences

The MCP-p-telescope coincidence spectra are presented in this section. As this is

largely the basis of A. Gorelov’s thesis [18], the analysis contained here is preliminary



4.5 [B—AR COINCIDENCES 99

and only meant to give an indication as to how the S-telescope will be used (as well
as how it will perform) in the 8 — v correlation experiment. The first section explains
the scattering effects that are present in our geometry and shows how well GEANT
reproduces them. The other section compares simulations of 3 spectra where a recoil

coincidence is required to those observed on-line in April/May 1999.

4.5.1 Scattering Effects

The plot in Figure 4.35 is a Monte Carlo simulation of the f—v correlation experiment
for the Ar'™' recoils. This MC is a combination of GEANT (positron tracking) and
A. Gorelov’s (recoil tracking) code [65]. The electric field of —829 V/cm is not strong
enough to collect all of these recoils, but it does increase the efficiency greatly and is
easily implemented in the analysis if it can be considered uniform, as it was in the
simulation. The efficiency of the MCP is assumed to be uniform, and its active area
has been assumed to be @2.5 cm. The kinematic limits indicated in the figure were
calculated for the back-to-back geometry using point-like detectors with an ideal
response function. The Monte Carlo includes the finite trap and detector sizes, as
well as the energy and timing resolution of the S-telescope; the Compton summing
of the annihilation radiation is clearly evident as a ridge at [ energies above the slow
branch.

The events outside the kinematically allowed region at longer times-of-flight de-
serve special attention because they correspond to positrons which were not emitted
toward the S-telescope, but (predominantly back-) scattered before entering; this will
bias the initial direction of the recoil and hence the TOF. Consider the case where
the Ar' ion recoils toward the 3 detector; the electric field is strong enough that it
will be turned back and accelerated onto the MCP. If the decay is in the fast branch
of this ‘reversed geometry’, then the recoil TOF will be constant (at ~ 1 us) and
the leptons will both be emitted toward the recoil detector. The positron then has
a non-negligible probability of backscattering off the MCP (lead glass) or one of its
electrostatic hoops (aluminum) into the S-telescope. If this happens, the event would
be detected just like a ‘good’  — Ar coincidence, but outside the kinematic limits at

longer TOF. These events are plotted separately in the bottom of Figure 4.35. Now
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FIGURE 4.35: Monte Carlo simulation of the recoil TOF as function of 8 energy for
Ar™! recoils (top) with the kinematic limits for the back-to-back geometry (solid
lines). Events in the kinematically forbidden region at longer times-of-flight are a
result of positrons that scattered before firing the S-telescope. Most of these events
are a result of the 8 backscattering off the recoil detector or one of the electrostatic
hoops (bottom).
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consider a backscattered! 3 which came from the slow branch; the recoil in this case
is directed toward the recoil detector rather than away, and so the event is detected
at faster TOF. Essentially, the spectrum shape of the backscattered Ss will have the
same form as the ‘direct’ ones, but it is reversed in TOF and shifted down in 3 energy
(from the energy lost in the volume where it backscattered).

The events where positrons backscattered off the MCP or one of the hoops were
tagged in the Monte Carlo once it was found to be a clearly visible background.
Table 4.8 gives the percentage of S—Ar coincidences where the positron scattered off
a volume before firing the telescope. The G10 frame of the DSSSD and the inside
part of the front face of the telescope vacuum chamber that defines the 5 window are
seen to scatter the largest fraction of the events. Exclusion of the edge strips does not
reduce these scattered events as much as one might expect; this agrees with the lack of
(real) low-energy tails observed in the edge strips, although other systematic effects
still favour restricting the DSSSD active area. The major concern regarding these
events is that though they will appear to be good g events, they will be registered in
the wrong DSSSD position (and so will yield an incorrect measurement of 6g,) and
will be in the low-energy tail due to the energy lost when scattering. The MCP and
electrostatic hoops are the dominant source of backscattered [ events and explain
most of the background seen above the slow branch in TOF; additional volumes off
which the 8 can backscatter include the mount for the hoops behind the MCP, the
MCP’s flange and the vacuum chamber itself.

