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Abstract

Supervisor: Professor G. R. Mason

The energetic neutron spectrum following stopped muon capture on
liquid deuterium has been measured for the first time. The measurement,
performed at TRIUMF, used a high purity liquid deuterium target. The
energy measurement was based on the time-of-flight technique which relied
on detecting both neutrons present in the final state within a constrained
geometry. The final spectrum obtained shows evidence of a possible en-
hancement of the neutron yield in the 35-50 Mev energy range. The find-
ings are consistent with the prediction for the high energy neutron limit of
a 200% enhancement due to meson exchange currents. The results show
that further experimental investigation of light nuclei (4 < 4) 1s neces-
sary to determine whether meson exchange currents are responsible for the
observed enhancements in the energetic particle spectrum following muon

capture in heavier nuclei.
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Chapter 1

Introduction

Nuclear muon capture is a manifestation of the weak interaction. It
provides an excellent means of testing our knowledge of the weak force. The
most common weak process is the decay of the neutron. The interaction
most akin to muon capture is electron or K-capture, a form of # decay. The
electron and muon differ only in mass and the phenomenological assignment
of lepton number. The much greater muon mass (& 207m.) manifests
itself in the following manner: a matrix element describing a semi-leptonic
nuclear interaction can be thought of as the image of the nucleus while being
viewed with the wavelength corresponding to the lepton momentum. For
negative muon, =, capture, as opposed to [ decay, the associated neutrino
momentum is much greater; thus, the nucleus is probed on a finer scale.
The probability of a given final state is dependent on the matrix element,
which in turn is dependent on the form factors describing the distribution
of the weak currents responsible for the transition. The form factors are
functions of ¢?, the momentum transfer. In 3 decay ¢* is practically zero,
whereas in g~ capture, the functional dependence of the form factors can
be investigated over a range of values.

The first stage of the nuclear capture process, atomic capture of the
muon, is well understood [1]. A p~ passing through matter first loses energy

via 1onization. Once the energy of the muon is comparable to the orbital
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kinetic energy for a given quantum state it is captured by the Coulomb
field of the nucleus. The atomic capture occurs in an orbit corresponding
to a large value of n, the principle quantum number that defines the size of
the atomic orbital according to

hn?

r(n) = —y (1.1)
where m,.q i1s the reduced mass of the muon nucleus system and Z is the
atomic number of the nucleus. The inner muonic orbits lie well within the
electron K-shell; thus, the muonic atom is effectively a two body system.!
The lower energy muonic orbits are unoccupied; thus, the g~ will quickly
cascade electromagnetically down to the 1S orbit by Auger (emission of an
orbital electron) and radiative transitions. The time taken for the atomic
capture and cascade process is negligible compared to the muon lifetime.

The initial distribution of the 1S hyperfine states is assumed to be
statistical. The muon will remain in the 1S orbital until it either decays
according to:

B =€ Fu,+, (1.2)

or interacts with a proton in the nucleus according to the fundamental

capture reaction:

p-+p—ntu, (1.3)

The decay rate, Ag = 4.55 x10° sec™!, is much greater than the nuclear
capture rate for light nuclei. The capture rate is approximately equal to
the decay rate for Z ~ 12 and is roughly proportional to Z* [2]. The fun-
damental capture process is well understood within the framework of the
V—A weak interaction theory. Work performed in the past fifteen years at

meson “factories” has solidified our understanding of the muonic aspects of

'There is a small effect due to the finite probability that an orbital electrons may be
found within the muon orbit.



CHAPTER 1. INTRODUCTION

the weak interaction. Experiments have shown us that the muon and elec-
tron interact with matter with the same coupling constants and have led to
the hypothesis of electron-muon universality. Muon capture experiments
on hydrogen have vindicated the V—A form of the weak interaction and
provided limits for the weak coupling constants. For light nuclei, Z < 12,
the measured capture rates are within fair agreement (10%) with the theo-
retical predictions; interestingly, capture processes dominated by the axial
vector component of the weak interaction have theoretical values consis-
tently lower than experiment, though not in disagreement. By trying to
explain these differences, a better understanding of nuclear structure may

be obtained.

The motivation for studying deuterium comes from recent work in
the study of energetic particle emission following muon capture on heavier
nuclei. Previously, in a TRIUMF experiment, the observation of a large en-
hancement in the energetic components of the neutron spectra of '*Ho was
reported [3]. Bernabéu et al.[4], for the case of medium heavy nuclei, pre-
dict a lower bound of 1 to 2% of energetic neutron emission corresponding
to an energy transfer of roughly 80% or more of the muon rest mass to the
emitted particles. They have suggested on the basis of such enhancements
that the similarity between 7~ capture and the high energy component of
u~ capture may be fundamental in nature.

For the case of deuterium, a 200% enhancement of the capture rate
has been predicted [5] for the limiting case of zero neutrino momentum.
This corresponds to maximum energy transfer to the nucleons in the final
state. The predicted enhancement in the extreme time-like region of mo-
mentum transfer? is due to meson exchange currents which arise from the
effects of inter-nucleon binding and are described to first order by the inter-

nucleon exchange of pions. The magnitude of the axial vector coupling is

2 . ; . ) :
“The time-like region of momentum transfer is 0 < ¢ < m? where m, is the muon

2

rest mass. The extreme time-like region is where ¢% ~ mi.
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related to pionic processes and the capture process in deuterium is dom-
inated by the axial vector term. As well, the time-like region contributes
25% of the total capture rate. Consequently, it is evident that muon cap-
ture on deuterium is an excellent candidate for detection of axial current
related effects on energetic particle emission.

A measurement of the neutron spectrum would help delineate the-
oretical techniques of determining the capture rate by providing an addi-
tional constraint besides agreement with the total capture rate. Calcula-
tions to determine the capture rate, A., require integration of the theoreti-
cally derived neutron spectrum. Until now no portion of the spectrum had
been experimentally measured to provide a guide to these calculations. The
recent measurement of the doublet capture rate [6] disagrees with calcula-
tions based on the impulse approximation with inclusion of meson exchange
effects[8,9]; an observed enhancement in the energetic portion of the neu-
tron spectrum would help to determine the nature of the discrepancy.

The purpose of TRIUMF experiment 297 [7] was to investigate the
high energy neutron spectrum from stopped muon capture on deuterium
with the goal of detecting the predicted renormalization of the capture rate
due to meson exchange currents. The experiment was also the first attempt
to measure any portion of the neutron spectrum. The experiment is part of
a study investigating energetic particle emission after nuclear u~ capture.
In this thesis, the measurement and subsequent analysis is detailed. By
utilizing a novel time-of-flight detection system, the neutron spectrum in
the 25 to 50 Mev region has been sucessfully measured for the first time.
The results are not inconsistent with the assumption of an enhancement
based on meson exchange corrections in the extreme high energy (time-like)
region.

The following topics will be dealt with in this thesis: Chapter 2 deals
with the required theoretical framework to study muon capture and selected

applications to deuterium; as well the results of previous experimental ef-
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forts with deuterium are presented along with a brief discusion of the effects
of muon induced chemistry in hydrogen isotopes; in Chapter 3 the exper-
imental technique is outlined with emphasis on the time-of-flight system
and in Chapter 4 the analysis of the data and the results are presented.
Chapter 5 considers the proposed extensions of the experiment to *He and
“He, as well as methods of improving upon the present measurement for

deuterium.

ot



Chapter 2

Muon Capture on Deuterium

Muon capture on deuterium is the simplest example of nuclear capture

by a composite nucleus. The process has only one basic reaction channel:
pCHd—ntntu, (2.1)

The capture process is an almost pure Gamow-Teller transition due to
the effect of the Pauli Exclusion Principle on the final state. Experimental
study of the capture process on deuterium provides an excellent opportunity
to test theoretical models for many aspects of nuclear physics. Two body
nuclear potentials may be tested as well as our basic understanding of the
weak interaction involving multiple hadronic systems. Meson exchange cur-
rents (MEC) account for the observed discrepancy in low energy deuteron
production and photo-disintegation of the deuteron at higher energies [10].
The extension of MEC effects to weak processes based on the techniques
employed in electromagnetic processes requires experimental verification
[8]. The capture process for deuterium is the only experimental test for the
two-body weak exchange current operators. By measuring the capture rate
and neutron spectrum, the nuclear weak current is probed and the effects

of nucleon-nucleon coupling can be measured.
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2.1 Experimental Aspects

From an experimentalist’s viewpoint, the study of = capture on deu-
terium is fraught with difficulties. The capture process competes with muon
decay and meso-molecular processes that induce nuclear fusion. The decay
rate is three orders of magnitude larger than the total capture rate. All
particles in the final state are electrically neutral; hence particle detection
is difficult. The cross section for transfer of a 4~ to an atom of greater Z
is large:

ud+°Y o d+ p@*Y (2.2)

the transfer rate being of the order of 10! s=!. This implies that the sample
must be kept ultra-pure. The nuclear capture reaction has a very strong
hyperfine dependence. For deuterium, the capture rate from the doublet
hyperfine state is approximately 60 times that of the quartet capture rate
(13] and the transition rates between the hyperfine states are not precisely
known. In a pure liquid D, target, a large low energy neutron flux is
produced by muon catalyzed fusion. For experiments based on neutron
detection, the fusion neutron background can be prohibitive.

It was because of the above reasons that almost all previous work
has focussed on determination of the capture rate. It is only now that
the spectrum measurement has been attempted. The main reasons why
the measurement was previously thought nigh impossible was the lack of
a proper means to measure the neutron energy and the prohibitive back-
ground. The standard technique of neutron energy determination over a
wide range of possible values is the time-of-flight technique. In complex nu-
clei, the capture process is usually accompanied by simultaneous emission
of discrete v rays associated with transitions in the residual nucleus. The
gamma ray can provide a time-zero signal for the time-of-flight measure-

ment. The problem with deuterium is the lack of a proper time-zero signal;

-1
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there are no v rays associated with the basic capture process' and the life-
time of the muon in the target is too long for the muon stop signal to supply
an accurate time-zero signal. This problem has been circumvented in the

present measurement by implementation of a novel time-of-flight system.

2.1.1 Muon Catalyzed Fusion

When a negative muon is stopped in a target containing deuterium, a
complex sequence of events is initiated, which has a high probability of
culminating in p~ catalyzed fusion. After the fusion process, the muon
may be liberated to re-enter the cycle. The catalysis cycle is very complex
and a detailed description of the formation mechanisms for hydrogen meso-
molecules is beyond the scope of this thesis, though the salient features
pertinent to u~ capture will be outlined.

The cycle begins with capture of the muon by a deuterium molecule

and subsequent molecular disassociation.

_ . (ud)q (7 =3/2)
B S { (ud)p (G =1/2) (23)
(pd)q +d — (pd)p +d (2.4)
(ud) + d — (dud) — { : i ;ge :u’_‘_ (2.5)

The muonic atom is formed with a statistical population of quartet and
doublet hyperfine states, reaction 2.3, and with a kinetic energy greater
than the thermal energy of the target. Once the ud atom is thermalized,
inelastic scattering produces an irreversible spinflip transition, reaction 2.4.
The energetically favourable quartet to doublet transition quickly depopu-
lates the quartet state.? The average lifetime of the quartet state in a liquid

D, target, t,can = 23 ns [17], is fast on the muon time scale. This implies

'Neglecting radiative muon capture
*The doublet state is more tightly bound by 0.15 ev.
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that a measurement of the capture rate is predominately the doublet state
capture rate. The formation of the dud meso-molecule, reaction 2.5, has a
large hyperfine dependence on the state of the ud atom. The ratio of the
dud formation rate from the quartet state to that from the doublet state is
approximately 80. Once in the dud state, fusion is almost instantaneous,
occuring at a rate of about 10° s~!. The branching ratio for the n+>He
channel is 0.55 £ .05 [15]. The fate of the muon after fusion is dependent
on the “sticking” fraction w; which is the probability that the muon will
remain bound to the fusion products. For *He produced in reaction 2.5,
the sticking probability, w#t, is 0.126 + .004 [18]. For the other fusion
channel, wy = 0.01 is negligible. In all, about 94% of the muons are free
to reenter the cycle.

