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Abstract

Negative mucn lifetimes have been measured in 48
elements including four pairs of separated isotope targets
(¢Li,?Li,10B,11B,12C,13C,160,18Q0), The experimental set-up and
electronics logic were checked against the positive muon
lifetime, which was measured to be 2197.,040.7 ns, in good
agreement with the acéepted value of 2197.12010.077 ns. Muomns
were produced by the Lkackward decay of pions which were provided
by the M20 keam channel at TRIUMNF.

The negative muon lifetimes were measured for all light
elements except H and He. An improved accuracy has been achieved
in Be, N, 0, F, Na, Cl, and K, aqg new measurements were
performed for 13C, 18c, Dy and Er. Strong isotope effects were
observed in Li, B, and 0, but there was no isotope effect in C.
Our results in 6Li and 7Li were in good agreement with the
predicted values by Lodder and Jonker. Our measurements confirm
that the even-odd effect in heavy nuclei is not strong and the
increase of the odd-Z capture rates is smaller than that expected
from the quenching of the Cabikbo angle in large magnetic fields.

The negative muon beam was also stopred in 23 metallic
oxides in order to measure the atomic capture ratios. The number
of muons captured by each element was deduced by lifetime
analysis. Our result reproduced the periodic dependence and
agreed well with earlier X-ray measurements. The results hovever
are of higher accuracy and are liakle to very different
systematic errors, which gives added confidence to the overali

situation.
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CHAPTER I

Introduction

I.A Discovery of the Muon and its -Behavior-

in Matter

The muon was discovered by Anderson and
Neddermeyer (AND38) in cosmic rays. When it was found, it
was thought tc be the meson responsible for nuclear forces
as predicted by Yukawa in 1935 (YUK35). However, it was
difficult tc explain the fact that it had penetrated the
earth's atmosphere without absorption. This was because the
Yukawa mescns responsible for the strong interaction should
have been absorbed quickly via nuclear reactions with atonms
in the atmosphere., <Through the work cf Conversi et
ale (CONU47), who measured the ratio of nuclear absorption of
negative mucns in light elements, it became clear that the
muons did not interact strongly with the nucleus. The
discovery of pions by Lattes et al., (LAT47) resolved the
contradiction. They chserved that the muons from cosmic
rays were the decay products of the pions. It is now
understood that pions are the Yukawa mesons and muons =-which
are similar tc electrons. in many ways- are now classified as
leptons and are nct mesons in the modern use of the ternm.
Thus mucns aré particles of mass 105.6 MeV/c2 (206.8 times

the nass 6f the electron) and they experience.the weak and



the electrcmagnetic interactions but not the strong

interaction.

The behavior of negative nuons in matter may be

conveniently divided into the following four stages (WU69).

The slowing dcwn mechanism and its duration have been

discussed in detail by Fermi and Teller (FER47).

1, High energy to a few keV:

2,

Mucns with several tens of MeV lose their energy

mainly by ccllisions with atomic electrons. At the

end of this stage, when the muon's energy is a few
keV, its velocity is almost equal to the valence
electron velccity.. The slowing down time in the

condensed material is between 10—° and 10-%t0 sec,

A few kXeV to rest:

The mucns exchange energy with electrons and come to
rest in about 10-13 sec. The details of this process
depend on whether the material is a metal, insulator,

gas, etc.

3, Atomic capture and electromagnetic cascade:

4,

The muons are eventualy trapped into highly excited
states of a particular atom and cascade down to the
lowest state of the muonic atom. Auger processes (
i.,e, emission of atomic electrons ) are dominant in
the transition Lketween the higher levels and radiative
processes between the lower levels., The cascade time

is akout 10—13 sec,

Disappearance:



Most of the muons reach the 1S orbit of the muonic
atcm and they either decay or are captured by the
nucleus frcm this crbit via the weak interaction. 1In
light elements, it takes aprroximately 2.2
microseconds, the lifetime of positive muons, for the
muons to disappear.. In heavy €lements it takes about
80 nanoseconds (ns)e.

In this thesis, the physics of the third and the fourth

stages will be discussed.

The atomic capture rate of negative muons in
chemical ccmpounds was investigated ty Fermi and Teller
(FER47) and the so called "Z-law" was proposed.. Aaccording
to the Z-law, the probability for capture by an atom in a
chemical ccmpcund wculd be proporfional to its atomic
number. 6 However, the Z-law was nct supported by subsequent
experiments (SEN58, ECK62, BAI63), which observed a
periodicity of the atomic capture rate in the metallic
oxides (ZIN6€), and thus it was realized that the capture
process is strongly affected by the chemical structure.
Even though there has Lkeen comnsiderable progress in
clarifying the capture process (DAN79, SCH78), the detailed
explanaticn cf the observed chemical effect still remains
incomplete (SCH77).

There have been several attempts to calculate the
kinetic energy of muons when captured by the atom, Although
early calculations (HAF74) suggested that the capture occurs
while the muons kinetic energy is still hundreds of eV, it

"is now Lkelieved that the energy is less than 15 eV in the



case of the hydrogen atom (LEO79). The lower kinetic energy
makes it easier to understand the effect of the molecular

structure on the capture process.

A muon is the decay product of a pion. The decay

scheme is

+ + - - -
T —> u +\)u . T — u +\)u (1.1)

Because this decay does not conserve parity, the muon is
produced in a particular helicity state, namely its spin and
magnetic mcment are aligned (or anti-aligned) with the
momentum vector. Althcugh this effect is essential for KSR
work, it turns out to ke an inconvenience for the
experimehts descriked in this thesis. The muon decays into

an e€electrcn and twc neutrinose.
u+-———> et + v 435 s g —> e + v + v (1.2)
) e U o e U

This three-particie decay hypothesis was confirmed by the
observation on the energy spectrum of the decay electrons
and their energy (TIOUS-1). The simple additive law of
leptcn conservation has only recently been confirmed by
experiments at LAMEFF (Willis et al. (WIL80-1)) {( for instance
in the g* decay the quantum number for anti-muons has to be
conserved, necessitating a Gu in the decay products and
forbidding a %J).. Tiomno and Wheeler (TIO49-2) proposed a

Universal Fermi interaction , in which the coupling



constants of beta decay, muon decay and nuclear muon capture
are of the same order cf magnitude. The Wweak interaction
scheme can then be expressed by the following picture (Puppi

triangle)

(n,p)
Beta Decay Muon Capture
(e,v)) (U,Vu)

Muon Decay

The Hamiltonian of the decay process (1.2) is

described by the following four-fermiom interaction (SAC75)

H =2 : {Evriwu}{\?eri(gi+g’£)wv} + H.C. | (1.3)
where i1 runs over the scalar, vector, temsor, axial vector,
and pseudo-scalar interactions, and G is a coupling constant
of the weak interaction (see in detail section IV.A). The
Bamiltcnian (1.3) leads to the energy spectrum term M (X)
(Michel spectrum) and the asymmetry term B(X) for the decay
of a polarized muon. Hence, The general formula of the
decay electron spectrum of the polarized positive muon is

expressed as
dN(X,P,qg) o< {M(X) +B (X) cos(qg)}X24x (1. 4)

where P is the mucn polarization, g the angle between the



decay electron momentum and the spin direction of the muon..
In figure I-1, the experimental energy spectrunm .
data points measured at TRIUMF are shown along with the
theoretical curve., This figure and the following
experimental results measured at TRIUMF were presented at
the CAP ccnference in 1979 (SUZ79). The theoretical eanergy
spectrum for the positive muomns has been shown by Michel

(MIC57, SAC75) to Le
M(X) = 2(X)2e{6(1-X)+4 p ((4/3)%-1)} (1. 5)

where X is the electron momentum in units of the peak
mcmentum (£2.8 MeV/c) and p 1is the so=-called Michel
parameter., . P is predicted to be 0.75 by the two-component
neutrino and V-A theories (KIN57, SAC75). The experimental
values found by Bardon (BAR65) and Fryberger (FRY68) are
0.750£0,003 and 0,7624+0,008, respectively., . The TRIUMF
‘result is 0.749+0.003. Thus the experiments are in good
agreement with the theoretical predicticn.

In the case of polarized positive muons, the

asymmetry term (SAC75) is given Lty
B(X) = 2(X)2e¢{2(1-X)+U4 § ((Us3)%x-1)} (1. 6)
where 0§ is the asymmetry parameter. Again § is predicted

to be 0.75, the same.as p « At TRIUMF, the polarized

positive muon with a 84% beam polarization was stopped in a
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carbon target and the emergy dependent asymmetry was
measured., This is shown in figqure I-2 along with the
asymmetry spectra of negative muons in a carbon and a
titanium target. From the data analysis of the positive
muon asymmetry, ¢ is equal to 0.7534#0.005. This agrees
well with Frybkerger's finding of 0.752+0.008 and also with
the predicted value.

In the usual counter experiment, the electron
energy is not measured; The angqgular distribution of

electrons is of the form
dN (P,q) =< {1+APcos(q)}dq (1. 7)

where A is the asymmetry and P the muon polarization. This
is an equation for the muon preéessioﬁ under the influence
of a magnetic field. 1The integration of equation (1.6) for
the electrcn wmcmentum (X) between 0 and 1 gives

a = 1/3 (1. 8)

when P=1 (namely 100% beam polarization).

I.C Bocund Muon Decay -

The bound muon decay has a few different
characteristics frcm a free muon decay. First, a negative.
muon in the K crbit of the muonic atom has a lower decay

probability than a free muon due to the reduced phase space.
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The decay rate of the free positive mucn is
Rd (+) o< (mucn mass) S

The energy of the bound muon is equal to the energy of the
free muon (105,.,6 MeV) minus the Lkinding energy of the K
orbit of the muonic atom which reaches a value of about 12

MeV in uranium. . That is
RA (-) =< (muon mass-binding energy)s

This corresponds to the reduction of the phase space
accessible to the decay products. Secondly, due to the
moticn c¢f the bound muon in the K orbit, the decay electron
has a Doprler effect and the maximum energy is greater than
the cut-off energy (=52.8 MeV) of decay electrons from free
muons. Hence, the energy spectrum of the bound muon decay
stretches tc the high-energy side. Thirdly, the decay
probability and the decay electron energy spectrum are
affected ty the nuclear coulomb field. The peak of the
spectrum is shifted into the lower energy side as the atomic
number of the target nucleus increase.

In figure I-3, there are four decay electron
spectra from carbon, titanium, copper, and lead. Before the
TRIUMF measurement (SUZ79), there had been two experiments
by Culligan et al. (CUL61) for an iron target and Beilin

(BEI68) for a copper target. The TRIUMF experiment was the
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first attempt to demonstrate the variat;on of the energy
spectrum for the various nuclei. The second and third
effects abcve are clearly demonstrated in the figure. The
energy spectra obtained at TRIUMF have shown good agreement
with Huff's theory (HUF61). His theoretical curves are
shown in figure I-4. As discussed in section I.B, the
theoretical curve must take into account the detector
resoluticn and energy loss in the electron counters in order
to compare the theory with the experiment. We have already
reported that the thecry is in gocd agreement with the bound
muon decay spectra (SUZ79).

In the experiment of the atomic capture ratio in a
chemical compound, it must be noted that the energy spectra
of decay electrons are different for different nuclei., 1In
the heavy elements, like lead, the ratio of low energy
electrons to high energy electrons is greater than the ratio
in the lighter element. Thus, the loss of low energy decay
electrons frcm the heavy element constituent in the chemical
compound target is laréer than that frcm the light element
constituent.

A negative muon loses polarization quickly during
the cascade in the muonic atom. The TRIUMF experiment
(SUZ79) is the first attempt at measuring the energy
dependence df the asymmetry of negative muons.. In figure
I-2, two asymmetry spectra for carbon and titanium targets
are shown. The calculation of the energy dependent

asymmetry has been done for an iron target by.Gilinsky and
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Mathews (GIL€0). Their calculaticn predicts that the
asymmetry at the high energy end drops down to zero..

The residual polarization of negative muons for
spinless nuclei has been theoretically analyzed by
Scmushkevich (SHM59) and Mann and Rose (MAN61). . The
tLehavior cf negati&e muons in matter has been discussed in
section I.A. During the slcwing down process from high
energy to rest, the muons lose.most of their kinetic energy
by collisicns with electrons but the depclarization in this
stage is negligible. When the muons are trapped into
excited bound states of the muonic atom, they lose most of
tﬁeir pclarizaticn, retainig only about 1/3 of the initial
value. Then the muons undergo many transitions via Auger
processes in higher orkits and radiative processes in lower
orbits, and finally reach the ground state of the muonic
atom. During the cascade in the muonic orbits, the muons
lose 50% cf the remaining polarization. Thus, in the case
cf carbon, the final pclarization is estimated to be about
15%. This estimate of the residual polarization is in good
agreement with experiments as shown below. If the nucleus
has a spin, there is a spin-spin interaction between the
muons and the host nucleus. Due to this interaction, the
additional depolarization occurs during the cascade, .
Furthermore, at the ground state,.the hyperfine cocupling
between the mucn and nuclear spins produces a strong
depolarization. Consequently, the residual polarization of

negative muons in the nucleus with a spin is expected to be
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much smaller than that in the spiniess nucleus, . In the case
of 19F (I=1,2), the residual polarization is reported to be
4+4% (AST61). .