We do in fact see evidence of these backscattered (s in the on-line data, which is
given in Figure 4.36. A comparison of this with the simulation of Figure 4.35 shows
that the two are very similar and that the MC does a good job of reproducing the scat-
tered events. The two differences between them are a small constant background from
random MCP—-telescope coincidences, and the tail of Ar*? events at TOF < 550 ns.
The TOF for the fast branch of the backscattered events of the Art? will overlap the
(direct) fast branch of the Ar*!. This same effect will occur for all higher, otherwise
resolved, charge states as well. Once a Eg cut of 2.5 MeV is applied, however, the

backscattered peak is greatly reduced, and the different charge states are separated

tThis definition of ‘backscatter’ is not the same as in §4.4.2; in this case, it corresponds to

positrons that were initially emitted in the —Z direction.
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B scattering volume Ar®  Artt O Art? Art3 At
e Steel around g window
& | including edge strips | 1.85% 2.59% 2.69% 2.73% 2.72%
§ & | — excluding edge strips | 1.73% 2.27% 2.47% 2.48% 2.42%
T & | G10 DSSSD mounting
E — including edge strips | 1.42% 2.03% 2.28% 2.45% 2.55%
= — excluding edge strips | 1.32% 1.65% 1.85% 2.02% 2.02%
© 5| Lead glass of MCP
g g | eadsglass of ML 0.28% 0.12% 0.17% 0.19% 0.20%
& w | (including edge strips)
= 8
a2 .
% & |  Blectrostatichoop 1 ye0r 078% 1.00% 1.23% 1.44%
o E (including edge strips)

TABLE 4.8: GEANT calculations of the percentage of s that scatter before firing
the telescope for various Ar recoil charge states.

in TOF so that this is not a serious concern.

A measure of the quality of the GEANT simulations can be estimated by comparing
the TOF projections of Figures 4.35 and 4.36. Such a comparison for the Ar™! recoils
is given in Figure 4.37 where the background was fit to the events between the Art!
and Ar® peaks, and the summed curve (Monte Carlo + background) is normalized
to have the same number of counts as the on-line data. The MCP positioning is not
fully understood at the present time, and known non-uniformities in the electric field
of the April/May 1999 data are not included in this preliminary analysis. However,
once they are, the comparison over the peak of the fast branch should improve greatly.
The backscatter peak is not quite as large as in the data, but the MC does account for
most of it; the addition of the ceramic rods used to mount the electrostatic rings into
GEANT’s geometry should reduce this difference even further in future simulations
that include them.

Regardless of the outcome as to GEANT’s reliability in its absolute scattering rates

once a detailed analysis is completed, it has already helped improve the experiment
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FIGURE 4.36: Scatter plot of recoil TOF versus T from the on-line 38mE mea-
surement. The same kinematic limits as in Figure 4.35 are plotted for comparison.
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FIGURE 4.37: TOF projections for the Ar™! and comparison to GEANT. The solid
line represents the full GEANT simulation; of these, the line are events where
the positron backscattered off of the MCP or one of its electrostatic components
before entering the (-telescope.
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by identifying the backscatter background and, once known, its TOF has proven to

be useful in understanding the electric field.

4.5.2 38mK B — Ar Coincidence Spectra

Although not easily evident in the scatter plots of the previous section, the S—Ar
coincidence condition virtually eliminates the 3K background. This can be clearly
seen by the examining the recoil-coincident 3 spectra and looking for any sort of bump
at around 1.9 MeV. Using the same analysis as was done for the  spectra in §4.3.5
and §4.4.1, these spectra are given in Figure 4.38 for the different recoil charge states
Ar% Ar! and Ar?; the Ar® and Ar? are continued in Figure 4.39. Both the scintillator
(left) and the scintillator + DSSSD spectra (right) are compared’ to MCs.

Happily, there is no evidence of a 3K background in any of the spectra; this result
is expected because the probability of the v firing all three detectors is extremely
small. In fact, the MCs generally agree very well with data for Tyin ~ T3 < 2 MeV.
It is for this reason the claim was made (see page 85) that the discrepancy in the
scintillator’s 3 spectrum was predominantly due to the 3¥K background, and not from
a grossly incorrect GEANT simulation of the low-energy tail. Note in particular how
GEANT correctly reproduces the Compton edge from the 511 keV annihilation quanta
in the scintillator spectra; this indicates that the discrepancy in Figure 4.29 is due
predominantly to the misunderstood 3K background, and not GEANT’s simulation
of the background.

We can actually hope to one day test the low-energy tail of GEANT’s response
function by seeing how well it reproduces the data of these background-free spectra.