Even in an ultra-pure target there is still some protium contamina-
tion; this enables formation of the pud meso-molecule. The proton and
deuteron undergo fusion;

3He +
(49— () — { 17 1T (26)

but at a much smaller rate, about 10° s7'[15]. For the first channel of

reaction 2.6, the sticking fraction is large, wi, = 0.84 + 0.04 (18]; the
muon has a high probability of being removed from the catalysis cycle and
possibly interacting with the helium nucleus. From the above figures, it can
be shown that in a liquid D, target that after one ps the muon has spent
97% of the time in the (ud)}7, state and 3% bound to *He [6]. The capture
rate for *He is five times that for deuterium; thus, it can be a source of

background. The quantitative effects of this on the present measurement

will be discussed in Chapter 4.
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2.1.2 Previous Measurements of the Capture Rate

The first attempts at measuring the capture rate, A., were performed
by a Columbia University group [15] and by a Bologna-CERN collaboration
[16]. Both employed the “classical” method of measuring A, a technique
based on the observation of the neutrons produced by the capture reaction.
The deuterium capture energy spectrum is peaked at 1.5 Mev and the neu-
trons have a maximum energy of approximately 51 Mev. Neutrons from
dpd fusion, Ep,, = 2.44 Mev, overlap the spectrum and can be an over-
whelming source of background. In an attempt to control the dud fusion
background, both experiments employed deuterated hydrogen (protium)
targets. The transfer rate for up to pd is very fast on the muon lifetime
scale, being of the order of 10° s~!. The reduced deuterium concentration
ensured that the production of dud would be minimal.

The Columbia group employed a liquid hydrogen target with a deu-
terium concentration of 0.32%. The liquid state of the target implied that
the formation of pud molecules, which also undergo fusion, was not neg-
ligible. The fusion product, *He, has a large probability of having the u~
remain bound, thus producing a neutron background from capture on *He.?
The capture process took place predominately in the pud molecule. Be-
cause of this, the muon may also be captured by the proton nucleus. The
culmative effect of this is that the observed neutrons were a sum of three
possible captures: on protons, deuterons and *He. The time distribution of
the emitted neutrons was analyzed and a figure of 30% was calculated to
be the contribution from capture on deuterium.* The published result for

!. The quoted error would be

the deuterium capture rate was 365+ 96 s~
very difficult to improve upon considering the limitations of the technique.

The Bologna-CERN group used a gaseous hydrogen target at 7.6 at-

3The 3He capture process will be detailed in Chapter 5.
“Neutrons from capture on *He and protons will have different transient spectra. The
time spectra were inferred from previous capture studies on 3He and protons.

10
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mospheres and 293 K with a 5% admixture of deuterium. The measurement
was a major improvement over the Columbia experiment. The decreased
density of the target limited the pud formation; thus, the neutrons were
primarily from capture on deuterium. The published result was 445 + 60
s~!. This was interpreted to be the doublet capture rate and is in agreement
with theoretical predictions [8,9,13].

The fact that the state of the ud atom at the time of capture is
difficult to assess has raised controversy over the experimental results ob-
tained for the capture rate. Breunlich [19] had argued that the published
results are in error for the Columbia and Bologna-CERN experiments. Bre-
unlich believes that the assumption of pure doublet state occupation for the
Bologna-CERN experiment is not correct; he argues that capture was from
a statistical sampling of hyperfine states via consideration of the target
conditions and the known meso-molecular reaction rates. He calculates a
corrected value for the doublet capture rate to be 970 + 130 s~'. For
the Columbia experiment, where a statistical distribution was originally
assumed, reanalysis by Breunlich yielded a value of 210 4+ 60 s™!. Since
these results are in obvious conflict, the experiment was repeated using a
different technique.

The latest measurement performed by a Saclay-CERN-Bologna group
(6] used the lifetime technique. The technique is based on comparison of the
lifetimes of positive and negative muons stopped in the target. This was
the first measurement to employ an ultra-pure liquid deuterium target. A
stopped muon signal opened a 65 us gate during which a system of 6 particle
telescopes monitored the target for the mu-decay electron. The correction
for capture on *He was computed by two independent methods and the cor-
rection for the muon lifetime due to the atomic binding (about 12 s™!) was
also taken into account. The final result published was 470 4+ 29 s~'. The

result was shown to be the doublet state capture rate from analysis based

11
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on the latest values for the relevant meso-molecular processes. This value
is in agreement with the previous CERN-Bologna result but at odds with
theoretical predictions using the impulse approximation with the inclusion
of meson exchange terms [8,9,11]. From this analysis, we may conclude
that in the present measurement, where the target conditions were nearly

identical, the capture process was exclusively from the doublet state.

2.2 Theoretical Aspects of = Capture

This section will deal with the theoretical framework on which x4~ cap-
ture is based. The basic V—A structure of the weak process will be reviewed
(see for example Mukhopadhyay [1]). The Effective Hamiltonian [14] for
muon capture will be presented as well as the relevant results from two
techniques of calculating capture rates: the Nucleon Only Impulse Approx-
imation (NOIA) and the Elementary Particle Method (EPM) as applied to
deuterium. The effect of meson exchange currents (MEC) will be presented

within the context of the present measurement.

2.2.1 Current-Current Weak Hamiltonian

Nuclear muon capture is based on a four fermion current-current inter-
action. The original form of which is due to Fermi [21], who patterned the
weak interaction on the electromagnetic one. Lee and Yang [24] extended
Fermi’s theory to include the observed parity violation in weak interations
[25]. With the Conserved Vector Current theory of Feynman and Gell-
Mann [26], the present V—A form of the weak interaction was attained.

The form of the Hamiltonion, H,,, for the fundamental capture re-
action, = + p — n + v,, may be arrived at under very general constraints.
Starting from the standard four fermion form of the V—A interaction and

invoking Lorentz covariance and the Gell-Mann Cabbibo universality [23],

12
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one arrives at

G cos 8.
V2

where G is the Fermi coupling constant, 6. is the Cabbibo angle and h.c. de-

H, = (Vi 4 ADZx + hee. (2.7)

notes the hermitian conjugate. This is the strangeness preserving (AS = 0),
singley charged (AQ = 1), isovector (| AT |= 1) semi-leptonic weak
Hamiltonian density. The hadronic vector and axial vector matrix ele-
ments may be phenomenologically obtained as (see for example Sakurai

[22]), respectively:

— q . gs
Vi =9.(gvm — (ﬁ)dxp% — (1 qu))% (2.8)
s : gP
Al =9, (941075 — IT ) 0575 — (15 ) (2.9)
(Az\5 (2M)App5 (mu 5)p

The lepton matrix element has pure V—A structure

Ly = ¥, m(1 +75)u (2.10)

where the v,’s are the 4x4 Dirac gamma matrices which satisfy the following

relations:
[Y2:Yole = 2830, [70070) = =280, 15 = M1 Y27374 (2.11)

The %,’s are four component fermion spinors, where the overhead bar signi-

fies the adjoint, 1!v4. The (1 4 7s) term acts as a projector for left-handed

lepton states, giving parity violation. M and m, are the nucleon and

muon masses respectively. The form factors g; are functions of ¢*, where
gp = n, — p, 1s the momentum transfer at the interaction vertex. The form

factors describe the distribution of the weak currents and their names arise

from the behaviour of the associated combination of 4 matrices under a
Lorentz transformation; gy, = vector, gpys = pseudoscaler, etc. The ex-
ception is gpr, the weak magnetic form factor which transforms as a proper

tensor.

13
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The form factors gar, gp, gs, gr are induced by the strong interactions
of the hadrons. The currents may be further classified according to the be-
haviour under G-parity.® If the requirement that all the respective members

of the axial and vector hadronic currents exhibit the same behaviour un-

der the G-parity transformation, then the scaler and tensor form factors
gs, gr are set to zero because the strong interaction is invariant under G-
parity. Weinberg [28] termed these currents “second class” because of their
irregular behaviour under the G-parity transformation. If the demand that
H, be invariant under time reversal, T, then all the form factors are real,

implying as well that CP is conserved.

CVC and PCAC Hypotheses

The Conserved Vector Current (CVC) hypothesis relates the electro-
magnetic and vector weak currents. The CVC states that the isovector

component of the nuclear electromagnetic current, %1,[)’7)‘7'211), and the weak

currents Vy, Vy form an isovector. The CVC implies that since the electro-
magnetic current is conserved® and the coupling constant is unaffected by
the meson cloud; the same applies to the vector components of the weak
current. Thus, the bare vector coupling constants used in pure leptonic
weak processes are unaffected by the strong interaction. Furthermore, in

the low energy limit as ¢ — 0, the CVC relates the vector and weak mag-
netic form factors to the electromagnetic form factors obtained from elec-
tron scattering off nucleons. In terms of the Dirac and Pauli form factors,

(¢* dependence suppressed) this is expressed as [1];

9v(4®) = 9hirac — IDiracs 9v(0) =1 (2.12)

9m(0*) = 9Pauti — IPautis IM(0) = (pp — p1n) (2.13)

®G-parity is defined as G = Ce**™v where Ty is the appropriate isospin operator for the
multiplet and C is the charge conjugatlon operator. G-parity induces a rotation of 180 °
about the y-axis of “charge space” and changes the sign of the charge.

®The contribution from meson currents must be taken into account.
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CHAPTER 2. MUON CAPTURE ON DEUTERIUM

where y,, pun are the anomalous magnetic moments of the proton and neu-
tron respectively. The CVC also predicts that the scaler form factor gs
equals zero as each member of the vector current must be divergenceless,

1.e. conserved.

The PCAC (Partial Conservation of Axial Current) states that the
axial current, an isovector, is partially conserved. The divergence of A, is
proportional to a pseudoscaler which is interpreted to be the pion field. If
the axial current were conserved, the decay of a pion to a muon would be
forbidden. The axial components of the weak current are renormalized by
the strong interaction. The value of g4(¢? = 0) = 1.254 4 0.007 is obtained
from the free neutron S-decay rate 7 [29]. The ¢* dependence is found via
pion production from neutrino scattering off protons and deuterons and is
found to satisfy a dipole fit [1]. The induced pseudoscaler form factor, gp,
is not readily measurable. It is obtained from the assumption that in a
semi-leptonic interaction, the pion-pole dominates the contribution to gp.

The contribution may be expressed as [32]

—\/Q_m,f(—m?r)gﬂv

g* +m7

gr(q*) = (2.14)
where f(—m?) is related to pion decay and g,y is the pion-nucleon cou-
pling constant. With the further assumption that the divergence of A, is
also dominated by the pion-pole for small ¢?, one obtains the Goldberger-
Trieman relationship [33] and is able to then relate gp to g4(0):

~ 2Mga(0)

2) = 2.15
gr(q”) & +m? (2.15)

If the strong force was “turned off” and hadrons were point-like, then the

induced form factors would vanish and the vector and axial vector couplings

7A value of [ ga/gv |=1.24 at ¢* = 0 can be obtained from field theoretic considerations
that relate pion-nucleon cross sections in an analagous manner to the derivation of the
vector form factors using the CVC [30,31].