The residual polarizations of negative muons in
carbon and titanium are 20+3% and 7+3%, respectively, fron
the TRIUMF experiment (SUZ79). These polarizations have
bkeen investigated by Dzhuraev et al, (DZH72), who measured
the total asymmetry (A) expressed by equation (1.7).. Their
findings were 19.411.1% and 15.5%+1.€% for carbon and
titanium, respectively. 1In the case cf carbon, both
experiments agree well, However, in the case of titaniunm,
the TRIUMF result is smaller ky a factor of 2. The reason
for this is not certain. In the case of titanium, the
asymmetry spectrum shows large errors especially at low
energy. This measurement will be repeated at TRIUMF with a
better quality muon beam in ofder to reduce the accidental
coincidences which are related to the R.F. ©period in the

time spectrun.

I.D Muon Carture in Nuclei

Conversi et al. (CCN47) measured the lifetime of
positive and negative mucns in cérbon and iron. They found
that the lifetime of negative muons in carbon was almost the
same as that c¢f pcsitive muons (2.2 micrcseccnds). On the

other hand, decay electrons from the negative muons in iron
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were not detected after one microsecond delay. This proved
that the negative mucns were captured by the iron nucleus
within a microsecond. Since then, the muon capture has been
studied experimentally and theoretically and the capture
rate has been determined for most nuclei.

The basic process of muon capture in a nucleus is
the reacticn:

W ¢+ p—> n + v, (1. 9)

which in the case cf bound protons in a nucleus becomes:

(3,2) + v~ —> (a,2-1) + vy (1,10)
This reaction leads to nuclear exited states (mainly giant
resonance states at about 20 MeV excitation) which then
de-excite with the emission of one or more neutrons (KAP58).
The first theoretical approach to calculate the totai

capture rate in the nucleus was made by Wheeler (WHE49). He

expressed the capture rate by

Rc (Z,A)= constante I |¥(at each proton) |2 (1.11)
“all
protons

where Y is the muon wave function. Now, lwlz is

proportional to Z3, so that
Rc (Z,h) o< (Zeff)+ (1. 12)
In this equation 2 is replaced by Zeff, because the muonic K

orbit is inside the nucleus for heavier nuclei and therefore

the part of the wave function which is inside the nucleus is
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modified kecause it sees a reduced charge. The (Zeff)* law
is approximately valid for light elements, but it
overestimates the rate for heavy elements.

Primakoff (PRI59) derived a simple formula which
has a neutron excess term originating from the Pauli
principle. He employed a closure approximation in order to
calculate the transiticn matrix elements for all accessible
excited states of the daughter nucleus. This formula has
been improved by Goulard and Primakoff (GOU74) to overcéme
the systematic deviation from the Primakoff formula for the
heavy elements. These theories will be discussed in more
detail in Chafpter V.

The first experiment to study systematically the
total mucn capture rate was made by Sens et al. (SEN57, -59)
who determined the apparent lifetime of negative muons which
stop in matter. The inverse of the lifetime is the total
disappearance rate, Rt, which is composed of two components,

the decay rate, Rd, and the capture rate, Rc, ie
Rt = Rc + Q(Z) eRd (1.13)

where Q(Z) is the Huff factor discussed earlier which takes
account cf the factcr that the negative muon is bound in the
atom and so the decay rate is reduced (by up to 20% for
heavy nuclei). R4 is taken *to be the same as that for the
positive mucn uﬁilizing the CPT theorem which implies that

the total lifetimes of particles and anti-particles are
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identical. The measurements of Sens et al. (SEN59) in 29
elements from carkon (Z2=6) to uranium (Z=92) showed the
linear relation betuéen the reducéd capture rates and
neutron excess term, as predicted by the Primakcff formula.
After their experiment, a large number of measurements in
different nuclei have been performed with improved
instruments and averaged values of the past findings have
been summarized by Eckhause et al. (ECK66). MNost of the past
measurements will be listed in Table IV-2 of this thesis.
In the intervening years, the accepted value for the
lifetime of the positive muon has changed outside the
original error bars (from 2203 * Z ns in 1963 to 2197.13 ¢
0.08 ns tcday). As the capture rate is the difference of
two numbers, a small change in the positive muon decay rate
can have a marked effect in the calculated decay rate,
especially for light nuclei. We therefore believe that all
early measurements should be apprcached with some caution. .

There have been several theoretical developments
since the Primakoff theory. The direct calculation of the
transion matrix with the micrcscopic picture is the shell
nodel calculation (LUY€é3, GOU71, DUP75). Total muon capture
rates by this model are usually higher than the experiments
ty a factor of 2 cr 3.. The mcdel can be used to understand
the general trend of transitions instead of comparing the
result with a experimente.

Fcldy and Walecka (FOL€4) developed a resonance

model, which calculates the giant dipole resonance (GDR)
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excitation induced in muon capture., They used an
experimental cross section of the photc-nuclear reactions to
manipulate the dipole part of the mucn capture cross
section. They applied this model to the doubly magic
nuclei, ¢He, 160 and 49Ca, in which the allowed transitions
are suppressed., In the case of 4He, the theory was in good
agreement with the experiment. The calculated capture rates
for 160 and *40Ca were higher than the experiments by 10% and
25%, respectively. Applying the model to 12C and including
the allowed contrikution (WAL75) to the capture rate, the
calculation agreed well with experiment. Lodder and Jonker
(LOD67) investigated the total mucn capture rate for 6Li and
7?Li with the Foldy-Walecka semi-empirical method. Their
result fcr 6Li was smaller than the experimental value of
Eckhause et al. (ECK63) whereas for 7Li their value vas
comparable to the experimental value, Recently the capture
rates in 6Li and 71Li were remeasured by Bardin et al. (BAR78)
and their experiment agreed well with the results of Lodder
and Jonker. It will be shown later that our measurements in
these nuclei also support their calculation.

Christillin et al. (CHR73) have attempted to give
the total capture rate in terms of a mean nuclear excitation

energy and obtained the follwing simple relation

p# 1
(Zeff) 4 (14 —r)
(Ev) ¢ cap2

Ec (E') o<
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where P is the neutrino momentum, E'.the mean excitation
energy and C a constant, Their calculation indicated that
E* agreed with the GDR energ& in the light nuclei. On the
other hand, E' increased to 45 MeV in the heavy elenents,
while the GDR energy in pﬁoto excitation is only 13 MeV
(CAN74). 1In the GDR process occurring in muon capture, the
higher isospin levels (T2=T+1) are excited and the GDR
energy is expected to be larger than thét of the
photo-excitaticn (CHR75). According to calculations by
Nalcioglu et al, (NAL74), the average excitation energy for
Fhe muon capture in 64Ni is 28 MeV whereas for
photo-excitaticn it is only 17 MeV. It is clear from their
calculations tha£ the T+1 excitation is suppressed in the
photo-excitation. There have been nc experiments to
investigate the T+1 level excitation in muon capture because
neutfino spectroscopy is unfortunately impossible and the
neutron energy spectrum from the decay of the nucleus gives
ambigucus infcrmaticn.

Bernabeu (BER73) has proposed a model which avoids
the uncertainty of the neutrino energy in the total capture
rates. Khoyama and Fujii (KOH76, -7¢%) adopted this model
and calculated the total capture rates using the statistical
method. They perfcrmed numerical calculations for 35
elements frcm Z=11 to Z=92 and their predicted capture rates
reproduced the experimental data within 15%. .

Before completing this section we should discuss

an important ccmplication which confuses the ccmparison of
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experiment with theory. For a nucileus with a spin, the muon
in the 1S crbit has its cwn spin coupled to the nuclear spin
resulting in two pcssible states termed the hyperfime (hf)
states. . For example, when a negative muon is captured by a
proton, the carpture probability depends on the mutual
orientation of the spins of the two particles, It has been
predicted theoretically that the capture rate (Rct*) from the
Fél triplet state is egual to 1/sec for V-xA interaction
with x=1.2 and, from the F=0 singlet state, Rc—=635 /sec
(MUK77). The singlet state capture rate was measured by the
CERN-Bolcgna group (ALB69) who oktained Rc—=651+57 /sec.
They employed ultrapure gaseous hydrogen (8 atm, 293 K) as a
targete. In a system of pure hydrogen, the muon-proton
muonic atcms are imnitially formed in a statistical mixtﬁre
of triplet and singlet states. Through the scattering
process between the mucnic atom and hydrogen, there is the
rapid ccnversicn of the muonic atoms from the triplet state
to the singlet state. For hydrogen gas at 300 K, the
calculated conversicn time is 1.2 microseconds at 0.5 atm of
pressure and 82 ns at € atm (MAT71)._ For capture in a
liquid the muon is bound in a pup molecule and the capture
rate Rc (orthomolecule) is given by

Rc (OM) = 3/4wRc— + 1/4eFct
Experimentally Rc (CM)= 460+20 /sec (BAR80) which shows that
Rct<100 /sec.

If a complex nucleus has a non-zero nuclear spin

(I), the capture prcbability of a negative muon in the
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nucleus also depends on the total angular momenta F+=1I+1/2
and F-=I-1/2. Bernstein et al.(BER58) calculated this
effect for a model consisting of a spinless core and an
external proton without allowing a ccnversion from the
higher hf state to the lower hf state. But there is, in
fact, a fast conversion (TELS59) through the ejection of
Auger electrons which is more than 400 times faster than the
M1 transition rate.. These conversion rates were calculated
by Winston (WIN63) who showed that for heavy elements (Z>10)
the rate is so fast that the muons are normally captured
from the lowest energy state. The rate for various nuclei
will be listed in Table IV-6 along with the capture rates
from twc hf states. There have Lkeen several measurements to
determine the ccnversion rates (WIN63, FAV70).. Because of
the fast conversion, the experimental determination is
limited only for light nuclei. Since the effect of the hf
ccnversion is very small (<0.01) in the decay electron
spectrum, it is much harder to determine the .rate by
detecting decay electrons than by detecting neutrons or
gamma rays ( see secticn II1I.G ). Only for chlorine and
fluorine are the rates comparable to capture rates and
therefore readily chservable. So far, the conversion rate
has Lkeen determined cnly for 19F Ly a muon capture
experiment. The standard method is the muor spin resonance
method (MSR), which measures the precession damping and
determines the relaxation rate. Favart et al. (FAV70)

employed this method to obtain the conversion rates for 6Li,
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7L,i, 9Be, 10B and 11B, These results are listed in Table

IV-6.

The present work i1s a detailed description of an
experiment to determine the mean muon lifetimes in complex
nuclei and muon atomic capture ratios in metallic oxides. .
The experimental set-ups and method are described in Chapter
II. The data analysis is discussed in Chapter III.. In
Chapter IV, the lifetime results and nuclear capture rates
are reported in detail. Chapter V deals with the
theoretical aspects of the atomic and nuclear muon capture
rate, and a compariscn of the experimental results with the
theories is made. In Chapter VI, the summary of this

experiment is presented.
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CHAPTIER 1I

Experimental Method and Set-up-

In this chapter we shall describe the experimental
method used in this work. In the first section we shall
discuss the general prccedure and detailed features of the
equipment will be given in the following sections.

In this series of lifetime measurements we
employed muons which were provided by the stcpped muon
channel (M20) at TRIUMF. The beamn line and the counter
set-up of this experiment are shown in fiqures II-1 and
II1-2, respectively. A stopped muon signal which was defined
by a (1,2,3,4,5) coincidence produced a start signal for a
clock. .  Decay electrons from the muons were detected by four
electron telescopes: left(5,6), right(5,7), top(5,8) and
bottom (5,%), and the electron signal was sent to the clock
as a stop signal. The time difference between the start and
the stop signals was stored in a histogram by a PDP-11/40
computer which is extensively used for MSR experiments at
TRIUMF. . There were 2000 channels in the histogram and the
lifetime of mucns in a target was obtained by a chi-squared
minimization of the histcgram. This data analysis will be
discussed in Chapter III.