At present, however, the data are subject to a number of uncertainties:

e The MCP efficiency. This is most notably true for the Ar® because their ef-
ficiency is unknown and may vary significantly. The charged recoils are all

accelerated to energies where the response is flat to within 2%.

e The electric field. Considerable effort has been made to understand the electric

field as thoroughly as possible [57], but the preliminary analysis presented here

tNote, they are not, in any way, fitted; the relative normalization is chosen so the data and MCs

have an equal number of counts.
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of the unweighted 8 spectrum, Figure 4.29 on page 84.



106 CHAPTER 4 THE POSITRON DETECTOR

250 Ar+3 moment |data MC 250 Ar+3 moment |data MC
mean |2266 2246 mean | 2450 2428
2 200 " seen | 005 o) [ 200 e | om o] [
5
© 150 - - 150 -
S
& 100 - - 100 -
£
:
= 50 + - 50 -
108 : : : : i : 108 ) 1 1 1 1 |
+4 . moment (data MC +4 . moment (data MC
Ar Ar
mean |2254 2180 mean |2438 2363
£ 80 l "o oae aw|[ 80 ] i P
5
© 60 - - 60 -
I3
g 40 - 40
:
= 20 ~ - 20 1
ik !

0 — L
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
[keV] Ty [keV]

T_.
scin

FIGURE 4.39: The ™K f spectra coincident with Ar® and Ar* recoils and com-
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4.5 [B—AR COINCIDENCES 107

has not incorporated known non-uniformities. Indications are that the field was
close to —829 V/cm near the trap, but decreased to about —780 V/cm at the
surface of the MCP.

e The active area of the MCP. The position spectrum of the MCP is not fully
characterized yet and this affects the present discussion because, although we
are integrating over the whole area, we need to accurately know what that
area is. It was found that by changing the MCP radius by 1 mm the resulting
spectra were noticeably different, especially for the neutrals and lower (< 3)

charge states.

Considering these varied systematics, the present comparison of GEANT to the
on-line data must remain relatively qualitative. The different charge states were
chosen by simple cuts in TOF; a more detailed analysis should consider the overlap
of higher charge states. To indicate the differences that currently exist, tables of the
first through third moments of the two spectra are given in each plot of Figures 4.38
and 4.39. The differences are largest for the Ar® data which is most likely a result of
the MCP efficiency. All of the charged recoils have better agreement which is expected
since the uncertainties in the electric field are less than the uncertainty in the efficiency
of the neutrals. As we go to higher charge states, the coincident-3 spectra look more
and more like unweighted 3 spectra and the agreement generally improves.

Once the systematics are better understood, a detailed analysis of the recoil-
coincident 8 spectra may be made. This would complement fitting the (S-singles
spectrum down to threshold once the shape of 33K ground state background has been

measured.






CHAPTER 5

Conclusions

A [-telescope consisting of a double-sided silicon-strip detector and a plastic scintil-
lator has been designed and constructed to observe the positrons emitted in the
decay of 3¥mK.

The energy calibration of the plastic scintillator has been accomplished using the
Compton edges of various v sources as well as by fitting the on-line 3 spectrum to
detailed Monte Carlo simulations. The resolution of the scintillator is derived from
the Compton edge analysis and found to follow the square-root law expected if it
is dominated by scintillation photon statistics. The width, o, of the scintillator’s
timing resolution relative to a micro-channel plate detector has been measured to be
one nanosecond. These characteristics fulfill, and in some cases even surpass, the
specifications we had set when designing the scintillator.

The calibration and resolution of each strip of the AF detector have also been
determined by using both low-energy photon sources as well as the on-line data
themselves. The strip detector is an essential component of the S-telescope because,
in addition to providing the position information needed for a measurement of the
positron’s momentum, it is an effective tag for 5 events and greatly reduces v back-
grounds.

Monte Carlo simulations using GEANT are generally in good agreement with the
measurements of TRINAT’s April/May 1999 *®K data set for observables that are
independent of any scalar interactions which will be determined in the final analysis.
There is a (Fpsssp) = 10.3 keV discrepancy between the MC and the measured en-
ergy spectrum in the strip detector that is not presently understood, but the impact

on the total T3 measurement was found to be negligible. The simulations reproduce
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the scintillator’s § spectra very well, although our understanding below 2.2 MeV is
complicated by the large 33K (ground state)  background. The E — AFE coincidence
reduces this background by more than 99.5%, but there is still about a 15% contam-
ination in the telescope’s B spectrum. GEANT calculations of the fraction of 8s that
backscatter out of the plastic and through the strip detector a second time are in

agreement with those found in the data.