15
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would be equal.

Primakoff Effective Hamiltonian

Primakoff and Fujii [14], in an effort to extend the theory of muon
capture to composite nuclei, derived a general Hamiltonian for the process.
For a nucleus of Z protons and A-Z neutrons, the Hamiltonian is given in

a configuration space representation as

l (1 bl Vl) A (-)
H,y=—=rM———225" 727Gyl
ff \/§ \/§ ;
+Gpo -0, — Gpo -v,0;-v,)6(r—1;) (2.16)
where the “effective” vector, axial vector and induced pseudo-scaler cou-

plings are respectively given as:

v
= e 2
Gv =gv(1+ 2m,,) (2.17)
v
Ga=ga—gv(1+pp—pn)5— (2.18)
P
v
Gp=lgp—ga—gv(1+ pp — )5 — (2.19)
P

and v = vy, is the neutrino momentum; I, I; and &, o; are 2x2 unit matrix

and spin operators for the lepton and ith nucleon; 7 and r; are the space

) are 1sospin

coordinates of the lepton and ith nucleon; the 7(*) and 7'{(_
operators which transform the muon into a mu-neutrino and the ith proton
into a neutron; the (1 — o - v,) term produces parity violation.

The Hamiltonian was derived with a non-relativistic treatment of
the nucleons and muon, though all terms of the order of v/mp were kept.

Inherent in the derivation is the assumption of V-A structure, the CVC,

absence of second class currents and time reversal invariance. There are no

terms corresponding to meson exchange processes.

16
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The “effective” couplings or form factors may be grouped according
to the nature of the transition. The Fermi and Gamow-Teller transition

form factors are expressable as:

Tr=G%; AJ=0 (2.20)

Tor = 3G% + (G5 —2G4G%); AJ=0+1, no 00  (2.21)

2.2.2 Impulse Approximation and Meson Exchange

Currents

One approach for dealing with complex nuclei is the Nucleons Only
Impulse Approximation (NOIA). The basis of this approximation is that
the weak properties of the nucleons are identical to the properties of free
neutrons and protons. The effective weak nuclear current is the sum of
the individual nucleon currents with appropriate phases taken into consid-

eration. The total momentum transferred in the interaction is absorbed

by one nucleon without subsequent exchange of mesons. In reality, the

nuclear weak current has contributions from nuclear iso-bars and mesons.

For the case of capture on deuterium, the largest correction to the effective

Hamiltonian, equation 2.16, is due to the process

#+P (On() = v+ A+ n() = vt n'(F)+7° +0(i) = v +0'(f)+n(f)

(2.22)
where (i) and (f) refer to the initial and final states of the nucleons and A’
is a nucleon iso-bar. The prime on the initial proton is used to distinguish
the particles. The meson exchange corrections are represented by a sum
of terms, each depending on the spin, iso-spin and inter-nucleon distance
of the nucleon pairs. The NOIA technique has been applied to deuterium
[34,35]; the more recent calculation of Dautry et al. [8] and the analysis of
Goulard et al. [5] for capture in the extreme time-like region will be the

focus of this section.

17
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Dautry et al. applied the Primakoff Effective Hamiltonian and con-
sidered the effect of meson exchange currents on the doublet capture rate.
They observed that the primary nuclear transition is from the *S; deuteron
state to the !'Sg n-n state. This is a Gamow-Teller transition and is domi-
nated by the axial vector coupling. To gauge the effects of the MEC correc-
tion to the overall capture rate, they considered only the contribution to the
axial vector term.® To simplify the calculation, they also only considered
the MEC correction applied to transitions leading to the 'S, final state.
The effect was computed with the inclusion of the deuteron S and D states.

Using the Reid Soft-Core potential [36] for the final state, the capture rates
obtained were Ap"* = 381 s~ for the doublet state and Ag"p =13 g7 for

the quartet state. The correction for MEC terms to the doublet state was
found to be éAp = 24 s71, yielding a total rate of Ap = 405 s™'. The MEC
correction has been calculated elsewhere [11] using the hard pion approach
and was stated to be 32.4 s™!. Refined calculations of the doublet capture
rate do not vary greatly amongst each other. Without the inclusion of MEC
terms, the average value obtained is 381 s77.

Goulard et al. considered the MEC effects on the capture process in
the limiting case of zero neutrino momentum. They obtained an expression
which included MEC corrections that was valid for any value of neutrino
momentum; thus, in principle, applicable to any possible final state over the
entire range of neutron energies. To ensure the consistency of the approach,
they first compared their expression for the capture rate to that of Dautry
et al. by restricting the sum over final states to the 'S, component.’
The limiting case of zero neutrino momentum was then considered. The
previously required infinite summation of neutrino partial waves is reduced

to two terms, restricting the allowed final states. The allowed n-n final

SRecall that in the limit ¢*> — 0, the CVC predicts that the vector current is unaffected.
“The notation for states is 25+1.2T+1],

18



CHAPTER 2. MUON CAPTURE ON DEUTERIUM

states are 128y, %Py, >°P;, °D,, and [>*P; —33 F,], where the brackets

indicate coupled waves. In this limit, the capture rate may be expressed

as:
2
dh _ [2Geosbel’ o, (7=0) |2 F(E) x = (2.23)
dE,
where
1 -
D) :| b(ljlll(_. = 0) |2 +§2LSJ l btl)LSJ(V = 0) |2v J<2 (2-24)

where ¢, is the muon 1S state function, F(E,) is derived from the kinematic

constraints and b9,,, and b}, g, correspond, respectively, to the time and
space parts of the nuclear transition operator. The quantity ¥ is then
evaluated considering only the NOIA contribution and then the NOIA plus
MEC contribution. The effect of the meson exchange currents is expressed

in terms of X, where X is defined as

»(NOIA + MEC) — S(NOIA)

e »(NOIA)

(2.25)

When all final n-n states are taken into account, the value of X is 2; in
other words, the capture rate is enhanced by 200% by the MEC terms.
The '*D, and the '?S; continuum partial waves are the predominant
final states. Comparison of the MEC effect for the kinematic region of
low neutrino momentum to that of high neutrino momentum, where the
majority of capture takes place [8], shows that the MEC effect is much
greater (a factor of approximately 30) in the high neutron energy, low

neutrino momentum limit.

2.2.3 Elementary Particle Method

The Elementary Particle Method (EPM) is based on treating the ini-

tial and final nuclear states as elementary particles of the appropriate spin
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and parity. In principle, any nuclear sub-structure is absorbed into the
form factors. The advantages of the EPM are that the treatment is fully
relativistic and nuclear wave functions are not required; thus, nuclear po-
tential model dependence is eliminated. The disadvantage is that analysis
of multi-particle final states is difficult.

Mintz [13], in a series of calculations, has applied the EPM technique
to the case of capture on deuterium. The calculation was performed without
recourse to an impulse based calculation of the axial vector form factor. He
fitted data from the pion photo-prodution reaction, y +d - n+n+x"t,

to the derived PCAC result for this reactions form factors. The matrix

elements for pion-photoproduction are then related to those for p= + d —
n + n + v,. It is pointed out that the approach, in principle, contains
all Feynman diagrams to first order in G, implying that at least some
MEC effects are included despite the required approximations. It should be
stressed that the form of F4(¢?) !° is obtained only in the space-like region,

m? < ¢* < 0; an assumption must be made regarding the behaviour in the

2

time-like region, 0 > ¢* > m’. The vector form factors for reaction 2.1

were arrived at using data from deuteron photo and electro-disintegration

and the CVC.

The total capture rate obtained assuming a statistical population of
the hyperfine 1S states was A = 155 s~!, the doublet capture rate , Ap,
was 450.4 s™' and the quartet rate, Ag, was 7.3 s™!. The doublet rate
is in excellent agreement with the two latest experimental results. Mintz
stresses that the capture rate is dominated by the axial vector term, Fl,
and the time-like region contributes one quarter of the total rate. Mintz
then explores the effect of varying the behaviour of the axial form factor in
the time-like region on the capture rate. He considers three assumptions

for the functional dependence of F4(¢?):

!%The convention for the form factor nomenclature is that of the original papers [13], in
terms of the notation of eq. 2.9, this would correspond to g4(q?).
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1. the form factor is analytically continued from the space-like to time-

like regions

2. (i,ii) the time-like form factor is functionally identical to the space-like

term but ¢* — —¢?;
Fa(¢") = Fa(¢®), ¢*=—-¢’ (2.26)

Part of the axial current form factor in the space-like region is the
dipole fit:

Fa(¢®) = £l0)

= (1—_9%_)2', ]MA = 912 Mev (227)
== M2

where M, was determined from analysis of pion photo-production
data. Because of the multi-particle final state, Fi4(¢*) is not com-
pletely defined by just ¢?; it also depends on the relative neutron and
deuteron momenta.!! With regard to equation 2.26, the assumption
can be considered to apply to (i) the complete F4(g¢?) or (ii) only to
the dipole term of the form factor in the space-like region.

The three assumptions were tested and no discernable difference on the

!, Comparison of the differential

total capture rate was observed, AA < 1s~
capture rates (neutron spectra) for the three assumptions; however, showed
a 10% enhancement in the 35 to 50 Mev neutron range for the analytic
continuation of F4(¢?) compared to the two other assumptions (mirror form
factors). The results based on the assumptions of equation 2.26 exhibited
a difference of no more 0.3% in the time-like region. This led Mintz to
propose that measurements over the entire neutron spectrum be performed
to determine whether the analytic continuation is an acceptable ansantz.

The theoretical spectrum is shown in figure 2.1, it corresponds to

the analytic continuation; on this scale the 10% difference between the

""The complete functional dependence of the form factor is not required to illustrate
the point in question and will not be presented.
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assumptions for F4(¢?) does not manifest itself. The small enhancement
extending from 35 Mev to 51 Mev corresponds to inclusion of meson ex-
change currents. Although the original calculation of the enhancement [5]
only strictly applies to the kinematic limit of zero neutrino momentum,
the 200% enhancement has been extrapolated over the last 15 Mev of the
neutron spectrum. The extrapolation was performed assuming a linear,
monotonically decreasing effect over the energy range. Strictly speaking,
the enhancement should be applied to a spectrum based on an NOIA cal-
culation, but this was unavailable. The form of the extrapolation is an
assumption required by the fact that at present there is no calculation
available describing MEC effects over the whole energy spectrum including
all final states. The spectra obtained by assuming different extrapolation
ranges is shown in Fig. 2.2; on this scale the difference between the analytic

continuation and mirror form factor are apparent.