When the data taking was started, the detection
system was calibrated Ly measuring the positive muon
lifetime which is kncwn precisely (BRI78). When the correct

positive muon lifetime was oktained after several runs, the
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positive muon beam was switched to the negative muon beanm by
changing the pclarity of magnets cf the M20 beam line. .
Then, at the beginring of negative muon lifetime
measurements, the lifetime measurement in carbon was made.
This lifetime was used as a calikration of the system and,
at least, once a day, the negative muon lifetime in carbon
was measured in order to check the detection system.. During
the two week experiment (first week frcm 3/10 tc 7/10,
second week frcm 21/10 to 28/10 1979), the system, which
reproduced the correct positive muon lifetime, was
established and the negative muon lifetimes in more than 80

different targets were measured,

II.A Muon BeamlLine

The series cf measurements of muon lifetimes was
performed on the stopped muon channel (M20) at TRIUMF.
Throughout these experiments, the protom current was 20
micro-amperes at 500 MeV., The prcton beam struck a pion
production target, T2, which consisted of a water cooled
keryllium strip, 10 cm long in the Lbeam direction, and 5 nn
by 15 mm in cross section. Since beryllium targets have
shown a relatively high production rate for negative pions
and have a low electrcn contamination in the pion beam, such

a target was specially selected for this lifetime
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experiment.

The M20 secondary Lteam line focused the beam with
a series cf quadrupocle magnets (Q1-¢9) and the momentum was
set with two bending magnets (B1,E2). There were three
different mocdes for a positive muan beam: cloud,
conventional and surface modes. On the other hand, only two
modes, cloud and cecnventional modes, were available for a
negative muon team. The three mcdes are defined as follows.
The clcud muons are produced by a decay from the cloud of
rions between the T2 target and the first beﬁding magnet B1l.
For conventional muons a fraction of the piomns with a
particular momentum set by B1 are allowed to undergo the
in-flight decay between B1 and B2, and the muons are
selected by the B2 magnet. The muons which decay into the
same (opposite) direction as(to) the pion beam direction are
called forward (backward) muons which have larger (smaller)
momentum than the pion beam. Surface muons are produced
from the decay of rions at rest on the surface of the T2
target. As negative fpions are absorbed on nuclei when they
come to rest, they do not decay into muons and so this mode
is possible for positive muons only. The energy of surface
muons is very low ( 4 MeV, 29 MeV/c ) and so they stop in
very thimn targets.

In this experiment,‘backward muons were employed. .
These muons were selected by setting the seccnd bending
magnet for the backward muon momentum. Since a momentum of

170 MeV/c for the first bending magnet was fixed, the
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expected backward muon momentum was 87 MeV/c. This mode was
chosen for the following reasons. First, it had very low
electron cbnt#mination in the negative muon beam (8%)
compared with other mcdes (>80%) . Secondly, the background
associated with pions was reduced. When the negative pions
are stopped in a degrader, the pions are absorbed in the
nucleys producing neutrons, protcns, and gammas which
contribute significantly to the tackground, Thirdly, muons
with lcw mcmentum were stopped easily in the targets using
degraders which were thin, an impcrtant advantage.

The time of flight spectrum (TOF) of the negative
muon beam is shown in figure II-3. Since this TOF spectrum
was taken with the rpulse height rejeéticn of counter S2, the
electron contamination (<2%) was much lower than that of the
beam. Although in the backward muon beam there were mostly
muons and electrons, a CH2 degrader 2.5 cm in thickness was
placed in the beam to reduce the energy of the muons and to
remove the very few pions in the beam. With a 2.5 cnm
diameter léad ccllimator, the incoming negative muon beam
rate defined by a (1,2,3) coincidence was nearly 1000/sec

for a 20 micro-ampere proton current on the T2 target.
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II.B Scintillation Counters and Geometry

In this experiment, nine counters were used whose
dimensions and efficiencies are given in Table II-1. These
counters were made cf a plastic scintillator (NE11O made by
Nuclear Enterprises Ltd.) and viewed by RCA 8575 phototubes..
Since all information was supplied from plastic counters,
much care was taken in their design and use._ In particular:

S1: Counter S1 was tig enough to cover the beam
collimator,.

S2: Counter S2 was made thicker in order to distinguish
electrons, muons, slow muons and double muons by
pulse height analysis.- Slow and double muons showed
higher pulse height than ordinary muons. Electrons
had little enerqgy loss in the fplastic scintillator
and the pulse heights were lower than the muon's
pulse heights. The typical pulse height for ordinary
nuons ranged from 250 to €00 mV and the pulse height
for electrons from 30 to 150 mV. A pulse height
larger than 600 mV was considered as a double muon or
a slow muon which stopped in S2 and the event was
rejected., Counter S2 was placed in front of the
variable lead ccllimator in order to avoid it being
visikle to electrcn telescopes so that this counter
did not contribute as a carbon background source. .

S3: Counter S3 was the defining ccunter of muons and was
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visible to the electron telescopes. When negative
mucns stopped inside counter S3, these were counted
as good mucn events and this caused carbon background
events in the histogram. In order to minimize the
background, the ccunter S3 was made of 0.07 cm
thickness plastic scintillator and covered with only
0.001 cm thickpess aluminum fcil,

Counter S4 was kig enough to cover any particles
which came through the target and was used as a veto
counter.

Counter S5 had a cylindrical shape with 0.3 cm
thickness wall, 20 cm long and 20 cm in diameter. It
was used in all four electron telescope coincidences.
Also it was a vetc counter used to reject the
scattered rarticles from the beam which set off
towards the electron telescopes. The idea of using a
cylindrical counter S5 was to minimize any imbalance

tetween the electron telescopes and to save counters. .

S6-S9: Ccunters S6, S7, S8 and €9 were made of identical

shape (see Table II-1) in order to avcid any
imkalance in the electron telescopes. Also, they
were viewed by new phototukes to get the same counter
efficiencies. The configuration of these counters is
shown in figure II-2. This set-up had 60 % solid
angle for a point source at the center of the
cylindrical counter SS.

During the two week experiment, there was a



Table II-1 Counter Geometry and Efficiency
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s1

S2(thick counter)
S3(defining ccunter)

S4 (veto counter)
S5(cylindrical counter)
S6 (ieft E counter)
S7(right E counter)

S8 (top E counter)

S9(Bottcm E Ccunter)

10x10x0. 6

6. 4 (dia) x1.2
5«0 {dia) x0.07
30x45x 1.2

20 (dia) x0.3
20x20x04 €

20x20x0. €

 20x20x0.€

20X20X0.6

99.9
99.9
99.9

99.9
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The counter efficiency test was made ky using a Ru electron

SCcurcee.
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possibility cf ccunter or electronics failures including
drifting of the high vcltage, so counting rates of important
coincidences and rejecticns were monitored on visual scalers

and printed out as a record at the end of every run,

I1.C Mu Metal Shielding of Field and Collimator

Fcr the case of the lifetime measurement of a
positive muon with a high polarization, the muon precessed
in the target because cf the magnetic field (about 1 Gauss),
which was created by the earth as well as the leakage of
magnetic flux from the beam line magnets near the target.

In order to reduce the magnetic field, two thip Mu metal
cylinders were used inside and outside of the counter S5..
With these cylinders, the magnetic field at the target
position was down tc 0.05G. . Even with this small magnetic
field, the precession of muons affected the muon lifetime
and the correct lifetime was achieved only by averaging the
four electron telescopes. This will be discussed in section
IIiI-E.

The M20 beam line formed a btroad beam spot 10 cn
in diameter. 1In order to collimate the beam, a lead
collimator 14 cm in length and 3.8 cm in diameter was used
tetween counters S1 and $2, and another lead collimater (L=7

cn d=2.5 cm) was placed bketween counters S2 and S3.
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IT.D Jargets

In this experiment, there were 3 liquid, 27 metal,
and 9 pcwder targets composed of a single element together
with targets of 29 chemical compounds. Aalso, there were 2
targets mixed in Agar. All target information is listed in
Table II-2. Half of the.targets were borrowed from five
groups: UBC Chemistry, Dr Johson's group, Dr Warren's group,
UVIC group and the Tokyo MSR group. The diameter of a
standard target container was 9.5 cm and the thickness
varied with the density of target materiale. Since the lead
collimator which defined the beam was 2.5 cm in diameter,
the standard size of the targets was large enough to cover
the heam spot.. Windows at both ends of the plastic (metal)
container were made of thin mylar (stainless) sheets 0.003
ch in thickness. The material of the container was chosen
carefully so that a negative muon lifetime in the material
was quite different from that in the target. When it was
expensive or difficult tc get a target in a simple substance
form, chemical compcounds which had a ccmbination of small Z
and large Z were chosen. For a decay electron spectrum of
negative mucns in such a chemical compound, short (large 2)
and long (small Z) lifetime components were easily separated
by a chi-squared minimization.

Since the 18C target was made in Agar form, a 160

target in the same fcrm was used in order to compare the



Table II-2(1) List of Targets and Their Fornm
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Z Element Form Container Size(cm)1 QOwner?2
(Isotope Ratio) Material
3 Li-6 {95.6%) Pcwder SS 7. 2DX 9% 5 TINA
Li-7 (98.2%) Powder Ss 7.2Dx9.5 TINA
4 Be Plate Ni plated 13x13x0.7 UvIC
5 B-10 . (96.2%) Pcuder Brass 6Dx 1. 3 TINA
B-11 (97.2%) Powder Brass 6Dx1. 3 TINA
6 C-12 (Natural) Plate 10x10x2 TINA
C-13 (99.9%) Pcwder Brass 2+ 5DXx5 Johnson
7 N Liquid SS 7.5Dx15 TINA
8 0-16 (H20) Water Brass 9.5Dx5 TINA
0-16 (H20) Agar 5x5x1 Jchnson
0-18(98.5%H20) Agar 5x5x1 Johnson
9 F--LiF Powder Brass 9.5Dx5 TINA
--C2F4u Plate 13x13x1. 3 TINA
--CaF?2 Powder Plastic 9.5Dx5 TINA
--PbF Pcwder Plastic G.5Dx4 TINA
11 Na Rcd Plastic 9.5Dx7.6 TINA
12 Mg Rod 3.8Dx7.6 TINA
13 al Plate 10x10x2 TINA
14 Si Granular Plastic 9.5Dx2.5 CHEM
15 P Powder Plastic 9.5Dx 3.8 TINA
16 S Powder Plastic 9.5Dx3. 8 TINA
17 Cl--CcCl4 Ligquid Plastic 8x8x5 CHEN
19 K Stick Plastic 9.5Dx7.6 TINA
20 Ca Granular Plastic 9.5Dx5.0 TINA
22 Ti Elate 10x8x0. 5 TINA
23 v Disk 5x4x0.5 UvIC
24 Cr Granular Elastic 6.0Dx 1.5 CHEHM
25 Mn--MnQ2 Powder Plastic 9.5Dx 2. 5 TINA
26 Fe Plate 7x7x0.5 TOKYO
27 Co Stick 0.5Dx5.0 TOKYO
28 Ni Plate 5Dx1.0 TOKYO
29 Cu Plate 10x10x0.5 TOKYO
30 Zn Powder 6.5Dx7.5 CHEM
32 Ge--Ge02 Fowder Plastic 6.0Dx 1. 4 Warren
35 Br--NH4EBr Powder Plastic 9,5Dx5 TINA
40 Zr Plate €x6x0a.7 TOKYO
41 Nb Plate 10x8x0e 5 TINA
42 Mo Plate 8x10x0. 2 TOKYO
47 Ag Plate 5x5x0.5 TOKYO
48 cd Plate 5x5x045 TOKYO
49 In Plate 5x5x045 TOKYO
50 Sn Plate 13x8x 0.5 TINA
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53
56
60
64
66
68
74
80
82

Elemént

Form Container Size(cm)?! Owner?2
(Isotope Ratio) Material
i Pcwder Plastic 9.5Dx2.5 TINA
Ba—--Bao0 Powder Plastic S.5Dx2.5 CHEM
Nd--NdC Pcwder Plastic 9.5Dx 2.5 CHEMN
Gd Stick 0.5Dx5 TOKYO
Dy Stick Ce5Dx5 TOK YO
Er Stick 0.5Dx5 TOKYO
W Powder Elastic 6Dx1, 4 CHEM
Hg--HgO Powder Plastic 9.5Dx2.5 TOK YO
Pk Flate 10x8x04 2 TINA
Bi plate 10x8x0.5 TINA