The goal of TRINAT’s ™K 3 decay experiment is to make a precise measurement
of the 8 — v correlation parameter a. The [-telescope’s most significant contribution
to the uncertainty in this measurement, o,, is 0.05% taken from the uncertainty in
the (8 calibration of the scintillator; possible non-linearities in the gain may increase
this uncertainty to 0.5%. The uniformity of the scintillator’s response over the active
area of the strip detector has been investigated, and small differences are noticed.
This is a concern because it will be highly correlated with 6s,, but an estimate of
the contribution to o, still needs to be performed. The ground state’s v background,
prevalent in the telescope’s unweighted [ spectra, is virtually eliminated once a recoil
is required to have fired the micro-channel plate detector. These Ar-coincident 3
spectra have been compared to preliminary MC simulations and though the spectra
are reproduced reasonably well, further detailed analysis will improve the agreement;
in particular, understanding the active area of the micro-channel plate and proper

inclusion of the non-uniform electric field are necessary for the a measurement.

The data set from April/May 1999 has enough statistics for a 0.3% measurement
of a, but the final analysis is still in progress. Continued experiments are planned with
an improved geometry for a cleaner measurement with better statistics. Although the
energy and timing measurements of the positron in this data set are precise enough
considering the statistics accumulated, further improvement in our understanding of

the [S-telescope is of course desirable, and below we outline how this may be accom-
plished.

The greatest advancement may be made by experimentally determining the shape
of the 3K background and by reducing the amount of this background relative to
the 3¥mK B spectrum. According to GEANT simulations, the plastic scintillator is
much larger than is necessary for the experiment; by simply making the scintillator
half the current length, we should be able to reduce this background by a factor
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of two. The shape of this background can easily be determined in TRINAT’s next
experiment by accepting [SAC’s potassium beam but not trapping the isomer; we can
then measure the spectra of just the ground state where both the £ and AFE detectors
fire. Such a determination would aid in calibrating the scintillator and is essential if
the unweighted [ spectrum is to be used to measure the Fierz interference parameter,
be.

The need for the large corrections in the extended calibration of the strip de-
tector may be reduced with a better initial calibration of the strips, particularly if
this calibration covers more of the experiment’s energy range. Calibrations using an
open electron conversion source would complement the low-energy photon sources and
may help to explain the small discrepancy between GEANT’s simulation of the strip
detector’s spectrum with that observed in the data.

Possible non-linearities in the scintillator’s energy calibration should be investi-
gated further using 7 sources over the energy range 2 — 4 MeV. Additionally, ex-
tending the Compton edge calibration to higher energies may reduce the differences
observed in the v and S calibrations of the scintillator.

Although GEANT seems to reproduce the experiment very well, a complete un-
derstanding of the telescope’s response function can only be made using a well char-
acterized beam of mono-energetic positrons. Such a study could be undertaken at
a dedicated facility such as the pelletron facility at the Max Planck Institute at
Stuttgart [66], or at TRIUMF as has previously been done [40]. The appeal of Stuttgart
is the excellent beam quality whereas doing it locally would allow us more time to
optimize the set-up and reproduce the environment of the correlation experiment as

closely as possible.






APPENDIX A

Response function of the scintillator

Ideally, the signal generated by the scintillator, zapc, is a perfect representation of
the energy deposited in it, Ti.,. In reality, every detector has a response function
which relates the actual energy deposited and the resulting observed signal. Typical
response functions (shown in Figure 4.1) have a large peak corresponding to the
incident particle’s kinetic energy as well as a low-energy tail where part of the energy
loss was undetected. The positron response function has an additional high-energy

tail due to the finite probability of detecting the annihilation radiation as well.

To understand the characteristics of the response, we need to understand the pro-
cess by which the particle is detected. The incident particle interacts with the scin-
tillator and suffers energy loss through Coulomb interactions with atomic electrons.
These electrons are then excited to a higher energy level in the atom (excitation) or,
if the energy transferred is greater than the binding energy, is ejected into the contin-
uum. In the latter case, these freed atomic electrons (which are known as § rays) suffer
energy losses and excite other atoms as they transverse the scintillator, just like the
primary particle. The atoms in the excited states rapidly decay to the ground state
by fluorescing, which is to say they emit (visible) photons. Some of these photons
are collected on the photosensitive surface of an optically coupled photo-multiplier
tube (PMT), ejecting (at most) one photoelectron per photon. These photoelectrons
are accelerated and focused by electrodes called dynodes, which are typically made
of materials with a high secondary electron emission probability so that the cascade
is multiplied as well. The resulting pulse after repeated amplification through the
dynode structure of the PMT, is the final signal generated by the scintillator.
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A.1 Saturation Effects