Year Exp. s7! | Theo. s~} Ref.
1965 | 365+96 [15]
1965 334 [34]
1972 313 [35]
1973 445460 [16]
1976 405 8]

1979 413 [12)
1980 450 [13]
1985 | 470+29 (6]

Table 2.1: Previous values obtained for the doublet capture rate

The present theoretical situation regarding muon capture on deu-
terium requires clarification. The recent measurement of the doublet cap-
ture rate does not agree with predictions based on the impulse approxima-
tion. The inconsistency can be somewhat lessened by including corrections
due to MEC effects on the dominant partial waves. The prediction based

on the elementary particle technique, although in good agreement with ex-
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Figure 2.1: Theoretical energetic neutron spectrum, based on EPM calcu-
lation; the effect of the inclusion of the meson exchange correction term is
shown for the case that it applies over a 15 Mev energy range.

periment, suffers from the necessity of assuming the functional dependence
of the axial current form factor, which as previously stated, is the domi-
nant contributor to the transition operator describing the capture process
in deuterium. It should also be pointed out that muon capture on nuclei
(D, 3He, °Li) that are predominatly axial vector induced captures have the-
oretical values slightly lower than experiment!?[1]; the discrepancy is most
evident in the case of deuterium. It is not unreasonable that experimen-
tal measurement of neutron spectrum for deuterium might give insight in
the nature of the discrepancy and point out possible shortcomings of the

impulse approximation.

"2The theoretical values are consistently near the lower limit of the experimental
uncertainty.
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Chapter 3

The Experiment

TRIUMF experiment 297! was the first attempt to measure the neu-
tron spectrum from p~ capture on deuterium and was designed to measure
neutrons in the 25 to 50 Mev energy range. The experiment exploited the
fact that in the kinematic region of interest, the two neutrons are emitted
in a nearly back-to-back configuration with similar energies. For fast neu-
trons, E > 3 Mev, the standard technique of energy measurement is by
time-of-flight (TOF). The time difference between signals from detectors
a known distance apart may be used to compute the particle’s velocity.
The problem with applying this technique to deuterium is the lack of a
proper time-zero or start signal. In order to overcome this problem, the
TOF system devised for this experiment was novel; both emitted neutrons
were required to be detected in order to compute the time-of-flight. This

requirement also served as the primary means to reduce the background.

Back-to-Back Requirement and Kinematic Effects

The neutron detection system had to be able to measure the neutron’s
energy accurately and be able to discriminate events attributable to the cap-
ture process. The final state of the capture process, u= +d = n+n + v,

is characterized by two neutrons and a muon neutrino. The neutrino is

'The group spokesman was Professor Y.K. Lee of the Johns Hopkins University.
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essentially undetectable due to its weak interaction with matter. To bias
the detection system for events attributable to a deuteron capture event,
both neutrons were required to be detected within a +£16° deviation from
a pure back-to-back geometery.

The final state neutron energies are related according to the following

expression:?

Q_El+mn

)? — cos? Onn]EZ
P1

[(

(£ — Ei(Q + mn))(Q — B +m,)
pi

-2 + my cos® 0, B, (3.1)

Z _ E(Q+m,)
J4!

4 ) =0

where @ is the available kinetic energy (102.1 Mev) from the capture re-
action; m, is the neutron rest mass; F; and E, are the respective neutron
kinetic energies; p; is the neutron momentum and 6, is the angle between

their momenta.

The motivation for the back-to-back requirement comes from the
kinematics for 25-50 Mev capture neutrons. Consider a Dalitz plot, Fig.
3.1, showing the the available phase space in the center-of-momentum sys-
tem for the three-body final state. The contours show the neutron energy
dependence for fixed angles between the directions of the emitted neutrons.
It can be seen that for 25 Mev neutrons, the minimum angle is approxi-
mately 165° . Consider, now, a superimposed family of curves representing
fixed time delays between a time-zero signal from a counter near to the
target and a stop signal from a detector placed on the other side of the
target. This is shown in Fig. 3.2 for the case where the counter distances
are 25 cm and 244 cm, respectively. It can be seen that, for a given time

difference, the energy of the neutron detected in the Far counter is almost

2The equation was derived using relativistic kinematics with no approximations.
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Figure 3.1: Dalitz plot of available phase space for final state. Contours
represent fixed values of 6,,,,.

independent of the energy of the neutron triggering the Near counter. The
variation in the neutron time-of-flight from the target to the Near counters
implies that there is a kinematic effect on the energy resolution. This effect

will be further discussed in Chapter 4.

3.1 Experimental Apparatus and Technique

The experimental target area is shown in Fig. 3.3. Eight counters,
placed at approximately 25 cm from the target, were used for the time-zero
signals and twelve counters, placed at 244 cm from the target, supplied
the stop signals. The Far counters were viewed from both top and bottom
with photomultiplier tubes employed in a mean time mode. The energy of
neutron triggering the Far counter was calculated from the time difference

between the time-zero signal and the average time of the two Far counter

(SV]
-~
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Figure 3.2: Relationship of neutron energies for fixed time delays between
Near and Far Counter signals.

signals. The flight path used for calculating the velocity, hence energy, was
obtained by subtracting the distance from the target to the Near counters
from the distance from the target to the Far counters.

Particles entering the target area, (1=, 77, e™), were detected by use
of a particle telescope. To shield the neutron counters from charged par-
ticles emanating from the target area, a double layer of charged particle
detectors were used as vetos. The pu~ stopping rate in the central region
of the high purity 440 cm? liquid D, target was maximized by an electron
telescope. The data acquisition system was based on a PDP 11/34 com-

puter interfaced via a CAMAC sytem to the detector electronics; data were

recorded on magnetic tapes in the TRIUMF MULTI format.
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Figure 3.3: Experimental arrangement in target area showing muon tele-
scope, veto system and neutron counters, only three of the twelve Far coun-
ters are shown for clarity.
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3.1.1 TRIUMF M20A Channel

The experiment was performed at the TRIUMF meson facility located
near the University of British Columbia campus in Vancouver. The M20A
stopped muon channel was used in the backward-decaying muon mode. The
layout of the channel is shown in Fig. 3.4. Muons are produced by decaying
pions which originate from target T2 at an angle of 55° to the main beam-
line 1A. The pions are produced by bombardment of T2 by 500 Mev protons
that are produced by the main cyclotron. The beam then passes through a
series of eleven quadrupole magnets, Q1 thru Q11 and two dipole magnets,
B1 and B2. The dipoles allow momentum selection and the quadrupoles
focus the beam. The total length of the channel is 9.4 m and the bends
are such that the final beam emerges at approximately 90° to BL1A. For
the purpose of this measurement, the channel was nominally tuned for 97
Mev/c muons at a momentum bite, Ap/p, of 9%. With an average pri-
mary unpolarized proton beam current of 100 A and the standard 10 cm
beryllium production target at T2, the mean muon stopping rate within

1

the target was 96K s7!; in all 3.8 x 10'° muons were stopped. The pion

and electron contamination was estimated to be less than 1%.

3.1.2 Liquid Deuterium Target

The liquid deuterium target, designed by Caffrey et al.[37], was a 7.5
cm diameter by 10 cm right cylinder with the axis of the cylinder parallel
to the beam. The target assembly is shown in Fig. 3.5, the connections
to the cryogenic system and vacuum chambers are shown as well. The
chamber vessel was constructed of de-oxygenated high conductivity cop-
per to eliminate bubbling due to uneven heat conduction and to insure
a homogenous density distribution. The chamber was baked out at 473
K for seven days in order to achieve a vacuum of 10~® Torr. To ensure

an ultra-pure deuterium sample in the target, commercially obtained high
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CHAPTER 3. THE EXPERIMENT

purity deuterium gas was passed through an oxygen removal system and
a high pressure (200 psi) palladium leak® which was operated at 673 K.
The specifications of the palladium leak stated that the impurity level in
the target should not have exceeded one part in 100 million; however, this
could not be experimentally verified. The target was constructed with only
high Z materials. Muons stopping in the target walls will quickly interact *
and the produced background can be eliminated on the basis of event time
considerations; an event within the first 100 ns of a muon stop signal has a

higher probability that capture by a heavier nucleus was responsible.

3.1.3 Neutron Detection System

The far neutron counter array consisted of twelve (7.5 cm thick, 14.4
wide, 63.5 cm high) NE 110 and Pilot Y ® plastic scintillators. The far
detectors were placed side by side in semi-circular formation 244 cm (8')
from the target. At this distance each detector subtended horizontally an
angle of approximately 5° . The solid angle subtended by the array was
1.5% of the total 47 steradians. The neutron detectors were large enough
that the position of detection could influence the timing because of the
finite time (about 3 ns from top to bottom) required for transmission of
the light to the photomultiplier tube (PMT). To compensate for this, the
scintillators were viewed at top and bottom by PMT’s; the mean of the
difference between the time-zero signal and the two stop signals was used
to determine the time-of-flight.

The near neutron counter array consisted of eight smaller scintilla-
tors; 3.75 cm deep by 7.5 cm high with the width tapered slightly from
back to front (7.6 to 5.1 cm) in order to improve the angular resolution of

the system. Each of these scintillators were viewed with a single PMT. The

3Johnson Matthey Inc.
“Recall that the nuclear capture rate is oc Z*
®Nuclear Enterprise Co.
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Near counters were arranged in a four by two deep pattern as seen in Fig.
3.3. Each Near detector had associated with it three adjacent far counters

to give a total angular acceptance of 16° .

3.1.4 Muon Telescope and Veto System

To determine if a muon had stopped in the target, a five element parti-
cle telescope was employed as shown in Fig. 3.3. The required signal logic
to indicate a stopped particle was SO @ S1 o S3 ¢ S2 @ V3. The first four ele-
ments, SO thru S3, were placed upstream of the target. The fifth, V3, which
also served as a veto counter for charged particles®, was placed downstream
of the target.

The first two elements, SO and S1, were each 3” wide squares and
1/4" and 1/8"” thick, located at 23 cm and 12 cm, respectively, from the
target window. SO was placed at the opening of the beam pipe immediately
in front of the lead collimators. SO served to define the beam particles
entering the target area; it detected particles before they could possibly
scatter off the collimators and interact with the Near counters, producing
spurious events. The scintillator S2 was used to reject muons that would
stop near the target side wall where they could possibly interact with the
target construction, it was 6” x6” by 1/4” with a 1 5/8” diameter hole and
was located 3 cm from the target vacuum box. The greater thickness was
to insure a high veto efficiency. The diameter chosen was such that the
defined beam was at least 1.6 cm away from the target side wall. The
scintillator S3 was 2” in diameter, 1/16” thick and 6 cm upstream from
the target. It detected particles in a 2” diameter section centered on the
target, S3 was chosen to be thin in order to avoid low energy particles
from stopping within it and generating false stop signals. There was a

polyethylene, CH,, degrader placed between S1 and S3, which was used to

6These were predominately muon decay electrons.
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degrade the muon’s energy before entering the target assembly. The large
veto counter V3, downstream of the target, was used to veto events where
the particle traversed the target assembly.

To veto signals in the neutron counters due to charged particles
originating from the target area, a double layer of thin (1/16") scintillators
were placed between the target and counter arrays. The veto counters, V1

to V7, also served to detect the muon decay electron.