83

* Other oxide targets for muon

6

11
12
13
14
15
20
22
24

29
30
32
48
50
82

1)
2)

atomic capture experiment

CC2(Dry Ice) Sclid 10x10x20 CHEHM
Na202 Powder Plastic 9.5Dx2.5 CHEM
Mgo Powder Plastic 9.5Dx 10 Warren
41203 Bcwder Plastic 9.5Dx 2«5 CHEM
5i02 Pcwder Flastic 9.5Dx2.5 Warren
P205 Powder Plastic Se5DXx2.5 CHEN
Ca(CH) 2 Pcwder Plastic 9.5Dx 2.5 Warren
Tio?2 Powder Flastic 9.5Dx2.5 Warran
Cr203 Powder Plastic 9.5Dx2.5 TINA
Cro3 Pcwder Plastic 9.5Dx 2.5 CHENM
Cuo Powder Flastic 9.5Dx2.5 CHEM
Zna Powder Plastic Ge5Dx2e5 CHEM
Ge0 Pcwder Plastic 6.0Dx 1. 3 Warren
cdo Powderz Flastic 9.5Dx 2.5 CHEHN
Sno2 Powder Plastic C.5DXx2.5 CHEM
PLO2 Pcwder Plastic 9.5Dx2.5 CHEM
Pb304 Powder Flastic 9.,5Dx2.5 TOKYO

D=diameter

owner, group and group leader:

TINA--UBC Physics Lepte, ( De Fo. Measday )

CHEM--UBC Chemistry MSR Group, ( D. Walker and D. Fleming)

UVIC--Us. of Victoria and TRIUMF, ( M. Pearce )

TOKYO0-U, .cf Tokyc MSR Group, ( T. Yamazaki)

Johnson R.R.--UBC Pion Scattering Group Leader
Warren J.Be.-—-UBC Muon X-ray Group Leader
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lifetimes in 160 and 180 targets of similar composition. A
liquid nitrogen target ccntainer was specially designed to
fit the cylindrical counter S&. It was made .of stainless
steel to reduce the heat conduction loss of liquid nitrogen.
It had a vacuum space Letween the inner and the outer
container. The two containers had thin windcws made of 0.01
cm thickness stainless steel in order to reduce muons
stopped in the windcws. The ends of the two containers were
made of 0.3 cm thickness stainless steel. This container
was able to keer liquid nitrogen for a three hour
experiment.

- A1l targets were placed on the target holder at
the center of counter S5.. Since tke target holder was one
of the background sources, a plastic holder was used for the
plastic ccntainer and a metal holder for the metal
container., Hence the holder and the target container were
counted as the same background sourcee

In long lifetime measurements for the light
elements, it was important to knqw the carbon background in
the histcgram. Im order to estimate the backgrcund, dummy
targets which consisted of brass cr copper with the same
shape and thickness were used for boron and t3C targets.. 1In
the case c¢f beryllium and lithium targets, copper plates
with the same thickness and size were used for the
background runs. The empty liquid nitrogen target was used
for the backgrcund runs of the nitrogen and oxygen targets.

In the case of the atomic capture experiments,
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metallic oxide targets were enclosed in plastic containers

with the

standard size mentioned above. The carbon

kackground of these targets was estimated from lifetime

measurements of heavy elements (for instance Zn powder, S

powder, etc)

II.E

in the plastic container.

Electronics and Timing Consideration

In our lifetime experiment, the MSR data taking

system was enployed.

Garner (GAR79).. The

in figure II-4, . The

described as followus

1.

2e .

3. .

5. .

6o .

muon lcgic

electron logic

rejection lcgic

clock

camac

MBD

PDP-11/40

The system was explained in detail by

simplified data taking system is shown

main functicns of the system are

identify muons stopped in a target
and send start signals to a clock,

determine a good electron associated
with the stopped muon and send a
stop signal to the clock,

find any event which satisfies the
rejection logic,

determine a time interval between
the start and the stop signals,

store all information needed for
processing data and send a LAM
signal to activate a Microprogrammed
Branch Driver (MBD),

centrol data taking system, read all
information stored in CAMAC and send
the information to PDP-11,40,

process data stored in the MBD,
record data on a disk file and renew
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Figure II-4, Simplified MSR data taking system.
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histograms on the graphic terminal,

8. magnetic tape - at the end of experiment, transfer
data from the disk to tape to keep
it permanently and tc analyze it
offline.

Figure II—5'shows a schematics of the electronics
for the muon, the electrcn and the rejection logics.
Equipment names and meanings of symbols are listed in Table
II-3., In figqgure I1I1I-6, timings and definitions of events are
explained. Incident particles were determined by a (1,2,3)
ccincidence and stopped muons in the target by a (1,2,3,4,5)
(=M) coincidence, uwhere 4(5) means an anti-coincidence of
counter S4(S5). The stopped muon signal opened a muon
gate (G1) of a pile-up gate generator (PUG) which was dealing
with 2nd-mucns and pre-muons within 32 (16) microseconds for
a long (short) lifetime measurement. If there were no
pre-muons (G1), no pulse height rejections (G2), no MBD busy
signals (MEL) and po protection gates (G€), a gcod muon
signal (M,Qj,gg,ggg,gg) was sent to a gate generator to
prodygce another mucon gate (G4). Two muon gates, G1 and G4,
were:the same if there was a good muon event. The G1 gate
was alwayé created whenever muons stopped in a target and,
if there . was a 2nd-muon, the gate was stretched by the same
length as tte originalvmuon gate length (32 cr 16
microseccnds). In this way, the G1 gate kept track of the
stopped muons, thle the computer was processing data, and

made sure there were no pre-muons before accepting the next

good mucns. Since the G2 gate was created only by a good



Table II-3 Meanings of Symbols in Logic Diagram

——— - — e s T — . ——— -~ ——————— - — - —" —— —— — — ————— — - — - —— — —

Symbcl Nanme Model
~0000~ Delay
D leading Edge Discriminator LRS-621BL
DL (DH) Lower (Higher) Disc. level LRS-621BL
C Conétant Fraction Discfiminator ORTEC-EGG 934
CcoI1 Coincidence Lcgic LRS-465
F lLogic Fan-In and Fan-Out LRS-429
LF Linear Fan-In and Fan-oOut LRS-428F
PUG Pile Up Gate Generator EGG-GP100/NL
GG Gate Generatof' LRS-222
51-59 Counter Name in Table II-1
-0 Anticoincidence of Logic N
o— Inverted Output
PH Pulse Height Rejection
RAW Raw Electron without Coincidence of Muon Gate
INC Incident Mucn (1,2Z,3)
ST With Anti-Coincidence (1,2,3,4,5)
G Ordinary Gate from PUG or GG
P Pile Ur Gate from PUG

Ai-a4 Telesccpe Identification Input

—— > —— - — —— - —— — — D A} W P . ——— . — —— - — ———— - — - W T ——— — ——
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Figure II-5, Electronic logic.
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(1) Good event (Time in u sec)
1=0

V( start Clock)

Stopped muon

Muon gate (G1)
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Figure I1-6, Timings and difinitions of events.
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muon and aprlied tc a pattern unit gate on the CAMAC crate,
the pattern unit was protected during the prccessing of data
by the conmputer,

When there was a good muon signal, it was sent to
a clock as a start signal. The timing of the start signal
was determined by counter S3 whose counter output was fed
into a constant fraction discriminator. This discriminator
showed a smaller time jitter and Lketter timing compared to a
leading-edge type discriminator.

In the eiectron logic, the output cf counter S5
was fed into another ccanstant fraction discriminator.  This
counter determined the timings of the four electron
telescopes. When there was a good electron event within the
muon gate, 'an electron gate (G5) was opened. Then, the good
event signal was sent to a clock as a stop signal and a
telescope identification bit in the pattern unit was set..
Furthermore, at the end of the muon gate, a IAM signal was
generated by a €212 unit mounted in the CAMAC crate and
activated the MBD. On the other hamnd, if there was no good
electron event within the muon gate, a clear-pulse was
generated to reset the pattern unit at the end of the gate.

Since it took about 4 microseconds for the MBD to
produce the busy signal, the protection gate (G6) was
created at the end of mucn gate to inhibkit the clock aand the
muon logic. .After the MBD was activated, the MBD busy
signal was surplied from the CAMAC crate to inhibit the muon

logice.
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Two pile-up rejections and one pulse height
rejection were emgloyed. The definition of the pile-up
rejection is given in figure II-6. The pile-up events of
stopped muons and gocd electrons are named as 2nd-muons and
2nd-electrons, respectively. The 2nd-muons were determined
by the pile-up-of a (1,2,3,4,5) ;oincidence instead of the
pile-up cf a (1,2,3) coincidence. This pile-up iogic was
examined by comparing the positive muon lifetimes between
the two different pile-up rejecticns. The test runs showed
that, if there were too many rejectibns by the definition of
pile up as (1,2,3), the positive muon 1life changed by 3 nano
seconds at a muon rate of 1500/sec. The pile-up rejection
was quite a serious prchblem in the lifetime measurements and
will be discussed in Chafpter III.

The pulse height rejection was made by the
coincidence cf ccunters S2 and S3 with S2 at a high
discriminator level., 1In the output signal of counter S2
with 1.7 kV high vcltage, the bright band of electrons
(mnuons) was located frcm 30 (250) mV to 150(600) mV. . As
mentioned in secticn IIl.B, all particles higher than 600 mV
were considered as slow muons or double muons and were
rejected. If this cccurred, the gate G2 was generated to
inhikit data taking for 16 or 32 microseconds.. By this
rejection, slow muons were mostly rejected, because the
probability having two muons within 20 ns was extremely

small for 1000 /sec mucn stopring rate, which was the



47

standard stopping rate in this experiment.

If there were rejection events, rejection bits
were set in the pattern unit and all information stored in
the unit was ignored by soft-wvare.

In the lifetime measurement, a clock was important
to determine a time interval. Before the summer of 1979,
only a TDC-100 clock was available and test runs of the
system calibration were made by this c¢lccke. A new clock
with a 1 GHz scaler was assembled by the TRIUMF electronics
shop in the summer of 1979. At the keginning of the two
week experiment in Cctcber, 1978, the twc clocks were tested
Ly measuring the positive muon lifetime. Frcm the test, the
new clcck showed better agreement with the positive muon
lifetime. Thus, in the series of lifetime measurements, the
new clock was used. The linearity of the new clcck was
assured by the test with a time calikrator (ORTEC-650).

For convenience, the ultimate logic which was

enployed in this experiment is summarized in the following

page.
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unmary of Event Definitions

INCIDENT MUQON (come into target region)--(1,2,3)
STOPPED MUON (stop in target y-——-(1,2,3,4,5)
START (GOOD MUON) (no rpremuon rejection)--(1,2,3,4,5,61)

STOP (GOOD ELECTRON)--(5,6) or (5,7) or (5,8) cr (5,9)

Event rejected if
PRE MUCN--(1,2,3,4,5) within 16 (32) microsec before START
2nd MUON--(1,2,3,4,5) within 16 (32) microsec after START
TWO COINCIDENT (cr SLOW) MUONS
-~ (2',3) with S2 pulse height > 600 mV

2nd ELECTRCN--two STOPs within 16(3Z) microsec after START

Gate created by
STOPPED MUCN (Pile up gate)--G1 (MUON gate 16 or 32 microsec)
TWO COINCIDENT (cr SLOW) MUON (Pile up gate)--G2
GOCD MUON (ncrmal gate)--GU4 (gate for pattern unit)
GOOD ELECTRON (normal gate)--GS5 (ELECTECN gate)

End of G1 + G5--G6 (protection of muon logic)

Note:

32 (16) microseccnd gate was used for measurments of lifetimes
longer (shorter) than 300 ns.

2 means the discriminator level is 35 mV (DL in figure II-5).

2'" means the discriminatcr level is 600 mV (DH in figurefII-S).
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week
1.

2.

3.

4.

I1I.F Running Procedure and Run Record

There was a two-week break between two experiments

of one week duration, At the beginning of the first

14

the experiment was done in the following steps:

The M20 beam line was set for positive muons,
Discriminator levels and high voltages of counters
were adjusted and electronics logics were checked. .
The positive mucn lifetime measurement was made with
the TDC-100 and the new clock built at TRIUMF. After
ccmparing the results, the new cleck was employed for
the series c¢f experiments., Since the electronic logic
for the new clock was different from the o01ld logic
created for the TDC-100 clock, the development of the
new logic (LAM signal, protection gate, rejection
scheme, etc) tock three days (1/3 of our beam time).
In crder to calibrate the system, the positive muon
lifetime was measured with different conditions of
rejection schemes and beam rates, The magnetic field
effect was examined by stopping pcsitive pions in a
target. -

The M20 bgam line was set for negative muons.

Af the beginning of the negative muon lifetime
measurements, the negative muon lifetime in carbon was
measured and this was repeated once a day as a

calikration during the lifetime measurements.

49
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7. Targets were changed after enough events and the muon
gate was adjusted so that a long (short) 1lifetime
measurement had a 32(16) microsecond gate. For the
long lifetime measurements of light elements, the
carbon backgrcund runs were made for each target.