The efficiency of the excitation process is not unity and in fact is dependent on the
local energy loss. Since there are a finite number of atoms near the ionizing particle,
it is reasonable to expect that as the dF/dx gets large, the efficiency is reduced as
there are fewer atoms nearby that are still in the ground state. This saturation effect
was first investigated semi-empirically by Birks [67] who parameterized the amount

of scintillation light generated (luminescence) in terms of the energy loss:

dL _ (dE/dzx)
dz "1+ kp(dE/dx)

(A.1)

with A a proportionality constant, p the density of the medium and kg is a factor
which Birks found to depend primarily on the type of particle. The number of scin-

tillation photons generated is proportional to the integral of Equation (A.1) over the

dE

range of the particle’s track. In the limit that 7=
pdx

< kib, the scintillation light gen-
erated is proportional to the energy lost, and saturation only becomes important for
large dE/dz. For Compton electrons and 3’s, kg = (9 — 10) x 1075 gkeV ™' ecm™2, so
that dL/dx o< dE'/dx to within half a percent below energy losses of about 5 MeV /cm.

If the incident positron has energies greater than about 100 keV, the energy loss
will be relatively flat at about dE/dz 2 1 MeV /cm (see Figure A.1). These positrons
will only be slightly modified by the saturation effects. The energy loss of positrons
below 100 keV is larger; in this case, the Birks effect can become significant and may
affect the amount of scintillation light generated. As this is well below the scintillator’s
threshold, we do not need to worry about these low-energy effects for the correlation
experiment.

This quenching effect, however, not only occurs for the primary particle, but also
to any generated secondaries, such as ¢ rays. The positrons in the energy range of
interest to the experiment may not be heavily affected by saturation, but it is difficult
to predict how large the dE/dz of the generated secondaries will be. To estimate this
effect, GEANT simulations were performed where the Birks factor was included in the
scintillator’s response. The value used was kg = 10 x 106 g,‘ke\/_lcrrf2 and the
results are given in Figure A.2. This is a scatter plot of the initial 4’s kinetic energy

against the energy lost to saturation effects, whether from the initial positron or a
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FI1GURE A.1: Total cross-sections used in GEANT for the energy loss of positrons
in plastic. The dominant interaction is Bhabha (eTe™ — eTe™) scattering which
generally generates § rays, but bremsstrahlung (et — yet) and even annihilation-
in-flight (ete™ — 2v) contribute.
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FiGURE A.2: Monte Carlo simulation of saturation effects in plastic with
kp =10 x 1075 gkeV ' cm™2. The solid line represents the energy loss expected
using Equation (A.1), but the effect is slightly enhanced due to the production of
¢ rays in the GEANT simulation.

secondary. The solid line is a calculation based on tables of the dF /dx for positrons in
NE104 plastic (only the primary positron is considered) and Equation A.1. As both
the Birks effect and 0 ray production are inherently random processes, we expect to
see the spread in the energy lost to quenching as seen in the figure. Note that for
higher § energies, the average energy lost is not equal to the calculation; this is due
to the higher production of § rays which, since they are lower energy electrons, suffer
more saturation than expected if no § rays were produced.

The Monte Carlo simulation shows that this is a relatively small effect (< 2%) and
furthermore that it is nearly linear with energy. The quenching therefore manifests
itself simply as a slight change in the slope of the energy calibration, allowing us to
neglect the effect and assume that the light output ¢s proportional to the energy de-
posited. The spread depicted in Figure A.2 indicates that, by making this assumption
and calibrating to the average light output for a given positron energy, for any given
event we have about a +£20 keV uncertainty in the energy reading as a result of satu-

ration effects. This is not important for the correlation experiment where we do not
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plan to utilize the event-by-event information, but analysis which includes kinematic

reconstructions (see, for example, §B.2) should make sure that this is considered.

A.2 Bremsstrahlung

The low-energy tail of the response functions arise mainly from three effects: (i)
particles (primary or secondary) that escape the scintillator and therefore do not
deposit all of their energy, (ii) radiative energy losses (bremsstrahlung) that escape
detection and (i) annihilation-in-flight quanta which take some of e*’s kinetic energy
out of the detector. The first is brought up within chapter 4 (design simulations and
backscattering losses from the plastic) and the third is discussed in §A.3; below we
briefly discuss bremsstrahlung losses.