Muon Stopping Distribution

To maximize the stopping distribution of the muons in the center of the
target a variety of techniques were used. A particle telescope was aimed at
the center of the target and used to detect the muon decay electrons. The
CH; degrader thickness was varied and the ratio of electron telescope counts
in coincidence with a muon stop (ustop) signal to the counts in S1 was
measured (e~ tele. @ ustop/S1). The currents in the channel quadrupoles
Q9 to Q11 were varied in an attempt to focus the muon beam on the
center of the target. This was done to minimize the number of events in
the first 200 ns following a muon stop signal. The 200 ns activity was
attributed to muons scattering into the target walls and being captured by
high Z elements. This was verified by placing a 2” diameter Nal crystal
detector 8” under the target to detect the muonic copper x-rays from the
electromagnetic cascade. The 2 usec TDC spectrum is shown in Fig. 3.6.
The effect of varying the magnet currents was quantitively seen by plotting
the ratio of the counts in the first 200 ns (channels 1800 to 1600) following
a stop signal to those in the last 800 ns (channels 800 to 0) of the 2 usec

gate strobed by the p-stop signal.
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Figure 3.6: 2 usec TDC for all runs, the scale factor from channel number
to ns approximately is 1 to 1. Note that time goes from right to left.
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3.2 Electronics and Timing

The detailed schematics of the electronics are shown in Fig. 3.7 to
3.10. Fig. 3.7 shows the muon telescope and veto detection system; the 2
usec TDC and various pile detection circuits tried during the course of the
experiment is shown in Fig. 3.8. The signal path for a valid Master Gate
pulse is presented in Fig. 3.9. The hardwired back to back requirement
is shown in Fig. 3.10; the logic for a signal in Near counter numbers 1
or 2 and a signal in Far counter number 10 is detailed. The timing at
the input to the TDC’s (Time to Digital Converter) for the time-of-flight
system and Master Gate is shown in Fig. 3.11. The relative timing of the
neutron counter signals with respect to the 2 usec ustop latch are also shown
in Fig. 3.11. A simplified schematic of the electronics showing the logic
requirements for a Master Gate pulse and the logic for the time-of-flight

TDC'’s is shown in Fig. 3.12.
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Figure 3.7: Muon Telescope and Veto System, FI refers to a fan-in and led
to a leading edge discriminator.
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Figure 3.10: Back to Back requirement, the logic is detailed for Far counter
10 and Near counter 1 or 2.

Calibration

The timing for the neutron counters was calibrated using the prompt

v-rays from ?*Na, the back to back photons emitted providing a “speed of
light” reference point. The discriminator thresholds were set using the 0.511
Mev v-rays of ?*Na. To obtain a calibration for the ADC’s (Amplitude to
Digital Converter), the detector response to ®*Co v-rays was measured as
well. Since ®°Co emits two v-rays of similar energy and equal intensity, the
average value of 1.25 Mev was used for calibration purposes. The telescope
TDC’s were calibrated using a pulser for various signal delay differences.
The differences corresponded to 2" ns; this was done to test the individual

counting bits and the linearity of the TDC.

Master Gate

The start input for all TDC’s was the output of the Master Gate, Fig.

3.12. The Master Gate requirement for an event was as follows:

1. stopped muon signal from particle telescope,

RAW
TRIGGER

39
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Figure 3.11: Timing at input to Master Gate and TDC’s

2. coincidence between up and down PMT’s in a Far counter

3. coincidence between a Near and a Far counter in the 20 ns to 2 p-s

window following a telescope stop signal,

4. absence of a prompt veto signal from either of V1 thru V7,

5. back to back firing pattern in neutron counters; This was relaxed for

runs 34 through 49.

An event would be vetoed if the the data acquisition system was busy with

a previous event. The Master Gate output was strobed by the Far counter

up PMT pulse, as shown in Fig. 3.11. The stop signal for all TDC’s were

obtained directly from the counters as seen in Fig. 3.12. The stop signals

were delayed in order for the logical decision to be made by the Raw Trigger

leading to the 100 ns Master Gate pulse; the delay times were of the order

of 200 ns.
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Figure 3.12: Simplified experimental schematic showing the logic at the
input to the Master Gate and TOF TDC’s.

Counter Latch Patterns

The back-to-back requirement consisted of demanding that the coinci-
dence between the Near and Far neutron counter arrays satisfy one of the

following latch patterns (refer to Fig. 3.13 for counter number arrange-

ment):
e near counters 1 or 2 in coincidence with far counters 10, 11 or 12,
e near counters 3 or 4 in coincidence with far counters 7.8 or 9,
e near counters 5 or 6 in coincidence with far counters 4, 5 or 6,
e near counters 7 or 8 in coincidence with far counters 1, 2 or 3.

Events with multiplicity in either the near or far counter arrays were

recorded. The firing patterns in the neutron detector arrays were recorded

to CAMAC



CHAPTER 3. THE EXPERIMENT 42

as hexadecimal 8 bit data words which were created by a C212 CAMAC

register”.
FAR COUNTERS
S
%2
%3
§4
ET
TARG '\\bo Es
2,1 Eé
43
6.5 B~
8.7 N~
NEAR
COUNTERS gs

Figure 3.13: Arrangement of neutron counters showing 16° angular re-
quirement.

Muon Telescope and Pile-Up Detection

The output of the muon telescope coincidence, SO e S1 e S3 e S2 e V3,
was used as a start for a 2 us gate referred to as the p-stop latch. The
latch would remain open if no signal in V1 thru V7 was present, a veto
signal would cause the gate to reset, which required about 40 ns. Any fur-
ther stopped particles detected within this window were recorded as pile-up
events. The Master Gate output started a 2 us TDC?® that recorded the
event time in the Near counters following a stop signal. The time distri-
bution of additional pulses in SO within the pu-stop latch was measured in
a TDC. The start pulse for the SO-TDC was strobed by S3. An EG&G

“ORTEC Co.
8See Fig. 3.8
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GP 100N pileup detection module was used for pulses from an S0eS1 co-
incidence. The time distribution of the S0-S1 pile-up was also recorded
in a TDC. Later in the experiment, Run 42, the thresholds of SO and S1
were set low enough to detect electrons emanating from the beam line aper-
ture; these electrons scattering into the near counters contributed to the

background.
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Analysis of Data and Results

The data were analyzed using the TRIUMF program MOLLI [38] which
employs the FIOWA [39] histogramming package. The main analysis rou-
tine was written by A.J. Caffrey, and was subsequently modified by the
author. The analysis was performed at the University of Victoria on a

Vax 11-750. The software requirements for a valid event were:

1. back to back (A8 < 16° ) latch (coincidence) pattern in Near and Far

counters;

2. single event multipicity in both counter arrays;

3. amplitude of signal in Near counters greater than 3.6 Mev, ;!

4. average of the Far counter amplitudes within a 8.8 Mev,,. and 39

Mev, .. window;

5. a 2 pus muon telescope gate satisfying conditions as described in sec-

tion 4.1.2

To fully interpret the data, the following histograms and scatterplots
were generated for each of the 24 pairs of the neutron counters allowed by

the latch pattern:

'Mev, . : Mev electron equivalent, the term is defined in section 4.1.2
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1. histogram of the time-of-flight TDC spectrum,;
2. scatterplot of the Near counter amplitude versus the time-of-flight;

3. scatterplot of the Far counter amplitude versus the time-of-flight.

Each of these were then summed to produce composite scatterplots and the
time-of-flight spectrum. The summed TDC spectra for the front and back
rows of Near counters were separately recorded as well. For events with a
detected pileup, the time-of-flight vs. pileup time was plotted to determine
the nature of the piled up event; the cuts on the 2 usec TDC were then
determined by eliminating regions of the scatterplot which exhibited a high
density of events that did not correspond to neutrons. Separate histograms
of the pileup time and the time-of-flight for a pileup event were generated

as well.

4.1 Analysis Technique

4.1.1 Calibration of TOF TDC Spectra

In order to calibrate the time-of-flight TDC spectra, several of the ex-
perimental runs were made using a stopped negative pion beam. Pion
absorption at rest on deuterium, 7~ 4+ d — n 4 n, produces a back-to-back
signal of 68.03 Mev neutrons. The TOF system consisted of 24 pairs of
neutron counters; for each of these pairs, the mean value of the neutron
peak was located to within 0.05 ns (1 channel) of the theoretical value of
20.22 ns. The theoretical value corresponds to the time-of-flight over a 219
cm path. The timing resolution of the system was also determined from
the summed neutron TOF spectra obtained from 7~ data. A three pa-
rameter Gaussian (amplitude, mean and standard deviation) was fitted to
the spectrum and a value 1.13 ns FWHM at 20.18 ns was obtained for the
timing resolution and position of the neutron peak respectively. The fitted

function and time-of-flight spectrum are shown in Fig. 4.1.
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Figure 4.1: Timing resolution obtained from 7~ data.

The amplitude of the Far counter signal was plotted versus the time-
of-flight for each counter pair in a scatterplot. The pulse-height-dependent
effect on the time-of-flight was determined using a linear fit for each Far
counter. This is a second order correction required to compensate for the
amplitude dependence of the signal on the position of detection. The time
of the discriminator firing is dependent on the size of the pulse; in principle,
a constant fraction discriminator (CFD) is able to correct for the time walk
produced between a large pulse and one close to threshold. The applied
correction is approximately one half the timing resolution of the detector;
without the correction the spectrum is slightly skewed. Events with a larger

pulse in the Far counters will have a shorter time-of-flight.
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4.1.2 Calibration of ADC Spectra

The pulse height spectra of the neutron counters were calibrated using
the pulse heights of v-rays from *?*Na, ®°Co and the neutrons produced
from pion capture on deuterium. In order to provide a standard measure
of the energy deposition in experiments involving neutron detection, the
energy deposition in a scintillator is expressed in Mev, .. This is because
a charged massive particle? exhibits light saturation effects due to a higher
ionization density when moving slowly in a scintillator [40]. The energy
deposition for a proton recoiling from an incident neutron may be expressed
in the equivalent amount of energy deposited by a electron according to the

formula [41]:
L, = —10.68 (1 — exp(—0.07EJ*°)) + 0.929 E;, (4.1)

where L, is the equivalent energy of an electron and E;, is the proton energy.
The conversion factor from channel number to Mev, . for the Near

counter ADC’s was obtained from the difference between ??Na and ¢°Co

Compton edges. The obtained value was compared to the value calculated
from the positions of the end points; where the end point is defined as
the intersection of the straight line describing the steepest descent of the
tail of the spectrum with the channel axis. Assuming a Gaussian detector
response, the difference between the endpoint and the Compton edge cor-
responds to 20, where o is the detector energy resolution. The pedestal in
Mev, .. was then calculated using the 2Na Compton edge as the calibration
point. The Far counters were calibrated similarly; the signals from ??Na
and the end point of the neutron signal from 7 capture were used. The
position of the end point in the ADC spectra for the 68 Mev pion capture

neutrons corresponds to the maximum energy deposition of 53.3 Mev,..

2A neutron is detected indirectly, this will be further discussed in section 4.1.3.
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Pile Up and Telescope Cuts
The cuts on the 2 usec gate were:

1. rejection of any event with more than one muon stop signal in the 2

p-sec gate;
2. rejection of prompt events in the first 192 ns following a stop signal

3. vetoing of events with a signal in SO in the first 200 ns preceding a
Master Gate signal;

4. rejection of events with a S0eS1 coincidence within the 220 ns pre-

ceding a Master Gate signal.

The cuts on the telescope TDC’s were determined from the scatter-
plots relating the pile up time to the associated time-of-flight. From this
analysis, the events due to the pion contamination were eliminated. The
pion capture rate on deuterium is large, about 10'* s~ [13]; thus, pions
stopping in the target will quickly be captured. The unique time-of-flight
for the 7~ capture neutrons enabled immediate identification. The 192 ns
cut imposed on the 2 usec TDC, coupled with the hardwired cut of 20 ns,
served primarily to veto events attributable to capture in the copper tar-
get. Since the mean life of a y~ in copper is approximately 164 ns [42]; the
TDC cut eliminated about 75% of possible muon captures on Cu. A further
cut on the TDC would further reduce the experimental efficiency without
substantially lowering the background. For the time windows on the 2 usec
TDC, a factor of 0.50 + .02 arises for the neutron detection efficiency from
the finite counting time period. The scatterplot of the time-of-flight vs.
Near counter event time is shown in Fig. 4.2; the cut in terms of channel
number was 1600. The high density at tof = 800 and tmustop = 1800 * is

due to the pion contamination in the beam.