8. At the end of the first one week run, all data were
transfered frcm a disk file to a magnetic tape for an
offline analysis.

After the one week Lkreak, the experiment followed
the procedure as stated above except step 3.. Normally one
run took twc hours. Numbers of stopped muons, good muons
and accepted electrcns inlhistograms are listed in Table-

II‘“.



Table II-4{1) Run Records (Total Events)

- - - - P - — o —— D W S S - - - . - W Y D S S A P - e W D - - -

Z Element Inc Mu Stop Mu Tot E Accepted E
x106 x106 x103 x103
3 Li-6 14. 4 12. 1 5,€3C 4,580
Li-7 17.7 4.7 6,800 5,900
4 Be 4e 6 4o 2,024 1,531
5 B-10" 8.1 4. 1 1,312 1,100
B-11 8« 8 4.0 1,210 1,023
6 c-12 3.6 2.9 1,320 1,100
c-13 565 245 820 570
7 N 5.7 5.6 1,€40 1,230
8 0-16 9.0 8.7 2,180 2,236
0-16 (Agar) 10.0 369 1,17C 956
0-18 (Agar) 8.3 3.2 1,060 885
9 F-LiF 7¢3 4.9 1,940 1,550
-C2F4 Ze 6 2.9 1,019 842
-CaF2 3.1 2¢5 500 410
-EbF 5.8 5.0 47¢ 370
11 Na 4.7 4,2 1,290 1,050
12 Mg 8.9 €.7 2,090 1,640
13 a1l 5.9 5.1 €60 740
14 si 3.2 267 506 420
15 P S5e 7 4.7 815 620
16 s 5.6 4.9 710 550
17 Cl-CClu 3.9 2.7 614 505
19 K 4.3 3.6 510 425
20 Ca 4.7 b4e2 550 454
22 Ti 5¢5 4e 1 3€E 310
23 v 6.8 2.9 300 250
24 Cr 4.5 3.8 299 254
25 Mn-Mno2 4.2 1.8 49¢Q 430
26 Fe 3.8 3.6 103 74
27 Co 6e 6 4,7 261 210
28 Ni 3.2 2.9 108 84
29 Cu 3.2 2.7 175 121
30 Zn 4, 2 3.9 165 112
32 Ge-<=GeO2 4o 4 Ze 6 662 490
35 Br-NHU4Er 3.2 249 503 392
40 Zr -——= -—- -—- 573
41 Nb 4,5 3.4 176 150
42 Mo 4ol 3.4 180 152
47 Ag Ze 5 167 e7 79
48 cCd 4,5 2¢5 142 113
49 In 4ol 2.0 160 130

- ———— ———— — — — ——— - — - . - - — ——— ————— " ——— ——————



Takle II-4(1) Run ERecords (Total Events)

. ——— ——— W b P - g m b N N WD - S R D S WS P W WD W e A WP WP WP P D WP P P WP D W =D P P U W WP A - - - -

Z Element Inc Mu Stop Mu Tot E Accepted E
x106 x106 x103 x103
5 Sn 2.4 1.6 110 88
53 1 5¢5 4.9 217 179
56 Ba-BaoO 4, 3 367 402 323
60 Nd-Ndo . 8 2.2 591 447
64 Gd 3.9 Z2e5 1322 106
66 Dy 4,5 3.5 230 195
68 Er 4,8 3.9 158 134
4 W 3.8 Zs9 199 169
80 Hg-HgO 6.0 5.2 427 333
82 Pb 4,1 3.4 118 95
83 Bi 3.1 2.0 137 109

¥ Other oxide targets fcr muon atomic capture experiment

6 co2 4.0 el , 1,487 1,182
11 Naz202
12 MgC 3.2 2.9 913 718
13 Al203 4.6 4e2 1,421 1,113
14 sic2 2. 2 1.0 343 278
15 P205 4o 7 3.4 1,232 989
20 Ca(0OH) 2 4, 3 3.8 1,129 891
22 Tio2 3. 4 2e 2 589 451
24 Crzo3 3.9 3.5 696 548
Cro3 Se5 Sel 1,195 935
29 Cuo 1.6 1.3 141 111
30 Zno 35 2.7 4e3 362
32 GeO 6e 1 3.7 993 735
48 cdo 11.6 S.7 1,583 1,214
50 snce2 5.6 5.0 1,015 - 776
82 FEbC2 4. 6 3.8 439 342
Pb304 3.5 3.0 238 188

- = — - — . D e S = D G . e D W . A T S oV S b b T — - —— -
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CHAPTIER III

Data Analysis

IT1I.A Lata Analysis Procedure

A1l data analysis was performed on the UBC Amdahl
470 v/6 computer. A ccmputer program called MINUIT (JaAM71),
which was developed at CERN, was used for a chi-squared
minimization.

Two fitting procedures wxere employed. In the case
of the chi-squared minimization fitting of a positive muon
histogram, three parameters: lifetime, amplitude, and
background were searched for the entire spectrum, since the
fitting was done very quickly for three parameters. In the
case of a negative mucn histogram, there were more than four
parameters to fit and more events appeared at earlier times
due to the nuclear capture. Therefore, the background was
fitted first by MINUIT for the tail of each histogram.

Then, the background was fixed and other parameters for
several elements were found for the fromt part of the
spectrum.

Figure III-1 shows a tyrical positive muon decay
curve., After 26 microseconds, there are only background
events. A ratio of the backgroumd to the amplitude at T=0
(B/N (0)) is roughly egqual to 3x10—-%, These backgrouﬁd

events came mainly frem random coincidences with charged
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particles scattered around in the M20 counting area. There
were alsc some backgrcund events from cosmic rays. The
experiment made at Saclay (DUC73) was affected only by the
cosmic ray background events. This was because there was no
incoming beam for 500 microseconds after every beam bunch
due to the special beam structure of Saclay's Electron
Linac. The B/N(0) ratio of Saclay's experiment was equal to
3x10—-5, which is smaller than bur ratio by a factor of 10.
There was also an experiment by Balandin (BAL75), who built
a Cerenkov detector with a 4 “m solid éngle.“ Their B/N (0)
ratio was egqual to 1x10-¢., Since the so0lid angle of our
detector was about 2 7 radians and the beam repetition rate
was 23 MHz, the B/N(0) ratio of.figure III-1 seens
satisfactcry when ccmpared to the other good measurements
mentioned abcve,

Figure III-2 shows the negative muon experiment in
Cr203. After 16 microseconds, there are only background
events. As mentioned above, in-the fitting <f this
spectrum, the background was found from the flat section
between 20 and 30 microseconds. Then the spectrum between 0
and 12 microseconds was fitted for the chromium lifetime,
and the chromium, oxygen, and carton amplitude, keeping
fixed the amplitude c¢f the backgrcund as well as the

lifetimes of oxygen and carbon.
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I1I.RB Magnetic Field Effect -

The time intervals Lketween the start signals fron
the mucn stops in the target and stop signals from decay
electrons were recorded as a histcgram. In the case of
positive muons, the histogram shows a lifetime of 2.2
micrcsecondse. Withcut a magnetic field effect, the

N

histcgram shows a decay curve which is simply expressed as
N {(t) =N (0) sexp (-t/Tm) + Bg (3. 1)

where Tm is the lifetime of positive muons, Bg the time
independent backgrcund and N(0) the amplitude at t=0.

If there is not a strong depclarization of nmuons
and if the target is under the influence of a magnetic
field, equaticn (3. 1) must be modified due to the muon

precession. The new equation is given by
N(t)=N(0)e {1 + Aecos(wt+p)}eexp(-t/Tm) + Bg (3. 2)

where A,w and p are an asymmetry, an angular frequency and a
phase, respectively. In our positive muon lifetime
measurement, carbon, which does nct show any mucn
depolarization (SWA58), was used as a target. If a highly
poiarized muon does not show any depolarization in a target,

the .asymmetry A is close to 0.33. In the target region of
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our experimental set-up, the magnetic field was quite small
bLecause of Mu metal shielding, as discussed in section II.C. .
Under a small magnetic field, like 0.05 G, positive muons
with a 100% polarizaticn precess ty 0.09 radians (5 degrees)
within 10 mucn lifetimes. This precession affects the
apparent muon lifetime and the fcllowing approximation can

be made

Ton=Tm(0)o {1 + AeweTm(0) + O.5e¢ (AeweTm(0)) 2} (3.3)

where + (-) sign can be applied to the left(right) detector
or vice versa. With a=0.33, w=85,500e0.05/sec for 0.05G and
Tm (0)=2.2 microseconds, the first order distortion has a
0.3% effect, which changes the lifetime by 7 ns. Since four
electron telescopes were arranged symmetrically, as
discussed in secticn II.B, the average of the four lifetimes
cancels the first order distortion and the average lifetime
has a negligible second orderbeffect.

In order to check the magnetic field effect, pions
were stopped in a target as if they were positive nmuons.
Since pions stopped in the target are ideal unpolarized muon
sources, no difference in lifetimes among the electron
telescopes is expected. In this caée, the distribution of

decay electrons is given by

{exp(-t/Tp) - exp(-t/Tm)}
N (t)=Np(0) e + Bg (3. 4)
(Tp - Tm)
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where Tm(Tp) is the muon(pion) lifetime., After 10 pion
lifetimes (=260 ns), the contribution from the pion decay
becomes negligible and, then, equation (3.4) shows the sane
decay curve as equation (3. 1).

In Table III-1, the lifetimes of four electron
telescopes for 10 runs are listed. 1The summary of the table

is as fcllcus.

Beanm Error Counters
L and R T and B

Muon Eeam Standard deviation of
each electron telescope
from the average lifetime 6.4 ns 5.0 ns

Statistical error 4.4 ns 4.4 ns

Magnetic field effect by

a quadratic relation 4,6 ns 24 ns
Pion beam Standard deviation 1«4 ns 3.0ns
Statistical error 4.4 ns 4.4 ns
Magnetic field effect 0.0 ns 0.0 ns

Consequently, the distortion of the muon lifetime
due to the magnetic field is roughly 4.6 (2.,4) ns for the
left-right (tcp-bottom) electron telescopes and the
distortico ccrresgcnds to 0.03(0.02) G. Since the magnetic
field measurement with a flux meter (Hewlett Packard Model
428 BR) .showed the field to be between 0.02 and 0.05 G near
the center of the target, the average field from the
lifetime distcrtion seems to be in good agreément with the

field measuremente.
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Table III-1 Positive Muon Lifetimes cf Four Electron

Telescopes
{ in nanosec)
Left Right Top Bottom Average
220247 (4. 4) 2193.4 (4el) 22043 (4al) 2192.0(4e4) 2198.1(2.2)
(t4.6) (-4.7) (t6.2) (-6.0)
2211, 3 2188. 8 2195.7 2187.2 2195.8
(+5.5) - (-7.0) (-0.1) (-8.6)
2193.3 2194, 3 2202.7 2195.4 2196. 4
(-3. 1) (-2.1) (+#6.3) (-1.0)
2191.8 2203, € 2199.4 2157.7 2198.1
(=64 3) (+5.5) (+1.3) (-0.4)
2188, 3 2200.0 2197. 4 2158.1 2195.2
(-6.9) (+4.8) (+2.2) (-0 1)
2202. 4 2191, 2 2201.6 215845 2198. 4
(+4.0) (-7.8) (+3.2) (+0.1)
2202.9 2191.7 2203.7 2190.1 2197.1
(+5.8) (-5 4) (+6.6) : (-7.0)
2201.7 2193.4 2202:. 9 2188.4 2196.6
(+5. 1) (-3.2) (+6.3) (-€.2)
* 2197.8 2197.2 2195.8 2202.6 2198. 4
(-0.6) (-1.2) (-2.6) (+4.2) .
*¥ 2197.3 2196. 8 2192.0 z219E.4 2195.4
- (+1.9) (+1.4) (-3.4) ( 0.0)

—————————— —— ————— ———— —  —— . — i P ——— i ———— — ——————  — —— D = - D —— — - -

2197.0 (0. 7)

1) All positive muon lifetimes were measured in the carbon
targete. '

*) These data were taken by stopping pions in the target.

( ) shows the deviaticn from the average,
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We wish tc emphasize that the negative muon loses
its polarization while it cascades down in the muonic atonm..
As discussed in section I.D, the residual polarization is
always less than 20% cf the initial. Thus for the lifetime
_ measurements of negative muons the error in the lifetime due
to this effect would ke about 1 ns even if we had used a
single telescopes whereas in fact the results are always an
average of all four telescopes. (On a few occasions one or
two of the histograms were lost due to faulty data transfer
.etc; in these cases the measurement was repeated and noné of

the partial data were used.)