Often as an electron or positron is suffering collisional losses within the detector,
its velocity quickly changes when it scatters into large angles, which is enhanced due
to their small mass. This results in drastic decelerations and since any accelerat-
ing charged particle must radiate electromagnetic energy, the e* lose energy through
bremsstrahlung photons (instead of ionization losses). If these photons escape the de-
tector instead of being re-absorbed and generated into scintillation light, the detected
energy will be less than the incident particle’s, thereby adding to the low-energy tail.

In the relativistic limit, which is where radiative losses contribute significantly, the
ratio of ionizing energy losses to that of bremsstrahlung for electrons is given by [68]:

(dE/dx)raa ZTe + mec?

-~ N A2
(dE/dx) o 1600m,.c? (A.2)

For scintillators, the Z ~ 5.6 so that at 7, < 5 MeV, this ratio is less than 4% (see
Figure A.3). In comparison, this ratio is 10% for a higher Z material detector, for
example a Si(Li) for which Z = 14, . The ratio increases because the electrons are
more likely to scatter into large angles; thus the Si(Li) has a larger low-energy tail
in its response function than the lighter scintillator!. This was one of the motivating
reasons for switching from a Si(Li) detector to the plastic scintillator described in this

thesis.

tAlso contributing to the Si(Li) low-energy tail are e* that backscatter out of the detector before
stopping; this is also a function of the detector’s Z.
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F1GURE A.3: Radiative energy losses in plastic and silicon. Both the cross-section
and average radiative energy loss is reduced in plastic compared to the higher Z
silicon.

The GEANT simulations of positrons include radiative energy losses (with a cross-
section as given in Figure A.1), and also track the bremsstrahlung photon to see
if it does get reabsorbed in the plastic before escaping. To correct for differences
in electron and positron cross-sections, GEANT includes a function that scales with
T/Z? |44]. Earlier comparisons of measured response functions to (other) GEANT
calculations [40] had the MC consistently underestimating the low-energy tail. Al-
though the response function measurements may have some systematic bias from the
e beam characteristics, the discrepancy is a concern for us because (a) of our sensi-
tivity to the low-energy tail in the 8 — v correlation experiment and (b) because we
have not experimentally measured the scintillator’s response function and are relying
on GEANT to simulate them.

We are presently limited by backgrounds or systematics in our understanding of
the low-energy part of our 3¥™K spectra, and so cannot at present use the on-line data
to test GEANT. Once these uncertainties are reduced, an attempt at measuring the
response function for &~ 2—3 MeV positrons may be possible along the slow branch (see

§3.1) because the [’s energy is slowly varying at longer times-of-flight. Reconstruction
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of Ejz is possible due to the overdetermined kinematics in our geometry; comparison
of the observed and calculated energies for TOF cuts along the slow branch should at
least provide good estimates of the relative tail-to-total ratios of the response function.
Happily, preliminary calculations [69] are in agreement with GEANT, but a dedicated
study has yet to be performed.

A.3 Annihilation Radiation

Up to now, the effects have been applicable to both electrons and positrons, with
perhaps only minor differences in the details. The response function of positrons will
have additional components unique to them because they annihilate with free and

atomic electrons.

Compton summing In the case that the positron comes to rest before annihilating
with a free electron, we know from simple energy-momentum conservation that two
back-to-back s will be generated with momenta p, = —p,, and E,, = E,, = mec?.
If these annihilation photons do not interact with the scintillator, then the response
is unaffected since the positron deposited all of its kinetic energy. However, if one
Compton scatters within the scintillator, then the additional energy deposited by
the Compton scattered electron will be added to the positron’s signal. The positron
response will therefore have a high-energy tail extending up to 340 keV from the
full-energy peak. Although less likely, both annihilation s may Compton scatter
extending this tail even further, up to 680 keV. This ‘Compton toe’ is a concern
in the correlation experiment because an improper calculation of this high-energy
Compton tail will affect the scintillator’s calibration; the 5.022 MeV end point will

appear shifted if too much or not enough Compton summing is included.