3tmustop corresponds to the 2 usec TDC.
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Figure 4.2: Time-of-flight vs. 2 usec TDC, axes expressed in arbitrary
units.

Only a fraction (40%) of the data was taken with scintillator SO in
place. The need for it was not realized until well into the experiment. A
histogram showing time of flight for an SO 200 ns TDC pileup shows a peak
that corresponds to a speed-of-light event; the explanation is that a beam
electron is scattered in such a way as to miss the veto system and to emit
bremsstrahlung photons which are then detected in the counter arrays.
This source of background may be eliminated by increasing the detector
thresholds; for a 5.6 Mev,. .. Far counter threshold, the peak in the SO 200
ns TDC pileup time-of-flight spectrum is much more prominent than for the
case of an 8.8 Mev, . threshold. The TDC cut could be applied, however,
only to the last 20% of the acquired data.
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4.1.3 Analysis Leading to the Energy Spectrum
Geometric Efficiency and Energy Resolution

The geometric efficiency of the TOF system was (1.5 & 0.1) x 10~%; this
was computed from the solid angle subtended by the Far counter array.
This was unaffected by the solid angle subtended by the Near counters,
only the Far counters determined the efficiency because of the coincidence
requirement.

For a given neutron energy the effect of the variation in the time-
zero signal, as outlined in chapter 3, was calculated. The curves in Fig.
4.3 represent the variation in the time-of-flight for a given neutron energy.

Equation 3.1 was solved with E; corresponding to the Far counter neutron
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Figure 4.3: Energy resolution, kinematic and finite counter thickness ef-
fects. The 1.1 ns timing resolution is superimposed as boxes.

energy and E; to the Near counter neutron energy. For the purposes of

calculating the time spread due to kinematics, 6,,, was taken to be 180° ;
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the two solutions obtained for E, for a given E; were then used to calculate
the time-of-flight for the Near counter neutron. The resulting values for the
time delay between events in counter arrays was then used to calculate the
curves in Fig. 4.3. The effects of the finite thickness of the neutron counters
and target have been included. The effect of the timing resolution on the
energy resolution is shown by means of superimposed boxes corresponding
to the inherent timing resolution of the detectors; the effect of the timing

resolution should be added in quadrature.

Neutron Detection Efficiency; GRACE

The detection of neutrons is not as straightforward as that of charged
particles. A neutron does not interact electromagnetically with the detec-
tor and hence a neutron is detected indirectly. In a plastic hydrocarbon
scintillator, the neutron scatters el.a.stically off a proton (hydrogen nucleus)
or interacts inelastically with a carbon nucleus; the energetic charged by-
products of the interaction are detected. The cross-sections for the in-
teractions are functions of the neutron energy; thus, so are the detection
efficiencies. The efficiencies also exhibit a strong dependence on the pulse
height threshold; the energy deposited is not well defined for a given neu-
tron energy.

The neutron detection efficiencies were computed using the Monte
Carlo program GRACE [43]. The code has been tested for scintillators sim-
ilar to those employed [44] to within §%. The program takes into account
inelastic n-carbon scattering and multiple neutron scattering effects; rela-
tivistic kinematics are employed. The calculated efficiencies for the detector

thresholds employed are shown in Fig. 4.4.
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Figure 4.4: Neutron detection efficiencies, output of GRACE.

Threshold Determination

To help determine the thresholds for the amplitudes in neutron counter
arrays, the time-of-flight was plotted versus the counter amplitude. The
two-dimensonal histograms for the sum of the Far and of the Near counters
are shown in Figs. 4.5 and 4.6, respectively. The kinematic region of
interest lies between channels 850 and 1050 (time-of-fl axis). From time-
of-flight considerations, the dense field of points in Fig. 4.5 near channel
600 (time-of-fl axis) corresponds to a v —~ peak. For the Far counters,
windows were imposed on the allowed pulse height. The lower threshold,
8.8 Mev,., was arrived at by trying to minimize the v —~ peak in the
scatterplots without affecting the longer time-of-flight events attributable
to capture neutrons. The 39 Mev, . threshold eliminated events with an

energy deposition greater than the maximum defined by the Mev, .. energy

of a 55 Mev neutron.
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The thresholds for the Near counters were likewise determined. The

baseline for the Near counter ADC’s was such that the maximum pulse
height for a neutron of interest was off-scale. The low energy cut, 3.6
Mev, .. was less than that of the Far counters to take into account the wide
range of neutron energies triggering the time-zero signal. From the allowed
kinematics, it can be seen in Fig. 3.2 that for a 45 Mev neutron, taking
into account the timing resolution, the Near counter neutron energy could
range from 25 to 45 Mev.

The bulk of the y-ray background could be eliminated by increasing
the thresholds of the Near counters above 7.0 Mev, . ; however, this intro-
duces an effect on the neutron spectrum. The detection of a 20 Mev neutron
in the Far counters corresponds to the detection of a similar energy neu-
tron in the Near counters, the average energy deposition for a 10-30 Mev
neutron overlaps the energy deposition from the v-ray background. The
effect on the spectrum cannot be reliably compensated for by Monte Carlo
techniques. This because the uncertainty in the number of photo-electrons
collected at the anode has a large effect on the calculated efficiencies. The
computed efficiencies are not reliable below about two times the threshold
setting; i.e., where the average energy deposition for a recoil proton is less

than twice the threshold value [43, Cecil et al.]

Finite Target Effect

The finite muon stopping distribution within the target affected the
coincidence probability for the back-to-back detector geometry. This was
due to the strict back-to-back requirement on 6,,,,. To correct for this effect
on the spectrum, a Monte Carlo simulation of the detector response to the
effects of a finite target was performed.

The program, MONTY*, computed the coincidence efficiency of the

neutron counter array using the following inputs:

“Monte Carlo computer programme written by the author.
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1. Far counter neutron energy,
2. the position of capture event within the target,
3. the position of detection for the neutron in the Far counter array,

4. the relative angle of the neutron momenta, the limits of which were

determined from equation 3.1.

If a coincidence between the counter arrays resulted, then the position of
the event in the Near counters was computed to find the corresponding
counter number. The resulting coincidence pattern was then compared to
the experimentally allowed counter firing pattern for an accepted event.

Events not satisfying this criteria were rejected.
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Figure 4.7: Finite target volume effect, coincidence efficiency as a function
of position along target axis for different neutron energies.

The target was divided in 16 equal slices along its main axis and

for each slice 10000 events were simulated. The coincidence efficiency as a
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function of position along the target axis for fixed neutron energies is shown
in Fig. 4.7; each slice is 0.625 cm. Note that detection efficiency is highly
dependent on the distance from the center of the target and also shows a

strong energy dependence.

The systematic error in the correction factor arising from this effect
is primarily due to the uncertain knowledge of the stopping distribution
along the target axis. The polar stopping distribution can be assumed
to be isotropic, at least to the 2.1 cm radius defined by the scintillator
S2; this may be concluded because of the beam spot size (about 10 cm
FWHM) is much greater than the cross-section of the target defined by S2.
The distribution along the target axis cannot be defined as precisely. To
determine the effect of different stopping distributions on the coincidence

efficiency, the following distributions were tested:
1. gaussian distribution, o = 2.54 cm,
2. gaussian distribution, ¢ = 3.81 cm,
3. gaussian distribution, ¢ = 5.08 cm, and
4. uniform along entire target length.

The efficiencies as a function of energy for the above distributions are shown
in Fig. 4.8. The relatively large momentum bite (9% at 97 Mev/c) for the
muon beam points to the conclusion that the stopping distribution within
the target was not highly localized. As well, the degrader thickness was
varied a number of times in the course of data acquisition; the variation in
thickness was from 7/8” to 1 1/2”. The actual stopping distribution was
most likely between the two extremes of ¢ = 2.54 cm and uniformity along
the entire target length. The correction factors, as applied to different
energies used in the normalization of the neutron spectrum, were those

for the assumption of a Gaussian distribution with ¢ = 3.81 cm. The

o6



CHAPTER 4. ANALYSIS OF DATA AND RESULTS 57

systematic error associated with this assumption was estimated to be the

difference between the values for ¢ = 3.81 cm with those for o = 2.54 cm

and the uniform distribution.
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Figure 4.8: Integrated coincidence efficiency for various stopping profiles.

Efficiency Corrections for the 2 usec TDC

The cuts on the 2 usec TDC imposed additional corrections on the final

spectrum.

1. Events with 2 or more p-stop signals within the 2 usec gate were
recorded and rejected; the fraction 0.84 + .02 of the events leading

to a Master Gate pulse survived this cut.
2. S0-S1 pileup rejection; a factor of 0.98 + .02 arises from this.

3. The finite counting period (1.69 us compared to the 2.2 us muon

life-time) introduced a correction of 0.50 + .02.
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4. Rejection of events with a SO signal within 200 ns of a Master Gate

pulse. This introduces a correction of 0.97 + .02.

The net effect of these corrections on normalization of the spectrum was a

factor of 0.40 + .03 in the overall experimental efficiency.

4.1.4 Discussion of the Background

The raw time of flight spectrum before background subtraction is shown
in Fig. 4.9. The kinematic region of interest is the 22 to 33 ns region®
Immediately to the left of the neutron cut off (22 ns), a reasonably flat
portion is evident; in this interval the coincidences are purely accidental,

i.e. they have a random correlation.
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Figure 4.9: Raw time-of-flight spectrum used to obtain final energy spec-
trum showing background level.

®Note that energy increases from right to left, the flight times of 22 and 33 ns correspond
to 54 and 25 Mev neutrons respectively
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The time-of-flight spectrum shows a peak near 7.5 ns which corre-
sponds to correlated back to back y-rays being emitted from the target area.
These ~-rays are attributed to bremsstrahlung from muon decay electrons.
A p~ decay electron is energetic enough to produce several high energy
photons; this would give rise to the ¥ — v peak being slightly widened due
to the finite time between interactions leading to brehmstrahlung radiation.
To the left of the ¥ — v peak is a peak with a shoulder extending to -1.5
ns; from time considerations this corresponds to correlated v — n events,
with the neutron detected in the Near counters and the v detected in the
Far counters. The extent of the shoulder into the negative time delay is in
fair agreement with the thresholds of the Near counters; the Near counter
threshold was such that neutrons of less than 7 Mev kinetic energy should
not be detected; the shoulder edge corresponds to 5 Mev neutrons assuming
~ that the neutron and ~-ray were emitted simultaneously from the center of
the target.

The presence of a significant number of counts at the end of the
spectrum in the negative time region does not have a kinematically plausible
explanation. However, the presence of a similar structure, though not as
well defined, at the opposite end of the spectrum supports the interpretation
that the peaks are due to an electronics phenomenon related to the pulse
edges of the Master Gate.