I11I.C Muon Stopping Rate Effect

If the kad event rejection discussed in section
II.E is not working prcperly, the muon lifetime determined
tends to be shorter for a higher stcopping rate. 1In figure
III-3, the rate effect on the positive muon lifetime is
shown for the two follcwing experiments:
(a) with a good rejection scheme which is the final
electronics logic,
(b) withcut rejection of bkad events which come later
than a stop signal into the target by about 8
microseccnds or longer. |

Before the final electronics logic was completed,
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the LAM signal was produced by a TDC-100 clock 4
microseconds after an electron stop event. It took another
4 microcseconds for the pattern unit to ke read by the MBD
(the electronics logic has been given in section II-E)..
Actually, in order to check 2nd muons or 2nd electrons
within a muon gate, the LAM signal had to be generated at
the end of the gate 32 microseconds after a good muon start.
Since, in the case of (b), the LAK signal came earlier than
the signal produced at the end of the gate, there was no
proper rejection between the two signals. Figure III-3
cshows the strong rate dependence cf the muon lifetime
without the good rejection scheme. On the other hand, there
is no systematic rate dependence up tc 5000/sec with the
good logic.

The Russian group (BAL75) measured accurately the
positive muon lifetime with a 7000/sec stopping rate and
they obtained the same result as the Saclay group (DUC73)
whose stopping rate was about 1500/sec. In this experiment,
the muon rate was varied only in the positive muon life timé
measurements sc as to investigate the rate dependence. 1In
the case of negative muon lifetime measurements, the rate
was kept below 1000/sec which was the safe rate to avoid the
mucn stopping rate effect., This was also the maximunm
negative mucn beam rate with a 2.% cm diameter collimator
Land a 20 micro-ampere proton current on a beryllium

producticn target.
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III.D 2nd Muon Reijection

Without proper rejections of bad events, there is
a distorticn in the histogram as discussed in the last
section. In crder to examine the distortion, the
chi-squared minimizaticn analyses were made for several
different initial times (T1) of the histogram. The end of
the analyses was fixed at 30 micrcseconds. Thus, the
analyses were taken between T1 and 30 microseconds. Figure
I1I-4 shows the lifetime dependence on the initial time T1

for the following three cases:

(a) with the gcod rejection scheme, same as III-B (a),
(b) withcut rejecticn of kad events, same as III-B (b),
(c) with the good rejection scheme in which 2nd muon

rejections are generated Lty the incoming bean.
According to the summary of the ultimate logic described in
section II.E, in the final logic, there are four rejections:
the 2nd muon,the 2nd electron, the pulse height and the
pre-muon rejections (see figure II-6 for the definitiomns).
In this logic, the 2nd muon signal is generated by the
stopping muon events (1,2,3,4,5). Alternatively the 2nd
muon signal can be produced by the inccming beam (1,2,3)
instead of the stopping huon events. Let us discuss in some
detail this choice of rejeétion logic which may seen
bizarre. In a typical run with the 2nd muon rejection by

the inccming beam, there were 8.€x106 incoming muons through
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the lead collimatcr, 0.4x106 2nd muon signals were
generated, and 6.4x106 (74%) muons stopped in the target.
If the 2nd muon signal had been produced from the stopped
muons, 0.25x106 2nd mucn signals would have been generated.
Producing the 2nd muon rejection signals from the incoming
beam, there was an extra 0.15x106 rejections. This was
about 6% cf 2.4x106 electromn events accerted in the
histogranme

In principle, 2nd muon rejection by the incoming
muons seems better than the rejection by the stopped muons
in a target, because the former rejection does not allow any
two mucns ccming into the target area within the muon gate.
Since a large number of particles in the incoming beam (26%
in the typical case shown above) go through the target and
are detected by veto counters (S4 and S5), mecst of these
muons may not affect the spectrum as 2nd muons. Thus, if
the incoming beam is used for the 2nd muon rejection, many
good events are unnecessarily rejected. This caused a
lifetime distortion by 3 ns (=0.015% distortion).

If there is no proper rejection of bad events
(figure III-4 b), there is a large distortion. The lifetime

is shorter in front of the spectrum and longer im the tail. .
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III.E Distortion from Counter Efficiency and

Dead Iime of Electromics

The efficiencies of counters are listed in Table
II-1.. Since the (1,2,3) coincidence which mcnitors the
incoming Lbeam has 99. 4% efficiency, 0.6% of incoming muons
would not be detected even if they stopped in the target. .
These muons can be considered as undetected 2nd muons and so
cause a distortion proklem. In order tc find the degree of
the distortion, an empirical approach can be aprplied. .

Figure III-4 shows the stopping rate dependence of
lifetime with and without rejections. Since undetected and
detected mﬁcns fcllow a Poisson distribution, the distortion

due to undetected muons can be estimated by

Poisson distribution of undetected muons
within twice the time of the muon gate
Tdis= DT o

Poisson distribution of stopping muons
within twice the time of the muon gate

({1-E)eNe2eTmescxp{— (1-E)eNe2eTn}
= DT e , (3.5)
NeZ2eTmeecxp (-Ne2eTn)

where LT= empirical lifetime distortiocn,
E = counter efficiency,
N = stopping muon rate,

Tm= mucn gate (32 microseconds).
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At 5000/sec stopping rate, the lifetime distortion with no
rejection is about 2Z5 ns, from fiqure III-4, and from
equation (3.5), the distortion due to undetected muoﬁ; is
0.2 ns for a 99.4% counter efficiency. However only 25% of
undetected muons ccntribute to the distortion because of the
2nd electron rejection by the electron telescopes with the 2
7 radian solid angle. Considering that the counter
efficiency of 99.4% was measured with a ruthenium 4 MeV
electron source and the efficienby fcr muons was better than
that for electrons, the distortion due to undetected muons
was less than 0.0% ns. So it was negligible at or below the
5000/sec stopping raté used.

If two muons came into the target region within 10
ns, the pulse height rejection could eliminate the event
from-a histogram. Héwever, if the second mucn came after
more. than 10 ns but less than the electronics dead-time
(about 60 ns fcr a counter output), the pulse height and the
2nd muon rejecticn c?uld not rejecf the event.. Incident
RUONS wWere monitorediby counters S1, S2 and S3, and the 2nd
muon signal was genetated by a pile-up gate generator (PUG).
Thus, the dead‘times cf a LRS-621BL leading edge type
discriminator (S1 and S2), an ORTEC-934 constant fraction
discriminator (S3) and an EGG-100 (PUG) must be considered.
From the dead time mneasurements, the LRS-621BL showed a dead
time of 60 ns, the ORTEC-934 40 ns and the EGG-100 18 ns.
Consequently, the dead time in the determination of the 2nd

muon rejecticn was 60 ns. Even with this system, more than



69

50% of twc muons within 30 ns can be rejected. 1In order to
find the probability of two muons within 60 ns, the Poisson
distribution can be aprlied and, for 5000/sec stopping rate,
the probabilify is Z.Ex10—%4,  Also, this effect can be
estimated by equaticn (3.5)« It changes the lifetime by one
part in 105 and the effect on the lifetime distortion is

negligibly small. .

I11.F Analysis of Negative Muon Lifetime

The procedure for the analysis of the negative
muon lifetime has been discussed in section III.A for Cr203.
In the negative mucn lifetime measurements, the muon
stopping rate was kept below 1000/sec and the systematic
distortion caused by the rate was negligible .as shown in the
former section. Since the negative muons lose their
polarization guickly in the mesonic atcm stage, the magnetic
field effect discussed in section III.B is small., For
example, from the bound muon decay experiment discussed in
section I-C, the residual pclarizaticns of negative muons in
carbon and titanium were 15% and 5%, respectively.

The main cause of the systematic error in the
negative muon lifetime measurement of light elements (Li,
Be, B, N, 0) is the carbon backgrcund. The main carbon

backgroumd source is the defining counter S3. Also, the
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light guide of cylindrical counter S5, and wrapping tapes of
~counters S4 and S5 can be carbon background sources. The
cérbon background depends on the target size and its
.thickness. Therefore, carbon background runs were made
after every muon lifetime determination in a light element
by using a duplicated target madeﬁof brass.. In the lifetime
fitting of the light element, the carbon background was
subtracted using the result of the background run. In Table
I11-2, the fitting results are listed. The carbon
correcticns have changed the lifetimes by a few ns for the
case of small correcticn. The uncertainty of the carbon
background determination is also.taken into account as shown
in Table III-2.

As menticned in sectioﬁ II-D, pcwder targets were
enclosed in containers. There were chemical compound
targets as listed in Table II-2.  In the lifetime fitting of
the decay electron spectrum from the powder or the chemical
compound target, the contribution frcm the elements of
container materials and chemical compounds must be included
in the fitting equation. Thus, figure III-2 is fitted to

the follcwing equatica

Ne(t)=3(Cr)eexp{~t/T(Cr)} + A(0)eexp{-t/T(0)}

+ A(C)eexp{—-t/T(C)} + Bg (3.6)

where A and T are the amplitude and the lifetime of each

element (Cr, O, C). In this fitting, T(C) and T{(O) are



Table III-2 Carbon Background Effect in Light Elements

- —— e ————— i ——— — . . ——— —— - —— - - — T —— . W} = W D D P WP - —— - =

Lifetime withcut - % of Lifetime with
C Background C Background C Background
Li-6 217548 + 1.5 nsec 1.0 (+0.5)% 2177.0 £ 2.0 nsec
Li-7 218649 £+ 1.5 1.0 (£0. £) 21883 £ 2.0
Be 21€0.8 + 1.3 1.5(10.5) 2162.0 + 2.0
B-10 2067.0 ¢ 2.0 7.5(+1.0) 2070.7 £ 3.0
B-11 2089.6 t 2.0 7.5 (11.0) 209641 ¢t 3.0
c-13 202841 t 340 6.8 (+1.0) 20291 ¢ 3.0
N | 1908.1 + 2.0 1.6 (0. 5) 1906.8 + 3.0
0 (H20) 1799.6 + 1.3 1.6 (0. 5) 1795.4 + 2.0
0;18 18€5.4 + 3.0 r i3.0(¢2.0) 1844.0 £ 4.5

- . - =P W e M R D . . WD WD WD WA W D o e P P WS R - e W WS R WL R D M W M WA WD W R P S W A W WS wm We W wn P B w

1) The numbers in parentheses are the estimates of the
uncertainty in the carton background.
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fixed. . Although there is also hydrogen in the plastic
counter and container, the hydrogen compcnent in the decay
curve is negligible. This is because of the high traansfer
rate of negative muons from hydrogen to heavy elements.. A
recent discussion of this phenomenon is that of Vitale
(VIT80). . As confirmation we note that Zinov et al. (ZIN64)
studied the absolute intensity of muonic K series X-rays
from a hydro-carbon (CH,) and pure carbon, and obtained
A(CH2)/A(C) =0.996 + 0.007. Their result has indicated the
almost complete transfer of the negative muon from hydrogen
to carbon in CH,. Due to this fast transfer, the hydrogen
amplitude is also negligible in a decay curve of H;0 target.
In order to determine the negative muon lifetinmes,
the weighted average of four lifetimes, obtained by the
fitting cf decay electron spectra from four electron
telescopes, is taken', using the weights supplied from the

MINUIT program.

I11.6G6 Hyperfine (hf) Effect in a Decay Curve

In section I.D the hf effect in nuclei has been
discussed. This section explains how the effect is obtained
by detecting decay electronse. Muons in the K orbit of the
muonic atom have their own spin coupled to the nuclear spin
resulting in two hf states. At t=0, the time of their

arrival in the K orbit, the muons populate the two states
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statistically and then undergo the hf transition from the
higher level to the lower level. The conversion rates have
been calculated by Winston (WINé3) for various nuclei. His
results are listed in Table IV-6 along with past
experimental results. In a histogram of decay electrons,
there is an effect from this conversion and this is not
negligible for flucrine in particular. This will be
discussed in sectioﬁ Iv.D.