Annihilation-in-flight An additional complication with positrons is the fact that
they can annihilate before coming to rest (annihilation-in-flight). The ~s will no
longer be back-to-back and E,, # E,, # m.c* as some of the kinetic energy of the
positron is transferred to annihilation radiation. This time, if the annihilation s

escape the detector, the energy reading will be in the low-energy tail of the response
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function because the positron did not deposit all of its energy in the detector before

annihilating. The cross-section for annihilation into two s is given by [70]

2
Ty

v+l

(A.3)

0'2,),

2
+ 4y 41 +3
P () -

v =1 v2 -1

with r, = 2.818 fm and v = E/m.c?. This cross-section is compared with that of
collisional losses in Figure A.1 and, though it is small compared to ionization losses
in our energy range, the integrated probability of annihilation-in-flight is as large as
10% for a 5 MeV positron [71].

t Annihilation to one v can occur if the electron is bound, but this cross section goes like (aZ)*
compared to 02, and so only contributes in high Z materials.
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GEANT and Future Work

The success of GEANT in reproducing the observed [ spectra enables us to place some
trust in its simulations. This coupled with its ease of programming to suit a users
needs has meant it has found applications to other aspects of TRINAT’s potassium
program. Two of these applications, improved geometry designs to reduce scattering

and searching for massive neutrinos, are described below.

B.1 Future geometries

In order to obtain a more uniform and calculable electric field, a redesign of the
electrostatic hoop system is being performed and is hoped to be implemented before
the next running period. Inspired in large part by the scattering effects presented
earlier (see Section 4.5.1), design simulations of the experiment are concurrently being
performed to try to minimize these effects in the new geometry.

One of the major changes to the electric hoops (see Figure B.1) is in the one closest
to the S-telescope. In order to be less sensitive to where ground is defined, this hoop
has been changed into two wide, flat concentric rings (‘hoop 5’ and the collimator)
maintained at different potentials. On the other side, another end plate (‘hoop 0’)
has also been added for more uniform fields on the recoil detector’s side of the trap.
Then the natural questions became “What sizes (inner diameters and thicknesses) and
materials (Be, Al, W, Ta) should we choose for these new volumes?” The GEANT
geometry was amended to include hoop 5 and collimator so that simulations could help
us to best answer these questions. The geometry was further adapted by T.J. Stocki,

a research associate working with TRINAT, to reflect the rest of the changes in the
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FIGURE B.1: Schematic diagram of TRINAT’s new electrostatic hoop design. The
changes can be seen by comparing this to Figure 4.7 on page 42.

new electrostatic hoop design, including hoop 0 and the ceramic rods used to mount

the hoops.

Simulations were run for various dimensions and materials of the collimator and
hoop 5; the MC indicates a factor of two improvement over the geometry presented in
this thesis if a copper-tungsten collimator is used to restrict the cone of #s from the
trap to hit only the foil of the § window (and not the steel of the front face). Hoop 5
is made of glassy carbon, and it was found that a number of s scattered through
it and then into the (3-telescope; in an effort to reduce these new scattering effects,
another copper-tungsten collimator (the ‘5 window collar’) was added to the front
face of the scintillator vacuum chamber. The collar extends out far enough that s
have no solid angle for entering the telescope directly from hoop 5 and greatly reduces

these scattered events.
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The material of hoop 0 was carefully considered because we want to make sure
we minimize backscattering effects. If this plate is also made of glassy carbon, the s
have a good probability of transmitting through the plate rather than backscattering;
once through, they readily scatter off the other (higher Z) materials, but the solid

angle for firing the S-telescope is very small.

B.2 Massive neutrinos

The correlation experiment, as mentioned earlier, provides us with the momenta (both
direction and magnitude) of both the recoil and the 3 from the **™K decay. From
these measurements, we can deduce the neutrino momentum on an event-by-event
basis, limited by how well the e* energy is measured. The kinematics of the decay
described in §3.1 (on page 15) assumed a massless neutrino, and indeed we know this
to be true at the eV level for the v,. The limits on the y and 7 neutrino’s, however,
are not as stringent and, if they have mass, the observable eigenstates of the weak
interaction can mix with the mass eigenstates. In this case the kinematics of the decay
will be quite different, as depicted in Figure B.2. For the fast branch, where there
are many events, a massive neutrino will take energy away from the recoil to conserve
momentum, resulting in an extra ridge at longer time-of-flight. The separation of this
ridge from the fast branch where no mixing occured will be related to the mass of the
heavy neutrino; for a 2 MeV /c? heavy neutrino in the geometry of this experiment, it
corresponds to a shift of approximately 200 ns. The relative population of this ridge
compared to that of the regular fast branch is determined by the probability of the
electron neutrino mixing with a heavier one (as well as changes in the phase space of
the decay and the angular correlation).