In order to determine the background level in the kinematic region of
interest, the thresholds of the Far counters were increased while keeping the
Near counter thresholds constant. Comparison of Fig. 4.9 with Fig. 4.10
and Fig. 4.11 shows strong evidence of additional background structure
above the level defined by the 11 to 22 ns region. In Fig. 4.10, where the
Far counter threshold was 6.8 Mev, ., there is a reasonably flat portion
extending from 52 to 66 ns; however, the level is consistently higher than
that in the 11 to 22 ns range. The 6.8 Mev.. cut corresponds to 12.5

Mev neutrons; the corresponding time-of-flight is 45 ns. The assumption
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of a flat background implies that there should be no structure present in
the 45 to 66 ns region; the number of counts in the two regions should be
consistent with each other; Although, the statistics are poor, the respective
mean values of the levels in the different regions do differ by close to 20.
The effect is even more dramatic in the time-of-flight spectrum shown in
Fig. 4.11, where the detector threshold was 5.6 Mev, .. The time-of-flight
spectra with the threshold cut at 8.8 Mev,. ., Fig. 4.9, also exhibits this

plateau; but, the level is consistent with the level in the 11 to 22 ns region.
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Figure 4.10: Raw time-of-flight spectrum showing background level.

The interpretation of the different background levels is that the
higher level of background is due to correlated ¥ — n events; but, with
the gamma ray detected in the Near counters and the neutron detected in
the Far counters. Because the y-ray will generate a consistent time-zero
signal and the time-of-flight for neutrons detected in the Far counters will

exhibit a wide variation (30 ns difference between 10 Mev and 50 Mev neu-
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Figure 4.11: Raw time-of-flight spectrum showing background level.

trons), the resulting spectral stucture will be spread out. The opposite
holds true for the case of a neutron in the Near counter and a gamma in
the Far counter, hence the observed peak. It must be added that the poor
statistics do not favour further analysis of the background, z.e. fitting of
various functions to determine the level of background in the kinematic
region of interest.

There is evidence that there is periodic structure in the time-of-flight
spectrum. The presence of a peak at 46.2 ns in each of the spectra is in
agreement with the 43 ns cyclotron beam period and the v —n peak located
at 3.3 ns. The presence of the peak at 46.3 ns is not consistent with the
threshold cuts of 8.8 Mev,.,.. and 6.8 Mev,. which both imply that the
number of counts in this region should be consistent with the 11 to 22 ns
interval. The cutoff for the 6.8 Mev,... threshold corresponds to a 25 ns
time-of-flight. This hypothesis is further supported by the observation in
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Fig. 4.9 of a narrow valley immediately adjacent to the peak at 41.8 ns.
The position of the valley is in fair agreement with the threshold value
(8.8 Mev,..) limit of 40 ns. These events are attributed to beam electrons
that entered the target area missing detection by the telescope system and
subsequently producing bremsstrahlung v-rays. It should be stressed that
the thresholds on the telescope scintillators were not lowered to detect
electrons until well into the experiment.

The large 2.44 Mev neutron background due to u~ catalyzed fu-
sion was eliminated by proper setting of detector thresholds; the maximum
height pulse for a fusion neutron being 0.75 Mev,.. The *He produced
in the fusion process® has two effects on the measurement: a depletion of
the available muons via capture by the helium nucleus and the subsequent
possible energetic neutron emission. The disappearance rate due to *He
has been calculated for a liquid deuterium target [6] using two indepen-

dent methods; the average value is 48 + 18 s7!.

The energetic neutron
background due to capture on 3He is negligible because the partial cap-
ture rate leading to neutrons in the final state is roughly 1/4 of the total
capture rate’; furthermore, the final state most likely to give rise to an
energetic back-to-back event has the neutron being accompanied by an en-
ergetic deuteron, which, considering the high efficiency of the veto system
for charged particles originating from the target, will be vetoed. The other
possible capture channel with neutrons present is a four-body final state.

The differential capture rate for energetic neutrons (> 25 Mev) is negligible

within the context of this measurement.

6See section 2.1.1
“See Chapter 5, Section 2.1
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4.1.5 Neutron Energy Spectrum

The neutron energy spectrum was calculated from the raw time-of-flight
spectrum obtained using the 8.8 Mev, .. Far counter thresholds. The sub-
tracted background was assumed to be flat; the level was determined from
the 11 to 22 ns and 53 to 67 ns regions. The theoretical spectrum used
for comparison was calculated assuming that the capture process was ex-
clusively from the pd 1S doublet state. This assumption is supported by
the findings of the latest capture rate experiment performed with a liquid

deuterium target [6].
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Figure 4.12: Neutron Spectrum, See text for description.

The final neutron spectrum obtained is shown in Fig. 4.12. The
error bars represent only associated statistical error; the systematic error
is estimated to be 15 to 20%, with the uncertainties in the muon stop-
ping distribution and neutron detector threshold values being the dominant

sources. The solid smooth curve represents the spectrum calculated using
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the elementary particle technique based on the assumption of an analytic
continuation of the axial vector form factor in the time-like region [13];
the dashed line represents the included effect of meson exchange currents
over a 20 Mev range of neutron energies. The measured spectrum is in
good agreement with theory in the 25-30 Mev range. The data point at
52 Mev is to be considered part of the neutron spectrum when the energy
resolution is taken into account. In the higher energy part of the spectrum,
the spectrum is within statistical agreement with theory; however, at 47
Mev there is an enhancement at the two sigma level. The agreement with
theory is improved when the MEC effect is taken into account. The high
statistical uncertainty does not allow an indisputable interpretation of the

results; though, there is evidence of an enhancement.
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Chapter 5

Extensions of the Experiment

Considering this experiment was the first attempt to measure any por-
tion of neutron spectrum after muon capture on deuterium, there is room
for significant improvement. The experience has shown that despite the
back-to-back requirement, the background level is still high. A new pro-
posal to measure the neutron spectrum has been prepared [45]; the proposal
outlines improvements that would decrease the background significantly
without sacrificing the counting rate. The improvements as put forth in
the proposal will be presented along with suggestions by the author that
followed the submission of the proposal.

Recently a proposal to measure the fast neutron spectrum following
muon capture on liquid *He and “He was submitted [46]. A measurement
for helium would complement the work done with deuterium to the extent
that MEC effects on energetic neutron emission for three and four nucleon
systems could be investigated. Primakoff [47] has stressed the desirabil-
ity of measuring the neutron spectra in the low energy neutrino limit for
deuterium and *He, citing that such an emission geometry is an effective
probe of the contribution from meson exchange currents. By measuring the
neutron spectra for *He, an effect due to closed nucleon shells on energetic
particle emission may be observed. This work would be useful in discrim-

inating various theories of particle emission after u~ capture in heavier
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nuclei.

5.1 An Improved Technique for Deuterium

The fact that the results of the present measurement do not lead to firm
conclusions regarding energetic neutron emission has motivated the desire
to repeat the experiment. The major deficiency of the present measurement
was the poor statistics, which was a reflection of the high background levels
and low counting rates. The focus of the new proposal was techniques to
reduce the prohibitive background and to increase the neutron detection

efficiencies. The following are among the proposed improvements:

1. implementation of liquid scintillators for the time-zero counters; this
would enable n — 4 discrimination by means of pulse shape discrimi-

nation (PSD);

2. tuning the channel for a smaller momentum bite and lower x~ mo-
mentum; simulation of the detection efficiency by MONTY has shown
that the efficiency is sensitive to the assumed stopping profile. By
lowering momentum, the beam may be more effectively focussed on
the central half of the target, where simulations predict the largest

number of coincidences would result;

3. an improved u~ telescope and additional veto counters: the telescope
elements would have individual TDC’s for better analysis of pile-up
events; additional veto counters are to be placed between the beam
line aperture and time-zero counters to veto events from charged par-

ticles not detected by the telescope system;

4. addition of a 1/16" thick scintillators in front of each Far counter in

order to improve the charged particle veto efficiency;
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5. improved shielding near the beam line aperture and additional con-

crete blocks between the main beam line and Far counters. It is

believed that a component of the background is due to particles pro-

duced in the target area T2.

6. removal of the hardwired back to back coincidence pattern for all
data acquisition; this would allow greater flexibility in the off-line
analysis. More important is that the efficiency of the TOF system
would be increased significantly by relaxing the angular requirement
to 26° . This effect is due to the finite target volume and the required

coincidence pattern for the neutron counter arrays.

5.1.1 Pulse Shape Discrimination

The primary source of background in the present measurement was
attributed to v-rays. This is in agreement with the results of a post-
experiment test of the nature of the neutral particle background in the
M20A area. A liquid scintillator with PSD capabilities was placed at the
approximate position of the Far counters; the measurement showed that
neutron background was approximately 2% of the v background.

Certain types of organic scintillators have the property that the pulse
due to a massive ionizing particle, i.e. a proton, has a different shape
from that of an electron. By measuring the time taken from the start
of the pulse to the point where the integrated signal has reached some
large fraction of the total signal, the nature of the particle producing the
signal may be inferred. A photon, which is detected via Compton scattered
electrons or pair production, will produce a integrated pulse with a fast
rise-time whereas a neutron will give rise to a “slower” pulse.! The above

technique is known as the zero-crossover method of PSD as the integration

_ 'The difference in the primary pulses is that an electron will produce pulse with a rel-
atively larger “prompt” component and smaller “delayed” component where the converse

applies to a proton or heavier charged particle.
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time corresponds to the zero-crossover time of the doubly differentiated
primary pulse.

In the proposed new experiment the plastic Near counters are to be
replaced with BC-501? liquid organic scintillators. The PSD modules to
be employed are those developed by Caffrey et al. [48] in conjunction with
u~ catalyzed fusion studies. The system is based on the cross-over timing
technique and has been optimized to provide good n — v discrimination
without sacrificing deadtime. The deadtime is 150 ns or less while conven-
tional pulse shape discriminators have times of 300 to 1000 ns. The avail-
ability of PSD would allow lowering of the detector threshold to increase
the efficiency while simultaneously reducing the background; a conservative
estimate puts the background reduction at a factor of 4 and the increase in

efficiency at 2.3

5.1.2 Neutron Detection System

In the first run of the experiment, there was a hard wired logic require-
ment of a back-to-back firing pattern for the first 60% of data acquisition;
only events within 16° of a pure back-to-back geometry were accepted in
the Master gate. This requirement limited the possible analysis techniques
for the data: an estimate of the background in the kinematic region of in-
terest may be obtained by considering the spectrum produced by requiring
6 > 16° . Above this limit, neutrons of energy greater than 23 Mev are
kinematically forbidden®. Lee et al. [49] have performed this analysis and
have shown that background in the 35 to 50 Mev region is consistent with
zero. Unfortunately, this mode of analysis was available only for the data
without the back-to-back requirement.

A Monte Carlo simulation to explore the effect of easing the angular

?Bicron Co.
3Private communication with Y.K. Lee
4Neglecting the finite target effect.
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Figure 5.1: Coincidence efficiency for A8 < 26° . Compare with Fig. 4.7.

requirement to § <26° shows pronounced enhancements of coincidence
efficiency. The only difference between the simulated results shown in Fig.
5.1 and 4.7 is the addition of new pairs of counters in the neutron counter
latch pattern in Fig. 5.1. Based on this analysis, the proposed changes in

the allowed latch pattern for the off-line analysis are:
e time-zero counters 1,2 in coindence with Far counters 1-4, Af <21°;
e time-zero counters 3,4 in coindence with Far counters 2-7, A6 <26° ;
e time-zero counters 5,6 in coindence with Far counters 5,10 Af <26° ;
e time-zero counters 7,8 in coindence with Far counters 9-12 A8 <21° .