Figure III-5 shows the hf doublet and the
definitions ¢cf Rh, R+, R— and D. At t=0, nuons populate the

F+ and F— states statistically as follows

n+= (I+1)/(2I+1)

=1/ (21+1) (3.7)

The mucn pcprulaticns N+(t) and N—-(t) of F+ and F~ states are

determined by

d

— N*(t) = -(Rh + R¥t)eNt(t) (3.8-1)
dt

d

-— N=(t) = RhoNt(t) =~ R-eN— (%) (3.8-2)
dt

The time spectrum of decay electrons, Ne(t), is given by

Ne(t)=Rde{N*+ (t) + N—(t)} . (3.9)
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Nuclear Leve] Nucleus + /[

+ +
7 R =Rd+ Rc
7 F+=I+—1~ \
I’ 2
I Re
. D=R™ -R"
N Rh =R¢ - R
N R =Rd+ Rc
F_=I7;— \l

Figure III-5, Hyperfine doublet of muonic atom. Rh is

conversion rate, Rc capture rate, Rd decay rate,
and R total disappearance rate. The +ve(-ve) sign
shows the rate from F=I+1/2 (F=I-1/2) state.
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Since Rh>>D for mcst nuclei (WINE€3), from equations (3.8)

and (3.9), we have the simple form

Ne (t) =conste {1 - Aceexp(-Rhot) }eexp (-R-et) (3. 10)

Ae=nt*eD/Rh. (3. 11)

Since I=1/2 and D/Rh=0.02 for 19F (WIN63), the hf effect Ae
is equal to 0.015, which is quite a small effect.

In the case c¢f a nucleus which has the hf effect,
equations (3.6) and (3.10) are combined to yield the

followirg equation

Ne (t) =BEg + A(1)eexp(-t/T(1)) + A(2)9exp(-t/T(2))

+ A(3)eexp(-t/T(3))e {1 - A(4U)eexp(-Rhet)]} (3. 12)
This is used for the chi-squared minimization. The average
capture, (Rc)av, and total disappearance rates of the hf

doublet, (Rt)av, are defined Ly

(Rc)av=nteRct + n—eRc— (3. 13)

{Rt) av=nteR+ + n—epR— (3. 14)

T =1/ (Rt)av (3. 15)

where T is the mean life. These equations will be applied
in sectior IV.D.
The measurements of capture events (neutrons or

gamma rays) is suitable for experiments on the hf effect in



muon capture (WIN61). In the capture process, Ae in

equation (3.10) is replaced by An which is given by
An=nteD/RcC™

Frém equaticns (3. 11) and (3.16),
§n=Aeo(Rh/Rc-)

For most nuclei, Rh>>Rc—, thus, the capture event

measurements show a large hf effects In the case of

An=25e7e
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(3. 16)

(3. 17)

19F,

and the large enhancement of the hf effect has been observed

in the neutron andvgamma ray measurement (WIN63).
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CHAPIER IV

Experimental Eesults and Discussions

of Lifetime Measurements

our resulté for lifetimes and capture rates of
negative muons in complex nuclei are listed in Table IV-1, .
In Table IV-2 fast measurements are shown along with our
results listed in Table IV-1. 1In our calculation of capture
rates, our result cf the positive mucn lifetime, 2197.,0 %
0.7 ns, and the Huff correction factor of the bound muon
decay are emplcyed. In this experiment, the accuracy of the
lifetime measurement has been improved for many light '
elements (Be, B, N, O, F, Na, Cl, K) and new measuremsnts
have Lkeen made for 13C, 180, Dy and Er. Many past
measurements had systematic errors, especially for the
positive mucn 1ifetime which was many standard deviations
away from the currently accepted value. The systematic
error cf our system has been studied carefully, as discussed
in Chapter III, and the correct positive muon lifetime has

been obtained as shown in the following section IV.A.
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Tabkle IV-1(1)

Element Mean Life

( ns )

2177.042.0
2188. 3+2.0
2162.142.0
2070.743.0
209¢€.113.0

2026431 1.5
2029, 113.0
1906.843.0
1795, 442.0

in This Experiment

Capture Rat
{(x1C6 /sec)

4.18+0.45
1.81+04 45
7.3520.4%
2.81x0.07
2.22+0.07

3.8840405
3774007
6.93+0.CE
10.36+0.04
880404 15

€

Huff Fac.
Q)

Results of Lifetime Measurements

0.25
0. 2857
0.2778
0.25
0. 2727
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T4€4,724.0
1428.8+4.0
14€3.2+5.0
14€2.21€.0
1204.02.0

0.228+0.002
0.231+0.002
0.229+0.003
0.2304£0.003
0e377£0.001
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0.2632
0.2632
0.2632
0. 26
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1067+ 212.0
864.0+1.0
756 0£140
611.2+1.0
554, 7+1.0

0.484+0.002
0.705+0.C01
0.871+£0.002
1.185+0.003
1.352+0.C03

0.2533
0.2593
0.2510
0.2581
0. 2507
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560.8%2.0
437.0+1.0
332.7+1.5
329.3%+1.3

284.512.0
2EE.312.0
232.542.0
206.0+1.0
185.8t1.0

1.333+£0. 006
1.839+0. 005
2.557+0.C14
2.590+0.012

3.069+0.025
3.472£0.031
3857+0.(37
4,410£0.024
4.940+0.029

0. 2605
0. 2570
0. 2505
0.2705

0. 2745
0. 2695
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0. 2675
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163.5t1.0
159. 411. 0
180.042.0
133, 321.0

5.932+0.041
5.676+0.037
5.834+0.039
5. 118+0.062
7.068+0.C5¢6

0. 2618
0.2721
0.2708
0. 28

0.2810
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Results of Lifetime Measurements
in This Experiment

Table IV-1(2)

———— e ————— —— — ——— ———— > —— i — — - D W D - — - ———————— — —~—— ——— > - —— — —————— —

Z Element Mean Life Capture Rate ‘Huff Faca. (A-2) /22
' ( ns ) (x106 /sec) ' Q)

40 Zr 110.011.0 8,663+0.083 - 0.940 0.2810
41 Nb 92.741.5 1.036+0.018 X10 0.939 0.2796
42 Mo 99.,6+1.5 0.961+0.015 X10 0.936 0.2810
47 Ag 87.0%+1.5 1. 107+0.020 X10 0.925 0.2823
48 cad 90.7+1.5 1. 06040.018 X10 0,921 0. 2869
49 In 84.6+1.5 1.140+0.021 X10 0.920 0.2868
50 Sn 92.1141.5 1. 044+0.G18 X10 0,918 0.2867
53 I 83.4+1.5 1. 158+0,021 X10 0.910 0. 2913
56 Ba 96.6+1.5 0.994+0.,01€ X10 0,902 0.2959
60 Nd 77.5+2.0 1. 250+0.C33 X110 0.895 0.2919
64 Gd 81.8%£1.5 1. 182+0.022 X10 0.885 0.2964
66 Dy 78.8+1.1 1. 229+0.,C18 X10 0.880 0.2969
68 Er 4. 4+1.5 1.304+0.,027 X10 0.875 0. 2968
74 W 78.4+1.5 1237¢0.024 X10 0.€60 0. 2984
80 Hg 76. 21145 1« 274+0.C26 X10 0.848 0.3

82 Pb 7243111 1. 345+0.C21 X10 0O, 844 0.3022
83 Bi T4,2+1.0 1.310+£0.018 X10 0.840 0.3014

- — i ——— ———— —— ——— — - D i W — —— — A ———— - — — — W - — - — = - ——— —— — . - v



Table IV-2Z(1) Muon Lifetimes and Capture Rates
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Z Element

Mean Life Capture Rate {A-7Z) Refs.

(Zeff) ( ns ) (106 /sec) 23

1 (1. 0) H 2195.610. 3 €S1£57 x10—¢ 0. -19-
2194.97+0.1°¢ 467+43 x10-6 -28-

2198+2 - 14-

2 (1.98) He-3 21704170 (-430)x10—-6 0.1667 —-17-

14101140 x10—6 0.1667 - 7~
He-4 336175 x10—6 0,25 -15-
375+30(~300) x10—-5 -17-

3 (2.94) Li-6 2173 %5 6100+ 1400 x10-6 0.25 -10-
2175,3140. 4 46781104 x10—9 : - 26~
2177.0+£2.0 4180+450 x10-6 *

3 Li-7 2194 4 180011100 x10—-6 0.2857 -10~
2186.,810. 4 2260104 x10—6 -26-
2188+3+2.0 1810+440 x10-6 *

4 (3.89) Be 2140 20 0.018 $0.01 0.2778 - 1-
2156 10 0.010 +0.002 -10-
2169.0£1.0 0.0C591C. 0002 =29~
2162.14£2.0 0.007410.0005 *

5 (4-81) B-10 2C82 té6 0.0265+0.0015 0. 25 -10-
207C.7+3. 0 0.0278+0.,0007 *

B-11 2102 +6 "0.0218+0.0016 0.2727 -10-
2096. 12340 0.0219+0.,0007 *

6 (5.72) C 2020 20 0.0U44 +0.010 0«25 - 1=
2043 13 0.037310.0011 - 3-
2041 45 C.0361+0.,0013 - 4-
2040 £30 0.037 +0.007 - 5-
2025  t4 0.0397+0.0013 -10-
203t 8 0.0365+0.0020 -13-
2060 +30 0.0303+0.007 -16-
2030.0+1.6 0.037€4+0.0004 -29-
2026.3+1.5 -0.0388+0.0005 *

c-13 2029.,14£3.0 0.0376+£0.0007 0e 2692 *

7 (6.61) N 1860 £20 0.CE€ 10.011 0.25 - 1-
1927 13 0.065 $0.004 -10-
1940.5+2, 8 (. 0602+0.0008 -29-
1906.8+3. 0 C.06S340.0008 *

8 (7.49) O 1640 30 e 159 $0.,014 0.25 - 1-
1812 12 " Ce0S8 +0.003 -10-

3 1810 20 C.0¢8 +(C.005 =16~
1795, 42,0 0.102610.0006 *
0-18 184U.0%4.5 €.0880£0.0015 0. 2778 *

9 (8.32) F 1420 40 0.254 10,022 0.2632 - 1-
1450 +£20. 0.235 £0.010 - 8-
1458 +£13 C.231 20.006 -13-

146 2. 74¢5. 0
(These F data show lifetimes for lower hf states.
See section IV.D (g) )

—— " -  ———— — — — —— — — i . - ——— " —— - - - - D WD e e . - o - - -

0.229 +0.001

*



Table IV-2Z.(2)

Muon Lifetimes and Capturée Rates

- . 4 D A D P W S W wr WD D S D S A WP D AR A - P . e WS W N = e R D R D W D S T - - _p -

Element

Capture Rate
(108 /sec)

{2a-Z)
24

Refs.

- —— —— — - ——— . S A P . - G e —— e D - WP whS - —— - - —— - —— — - — — - - -

10 (9.14)

11(9. 95)

12(10.69)
13(11.48)
14 (12.22)

15(12.90)
16 (13.64)
17 (14..24)

14.8

18 (14289
19(15.53
5

)
)
20(16.15)
22(17.38)

23(18.04)

24 (18.49)

25(19.06)

Na

Mg

al

Si

Ca-40

Ca-44
Ti

Mean Life
( ns )
1520 +23
1450 +10
1190 20
1204,0+2. 0
1040 +20
1071 12
1021 25
1067.212.0
880 10
864 12
905 +12
864,0+1,0
810 10
767 12
758 120
i56.0+1.0
660 +20
€35 +2
611.2+1.0
540 20
567.04+8. 4
£84.711. 0
540 £20
560.812. 0
410 20
437,0+1.0
333 27
333 7
335.910. 9
365 +8
332.7+1.5
445 8
330 7
327.344,5
329.31+1. 3
264 4
271 15
282.6+3.2
284.,5+2. 0
276 t6
264.5+3. 2
255,342, 0
239 4
225.512. 3
232.5%2. 0

0.204 +0.,010
0.167 +0.030
630 10.02
0.235 $0.005
C.3€7 +0.,015
0.377220.0014
0.507 $0.020
C.480 £0.002
0.52 0,02
0.4€4140.0018
0.691 £0.020
0.662 +0,003
C.€50+£0.015
0.705440.0013
0777 £0.025
C.850 #C.003
0.86 +0.04
€C.8712+C,0018
1. 054 +0.05
1.121 $0.005
1185 $+0.003
1.39 10.09
1.31 10,03
1.352 +0.003
139 $0.09
1.333 20.006
1.20 $0.08
1«99 #0.12
1.839 10.005
255 10405
ZeS4S +0.063
2977 $0.008
2.286 +0.050
2557 +£0.014
1793 +0.040

2063 +0.06
2.60 10.04
<« 590 $0.012
Ze37 $0.06
J.284 £0.07
Ze06 $0.05
3.069 20.025
J.24 +0.08
3.33 $0.06
3.472 $0.031
3.67 +0.08
.98 $0.05
3.857 $0.037

0. 2522

0.2609

0.2533
002593
0.2510

0.2581
0.2507
0. 2605

0.2573

O. 25

0.2727
0. 2705

0.2745

0. 2695

0.2727

- - - " - - - D W " —— - W D D . - D ue A P e S M s S w A e E  — .  D — - . e D -
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Table IV-2(3) Muon Lifetimes and Capture Rates
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Element Mean Life

Capture Rate

{A-2)
22

Refs.