With the 3¥™K decay Q-value of 5.022 MeV, our geometry should be sensitive
to neutrinos in mass range of approximately 1 — 4 MeV /c2. The analysis, which is
the central part of M. Trinczek’s Ph.D. thesis [72], will reconstruct the recoil TOF,
assuming a massless neutrino, as a function of 7 bins, and then compare this calcu-
lated time with the observed TOF. The massive neutrinos will be clearly visible as
their reconstructed TOF will be incorrect; for this reason, they will be far removed
in TOF from the fast branch’s peak at TOF s — TOF ... = 0. The overall number of
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FIGURE B.2: Kinematics of 3¥™K decay where the emitted neutrino is massive
(dashed lines), for masses m,c? = 1,2,3 and 4 MeV; the solid line is m, = 0. The
position of the heavy neutrino ridges depends on its mass, and the relative intensity
of this ridge compared to that of the regular fast branch (which is related to the
mixing strength).

counts in each of the two peaks will be used to place limits on the mixing strength of
Ve — Vheavy-

In order to be able to accurately fit the (regular) fast branch’s peak, a MC simula-
tion must be performed to properly account for (7) various scattering effects, (i) the
finite trap and detector sizes, and (ii) the response function of the S-telescope. MC
simulations [65] where the recoil and positron are tracked with a simple model of (7)
(at most one scatter) are much faster than GEANT simulations (& 4000x ). This fast
simulation accounts for (éi) and includes (74) by convoluting the generated § energy
with GEANT simulations of the telescope’s response function?.

The detailed tracking of the positron using GEANT, however, appears to be es-
sential because the fast simulations fail to reproduce the tail of the main TOF s —
TOFcac = 0 peak [73]. One major source of the TOF tail is the (back)scattered Ss

because the reconstructed TOF will have a wrong value of 3, in the calculations.

tThese response functions were generated in 1998, and so updating them should help to improve
the fast MC
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The massive neutrino peak, though shifted in TOF from the main peak, will still be
in the tail of the m, = 0 peak. Analysis of the reconstructed events, which looks
for very small peaks on top of the large zero mass ‘background,” therefore requires
GEANT simulations since they best reproduce the m, = 0 tails.

The m, > 0 spectrum shape does not need to be as accurately for the analysis
because it is so small compared to the main m, = 0 peak. For this reason, the fast
Monte Carlo is being used to generate the massive neutrino events and GEANT is only

be needed to generate the background.






APPENDIX C

Electronics of the B-Telescope

A schematic of the electronics diagram for the telescope assembly is depicted in Fig-
ure C.1. Below is a brief overview of the system as a whole.

The DSSSD provides us with 24 £ + 24 § = 48 energy signals and 6 groups of g
timing signals (consisting of 4 strips each). Each of the 24 y-strip’s timing signals
have discriminators set to < 15 keV; if any of the strips pass this hardware threshold,
the timing signal is used to generate a (wide) DSSSD event trigger. The gain of all
48 strips is monitored using the Ortec 448 research pulser.

The scintillator energy is taken from the dynode output of the PMT after it is
inverted by the LeCroy 428F linear fan-in/fan-out. The high voltage applied to the
PMT is adjusted by the stabilization unit based on the LED signals observed; the
intensity of the LED is (independently) maintained constant using a temperature-
stabilized photodiode. The Tennelec 455 constant fraction discriminator uses the
anode signal to generate the scintillator’s (short) timing signal.

The gates for the ADCs and the starts for the TDCs are all derived from the
LeCroy 429A unit labelled ‘event trigger’. The inputs to this unit, i.e. the various

event types, are:
1. A prescaled scintillator event,
2. A hardware DSSSD-scintillator coincidence,
3. DSSSD/MCP pulser events from the Ortec 448,

4. Scintillator pulser (LED) events from the stabilization unit, and
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Figure C.1: Electronics diagram for the DSSSD and scintillator.
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5. Event triggers from the MCP (though not generally used on-line because of its
high rates).

The coincidence register (C212) allows us to record which of these generated the
event trigger. In addition, this unit is used to define where within the trap cycle a
given event took place; the signals are taken from the PC controlling the trap and
tell us when the atoms are being transferred (push beam on/off), if there are atoms
in the trap or if they are being loaded (trap on/off) and what detunings are used in
the MOT’s lasers' (‘tiny’ trap on/off).

The CAMAC system is used to acquire the data and is recorded in the YBOS
format both on the disk of the host Pentium III 500 MHz Linux PC as well as on
magnetic tapes. Both the on-line and off-line data analysis are done using a TRIUMF
standard program |[74| with a special subroutine added to incorporate the analysis
scheme of the DSSSD 4.2.5.

tBy changing the detunings once the trap is already loaded, the size of the atom cloud is reduced.
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