The proposed arrangement is shown in Fig. 5.2.
This analysis was performed on the data without the hard wired

back-to-back bias using the new, (A < 26° ), coincidence requirement
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Figure 5.2: Proposed counter arrangement showing the angular acceptance
for new latch pattern.

and the original 16° requirement for identical threshold values. The re-
sults, presented in Figs. 5.3 and 5.4 show the time-of-flight spectra after a
background subtraction based on the 13 to 22 ns interval. The spectrum
for the relaxed latch pattern shows a 136% increase in the number of counts
in the 25 to 55 Mev range (22 to 33 ns in the figures). The background
exhibited a 92% increase, contrary to the expected 50% increase. The 50%
increase would correspond to the increase in “effective solid angle” of the
detection system obtained by relaxing the latch pattern. Part of the unex-
pected background increase can be attributed to geometric considerations
and possible background anisotropy. The thresholds used for the compar-
ison were 5.6 Mev,.,. for the Far and 3.6 Mev,.. for the Near counters,
respectively. From inspection of the TOF vs. amplitude scatterplots, it is
evident that the threshold cuts have not been optimized for the new latch
pattern. The most significant result though, is the increase in signal to

background ratio (S/B) in the 25-52 Mev range; the ratio for the new latch
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Figure 5.3: Time-of-flight spectrum for A6 <16° . The 22 to 33 ns interval
has 368 counts with a background of 261.

pattern S/B to that of the old arrangement is 1.229 + .009. For the
proposed rerun, with the improvements to be implemented, the effect of
the increase in background would be offset by the availability of PSD. For
the conservative estimate of a factor 4 reduction in the background, the
net background would be 1/2 the level of the present measurement with
a conservative estimate of 1.5 times the number of events, not taking into
account the increase in efficiency due to the lower thresholds.

By varying the allowed latch pattern in the software analysis and
fitting the Monte Carlo simulation of the change in the spectrum to the
observed change, the muon stopping distribution may be indirectly mea-
sured by finding the assumed distribution that yields the best fit. For the
present measurement, the uncertainty in the stopping distribution was the
greatest source of systematic error in calculating the final spectrum. This

technique of determining the distribution with the present data was not uti-
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Figure 5.4: Time-of-flight spectrum for A8 <26° . The 22 to 33 ns interval
has 752 counts with a background of 500.

lized because of the poor statistics; the uncertainty in the bin counts was
comparable to the effect of different stopping distributions. If the statistics
were improved, this might be a viable method of determining the stopping

distribution.

5.2 Measurement of the Neutron Spectra for
SHe

Negative muon capture on *He can proceed along 3 basic channels.

*H + v, I
p~+°He —=<{ d+n+v, IT (5.1)
p+n+n+tuy, II1

The previous work concerning muon capture on *He has focussed on the

total capture rate and the partial rate, Ay, for reaction I. The triton final
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state channel is the closest nuclear analogue to capture on protium. The
partial capture rate has been measured [50,51,52] and the accepted world
average is 1529 + 37 [1]. This value is in agreement with theoretical
predictions based on the elementary particle method [53] and impulse ap-
proximation [54]. The theoretical predictions are consistently lower though
not in disagreement. Clay et al. [50] and Auerbach et al. [51] both used
high pressure *He gas targets. Experimental results were obtained by ob-
servation of the scintillation produced by the recoiling triton, which has a
unique energy of 1.89 Mev, and by comparison with the total number of
stopped muons.

The total capture rate has also been measured [51,52] and a value of
the “breakup” reaction rates, reactions II and III, can be inferred,though

not individually:

660 + 160 s™! ref.[50
II+III:{ 150] (5.2)

665 Yi30 s~!  ref. [51]

Calculations of the breakup capture rates have been performed [55]. The
results of these calculations differ widely, up to 35%, and the discrepancies
have been attributed to the somewhat crude approximations employed [20].
Phillips et al.[20] in a recent and more refined treatment have calculated
the breakup rates to be Aj; = 414 s™' and Aqp = 209 s™'. Their error is
predicted to be no more than 10 % and is due to the neglect of MEC cor-
rections and relativistic effects. The total neutron rate has been measured;
the first measurement of the u~ capture rate on deuterium, performed by
Wang et al.[15], was under conditions where the production of muonic *He
was large.® A result of 1200 + 170 s~! was published for the neutron rate
corresponding to Ay + 2Ap;. The result differs by two standard deviations
from the prediction of Phillips et al.

See Chapter 2, Section 2.1.1
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A measurement of the neutron spectra for *He would not suffer from
some of the problems associated with the deuterium measurement. The
3He measurement would be “cleaner”: meso-molecular processes leading to
fusion would be absent; a muonic helium atom posesses a net electric charge,
which inhibits the muon transfer process to heavier nuclei and the time-zero
signal for the time-of-flight measurement may be directly extracted from
the target. Furthermore, for reasons to be outlined, the anticipated event
rate would be substantially higher than for deuterium.

The overall capture rate is much greater than that of deuterium;
although the primary channel (I) does not produce neutrons, the rate for
the second channel (II) is comparable to that of deuterium. A possible
source of neutron background is the third channel (III); however, from
phase space considerations, the neutron background in the 40 to 70 Mev
range from this reaction would be essentially zero. This is the kinematic

region for channel II where MEC effects could be detected.

5.2.1 Experimental Technique for *He

The experimental technique to measure the neutron spectrum from cap-
ture on 3He is similar to that of deuterium. A fundamental difference,
though, is the employment of the liquid *He target as the scintillant for
the time-zero signal. An additional improvement would be the implemen-
tation of liquid scintillators for the Far counter neutron array which would
allow n —~ discrimination as well as reasonably fast timing resolution. The
proposed arrangement is to have an array of twelve neutron counters (25
x 6 x 3 cm®) placed 2.44 m (8’) from the target in order to provide good
time-of-flight resolution. The telescope design and logic would be similar;
however the required signal to indicate a stopped muon would include a
signal from the ®He scintillant.

The liquid scintillators would enable investigation of a greater region
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of the neutron spectrum. The of n —+ discrimination afforded by the liquid
scintillators coupled with the absence of the low energy neutron background
from fusion implies that the thresholds for the detectors may be set at lower
levels in the off-line analysis than those for the present measurement. This
would substantially increase the neutron detection efficiencies. The avail-
ability of a direct time-zero signal would eliminate the finite target effect on
the coincidence efficiency. The detection efficiency for the helium scintilla-
tion light producing the time-zero signal is expected to be approximately
0.8 [46], which is about 8 times greater than the detection efficiency for the
second neutron required for the deuterium experiment.

The experiment would be almost kinematically complete,® enabling
partial discrimination between the two capture channels leading to neu-
trons in the final state. A second array of neutron detectors would be used
to detect the secondary neutrons from channel III. The detectors would be
placed a distance that provides reasonable time-of-flight resolution compat-
ible with a high solid angle efficiency. The liquid *He target will allow a
energy measurment of the particle producing the time-zero signal within
10%. This coupled with the time-of-flight measurement for the detected
neutron would allow partial discrimination of channel III events for the
case where the second neutron is not detected. The technique is, however,
limited by the wall effect on the energy determination of the charged parti-
cle inducing the time-zero signal. An energetic particle, depending on the
capture point, might not liberate its full energy to the scintillator before
exiting the target. This effect may be corrected for by a Monte Carlo simu-
lation taking into account the muon stopping distribution, the energy and

detection position of the neutron.

®The energies of two of the final state particles will be measured.
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Liquid Helium Target

By using the known scintillation properties of helium [56], a time-zero sig-
nal for the time-of-flight measurement may be extracted by observation of
the charged particle produced at capture. The advantage of this is obvious:
there is no kinematic effect on the energy resolution as in the case where
the time-zero signal is produced by a correlated massive particle detected
at some distance from the interaction point. The timing resolution for a
liquid *He neutron spectrometer similar to the proposed target has been
measured and a value of 1.2 ns FWHM has been published [57]. The rela-
tionship of the pulse height to energy deposition for helium is linear. The
monoenergetic triton final state from the primary capture channel would
provide an excellent calibration point at 1.89 Mev for the pulse height spec-
trum of the 3He scintillator. A liquid helium target also has the advantage
of self-purification, as any gaseous impurities would “freeze” out in the
liquification process.

The target has yet to be designed; a primary consideration is that
the target must be relatively thick to minimize the wall effect. Ideally, the
dimensions of the target in the plane of the neutron counters should be such
that the minimum distance from the center of the target to the walls should
not be less than 40 mm. This corresponds to the range of 27 Mev deuterons
and 17 Mev protons in liquid *He, respectively. The target dimensions in
the beamline direction should be such as to provide a relatively thick stop
for the incident muons. From these considerations, a suitable design would
be a right cylinder of 80 mm diameter by 50 mm height. The window for
observing the scintillation would be the bottom endcap. The active volume

of *He would be 250 cm?.

The scintillation spectrum lies in the ultraviolet regime; this ne-
cessitates employment of a wavelength shifter to coat the inner walls and

window. van Staa et al. [57] have investigated the energy resolution and

76



CHAPTER 5. EXTENSIONS OF THE EXPERIMENT

efficiency for various wavelength shifters; they note that diphenylstilbene
(DPS) is the most favourable choice if the photomultiplier tube has a bial-
kali cathode. The window must be made of a transparent yet good heat
insulating material; previously constructed liquid helium scintillators have

employed mylar, quartz or sapphire windows.
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Chapter 6

Conclusion

The results of TRIUMF experiment 297 have shown that it is possi-
ble to measure the energetic component of the neutron spectra to sufficent
accuracy to detect evidence of the predicted enhancement due to meson
exchange currents. The dominance of the systematic error and the poor
statistics, though, do not allow a firm interpretation of the data. In order
to conclude that there is definite structure in the high energy component
of the neutron spectrum, the experiment would have to be repeated. The
proposed improvements, as outlined in Chapter 5, would allow such a con-
clusion. The counting rate in the region of interest is small; the capture rate
for deuterium is three orders of magnitude smaller than the muon decay
rate and the cross section in the region of interest is only 3% of the total
capture rate; as well, the detection efficiency for the present measurement
for 45 Mev neutrons was only 6.1 x 107° for the detector thresholds em-
ployed. The fact that there is an indication of an enhancement is promising,.
A new experiment with a longer running time, hence, improved statistics,
would clearly show conclusive results.

The present uncertainty in the mechanism responsible for energetic
particle emission following nuclear muon capture requires clarification. Stud-
ies of neutron spectra from capture on heavy nuclei, though experimentally
more accessible, suffer from model dependent interpretations due to the in-

herent complexity of many-nucleon systems. Investigations of the neutron
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spectra for light nuclei are experimentally more difficult, but can lead to
sound interpretations because of the far better understanding of nuclear
processes involved.

Performing experiments on heavier nuclei to test the hypothesis that
meson exchange corrections are responsible for energetic particle emission
does have limitations. The hypothesis is optimally tested for very light
nuclei, where excited bound nuclear states are absent. In nuclei with A< 4,
a “global” measurement of the spectrum is possible, in capture on heav-
ier nuclei there are nuclear transitions in the final state implying that the
measured spectrum would be due to a sum over these states. Such an
effect would “wash out” the MEC induced enhancement unless the spec-
tra from individual final states could be differentiated. More important,
though, is that for deuterium and *He, there is the absence of other nuclear
phenomena that could explain an enhancement in the high energy neutron
spectrum. Such a process would have other effects that would have been
hitherto observed. It is important to repeat the experiment for deuterium
and extend the technique to helium as a means of determining the extent

of meson exchange current effects.
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