- — =D —— - =D - - —— - W G P - S S - - — . e T i D - S WP W S wih D W D W S W W " =S e wm»

26(19.59)

27(20413)

28(20.66)

29 (21412)

30(21.61)

37(24.47)
38(24:89)

( ns )
Fe 201 4
196 8
207 13
206, 7+2. 4
206,0£1. 0
Co 188 +3
184,0+1,7
185.8+1.0
Ni 154 +3
158 +3
159. U+3e 1
156.9+1, 0
Cu 160 +4
169+6
164.042. 3
16Z.5+2. 4
163.5+1.0
Cu-63 162, 121, U
Zn 161 4
169 +4
16 1a 2£1. 1
159.4+1, 0
Ga 163.0+1.6
Ge 167.4+1.8
180.012. 0
As 153.8+1. 7
Se 163.0%1.2
Br-79 133.7+€.5
Er-81 125.3%7.9
Er 133.3£1.0
Rb 136542, 7
St 130, 142, 3
Sr-88 142,0+5.5
Y 120.2+1. 4
zr 110. 810'.8
110.0+1. 0
Nb 92.3x1, 1
"92.7+1,5
Mo 108 +2
103.5+0.7
99,6+1.5
Rh 9E.840. 6
BPd 96.0+0.6
Ag 85 3
88.7+0. 9
88.6+1. 1
87.0+1.5

{106 /sec)
4,53 0,01
4,38 +C.07
4,40 +0.05
4,411 +0.024
4,89 +0.09

4,96 +0.05
4.940 £0.029
€.03 20.14
5.9  £0.1
£.83 £0.11
5.632 £0.0041

75 +0:16
5¢47 10,20
.66 10,09
.67 £0.09

5.676 +0.037
E.72 $0.05

fe76 017
565 +0.1
E.76 10,05

834 $£0.039
S«70 $0.06
5«54 +0.06

5.119 $0.061

6.07 $0.07
5«70 $0.05
7.03 +0.34
7.53 +0.48

7.066 +0.056
6.89 +0.13
725 +0.14
6.61 10,27
789 +0.11
» 59 10,07
£.663 +0.083
10. 40 20.14
10, 3€ 0,17
5.09 +0.18
€.23 10,07
9,614 +0.15
10,01 +0.07
10.00 +0.07
11.25 +0.5
10.86 20.13
10.88 10, 14

0. 2675

0.2712

0.2618

0.2721

0. 2698
0.2709

0.2779
0. 28

0.28

0.2850
0.2785
0. 2840
0.2810
0. 2838
0.2834
0.2841
0. 2809
0.2810

0.2796
0.2810
0. 2816

0.2841
0.2823

- 1-
- 18~
*®
- 18-
-18-
- 1-
- 9-
-18-

- . — A, = D R P e WD WP R A e . e D D - e WD e R D - b = D G R D D W WD WS W vED W WR D R N S D . -
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Table 1IV-2(4) Muon Lifetimes and Capture Rates

- —— . P D w W L W R WD D AR WD A WD D D E A B e —n D ms P s D MR P e D WD D W W WP = S e S W D W S - -

Z Element Mean Life Capture Rate {A-Z) Refs.
(Zeff) ( ns ) (10 /sec) 24
48(28.20) cd 95 15 10.05 0.5 0. 2869 - 1-
90.510. 8 1063 +0. 11 - 9-
90.7+1.5 10. €1 +0.18 *
49(28,42) In 84.8+0.8 11,37 1£0.13 0.2868 - 9-
8U.611.5 11.40 £0.21 *
50(28.64) Sn 92 #3 106  t0.4 0.2867 - 5-
89.91+1.0 10,70 +0.14 - 9-
92.1+1. 5 10,44 0,18 *
51(28.79) Sb 91.7+1. 1 10. 49 +0.14 0.2907 - 9-
52(29.03) Te 105.5£1. 2 9.C6 +0.11 0.2964 -18-
53(29.27) X 86.120.7 11,20 #0.11 0.2913 - 9~
83.4%1.5 11.58 10,22 *
55(29.15) Cs 87.811.9 10. 68 +0.25 0.,2932 - 9-
56 (29.99) Ba 9U4.,5+0.7 10. 18 0,10 0.2959 - 9~
96.6+1.5 9.941+0.16 *
57(30.22) La 8%.910.7 1071 +0.,10 0e2950 - 9-
58 (30.36) Ce 84.4£0.7 11. 44 0,11 0.2928 - 9-
59(30.53) Pr 721406 13.45 +0.13 0.2908 - 9-
60(30.69) N4 78.5+0.8 12. 32 +0.14 0.2919 - 9-
’ 77.522.0 12,50 £0.33 *
62(31.01) Sm 79.2+1.0 12,22 10,17 0.2937 - 9-
64(31.34) Gd 80.1+1,0 12,09 10,16 0.2964 - 9-
81s8%1.5 o 11.82 +0.22 *
65(31.48) Tb 7662404 7 12,73 10,13 0.2956 - 9-
66(31.62) Dy 78.8%1. 1 12. 29 10.18 0.2969 =
67(31.76) Ho 74.940.6 12,95 $+0.13 0.2970 - 9-
68 (31.80) Er TJ4.421,5 13.04 $0.27 0.2968 *
72(32.47) HE 74.5¢+1. 3 13,03 $0.21 0.2982 -18-
73(32.61) Ta 75.510. 6 12.86 10.13 0.2983 - 9-
74(32.76) W 81 2 11.9 $0.3 0.2984 - 1-
72 +3 13.5  1C.6 - 5-
T4.3421.2 13,07 +0.21 -18-~
78.U4+1.5 12.3€ +C.24 *
79(33.64) Au 756404 5 13.39 0.11 0. 2995 - 9-
80(33.81) Hg 76,211, 5 12.74 +0.26 0.3 - =18~
76.2t1. 5 12.74 +0.26 ok
81(34.21) T1 75 x4 12.90 +0.75 0.3019 - 1-
70.3+0.9 13.83 $0.20 - 9-
82(34.18) Pb 82 15 11.70 +0.75 0.3022 - 1-
67 3 14.50 0.7 - 5-
746904 4 12.98 $0.10 - 9-
73e2¢1.2 13.27 $0.22 -18-
72.3t1.1 13.45 $£0L21 *

RPb1 71.540. 4 13.61 +0.10 - 9~

- . A D e A L D S P - D - D e Y D AE R D P P AR e A e W N S P WD AR i e U R A R WD WP W D e S M -



Table IV-2(5)

Muon Lifetimes and Capture Rates
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Capture Rate

(106

/sec)
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- - . S > . T — S D T P D D T D D R WD M NP S S i - -

Z Element Mean Life
(Zeff) ( ns )
83 (34.0) Bi 79 5
7323204
74,241.0
S50(34+73) Th-232 80.U+2.0
79.2+2.0
92(34.94) U ~-235 78 4
' 75.4+1. 9
U -238 88 4
81.542. 0
73.5+2.0
93(35.05) Np 71.3+0.9
94(35.16) Pu-239 77.512.0
73.442.8
70,120, 7
Pu=-242 75.410. 9
References:
- 1= (SEN59), - 2- (BARS9), -
- 5- ' (BLA62), =~ 6- (CRA62), -
- 9- (FI1IL€63), -10- (ECK63), -
-13- (WIN63), ~-14- (MEY63),
-17- (AUE65), -18- (ECKé66),
-21- (DIL71), =-22- (EER73-2),-
-25- (HaR77), -26- (BAR78),
-29- (MAES80)
Note:

7-

11-

-15-

-19-

23-

-27-

+0.75
io&- 10
+0.18
io.3
10‘3
+0.6)
+0.3
+0.5
+0.3)
+Ce 8
$0.2)
+0.3)
+04 4
+0.2)
+0.2)

(REI60) ,
(FAL62) ,
(ROS63) ,
(BIZ64) ,
(ALB69) ,
(HAS76) ,

(sCH79),

*: Denotes the results of this experiment.
with underlines are estimated values.

(Zeff)
() :

capture rates cr lifetimes.

1) RPD

(A-7) = Refs.
2A

0.3014 - 1~

- 9~

X

0.3061 -23-
—2“-

0.3043 =23~
0.3043 -24-
0. 3068 - 1~
..23-

-24-

0.3038 -27-
0,3033 -23-
-24~

-27-

0.3058 -27-

- 4- (LAT61),
- 8- (ECK62),
-]2- (CON63) ’
-16- (BAR6Y),
-20- (POV70),
-24- (Jou?77).,
-28- (BAR79),

Numkers are nct given in references and estimated from

= radicgenic lead (88%Pb-20€,9%Pb-207,3%Pb-208)
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iv.A Positive Mucen Lifetime in Carbon

In this experiment the positive muon lifetime
(T (+)) was used to calibrate the experimental set-up and the
data taking system, since the lifetime has been measured
precisely at several labcratories as shown in Table IV-3.
The.acceéted value cf the lifetime is 2197.120+0.077 ns in
the Review of Particle Properties (KEL80). Before 1960,
there was difficulty in the detection of microsecond time
intervals, because a delayed coincidence or a time to pulse
height ccnverter (TAC) was employed to determine time
distributicns. Swanson (SWA€C) pointed cut that there was a
non-linearity of 1 to 2 % and a calikration instability of
0o 6% in the TAC. After 1960, a digital technique with a
high frequency oscillator became common and was able to
reduce the systematic error in the timing of the intervals.
However, it was pointed out tky Lundy (LUN62) that there was
still a systematic error due to the time dependent
kackground caused by 2nd muons. As shown in Table IV-3, an
accurate measurement was done by Baladin et al. (BAL74) by
using a positron detector with a 4 1w radian solid angle..

In this experiment, as discussed in Chapter IIT,
the systematic errors have been studied carefully by
checking the event rejection effects, the stopping muon ra£e
effect, and the magnetic field effect. It has been

concluded that the s&stematic errcr in the pcsitive muon



Table IV-3
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Past Positive Muon Lifetimes
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WeE.Bell et. al. (BEL51)

ReWe.Swanscn et al. (SWAE9)

JeFisher et al. (FIS59)
JeCeSens et al. {SEN59)
ReA.Keiter et ale. (REIEOQ)

Jel.Lathrcp et al. (LATED)

ReA.Lundy et al. (LUNG62)
S;L.Meyer et al. (MEY€3)
M.Eckhause et al. (ECK63)
J.Barlow et al, (EAR6U)

ReW,Williams et ale (WIL72)
Je«Duclos et al. (DUC73)

MeP.Balandin et al. (EAL74)

GeEardin et al. . (BAR78)
(EAR79)
TRIUMF (SUZ80)

1959

1559
1959
1960
1961

1962

2261 £ 7

2200 15

I+

2210 + 20

221

+
w

2203 + 2
2203 + 4

2198

i+
[\

2202

i+
&=

2197 + 2
2200.26 + 0.81
2197.3 + 0.l
2197.11 + 0.08
2196.8 + 0.0
2167.09 + 0.14

2197.0 £ 0.7

——————— —— ———— — . - — — T —— — ——— - — — - —— ——— " A - —————— - —— — - — - =— -

Particle DATA Grour (KEL80)

Decay rate

1980

2197.,120+ 0.077

0. 455141 + 0.000016 x106 s—1

. ——— e —— D —— P WP . Y A . L - . T —— — S =i W s S W
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lifetime is negligiktle. The 1lifetimes of 10 runs are listed
in Table III-1 and the average positive muon lifetime is
T(+)=2197.0 + 0.7 (4o 1)
which is in good agreement with the accepted value.
This result can be applied in calculating the
coupling constant, Gm, for a muon decay. Assuming V-2

interaction, Roos and Sirlin (ROC71) derived the following

relation
192e¢( )3 (Me'ﬁ;S fizece (1 + 4d)
(Gm) 2 = ° : ° (4.2)
T (+) (MmeMeec) S (1 - 8e (Me/lim) 2)
Gm = 1.4356(7) x 10-49 ergecm3
where Mm/Mev = 206.7682(5) (CRG72)
i/ (Meoc) = 3.8614x10-11 cn
h = 1.0545x10-27 ergesec
d = 0.00422 (radiative correction,R0071)
T (+) = 2197.0(1.0) ns

Shrock and Wang (SHR78) have determined Gm with the precise
lifetime obtained by Balandin et al. (BAL74) and their new
formula for Gme. Their number for Gm is
Gm = 1.43582(4) x 10-*9 ergecn3
For the muon lifetime given by (4.1), the muon
decay rate defined by equation (4.2) is

RA(+) = (4551 + 0.002)x105 /sec (4.3)
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IV.B  Muon Capture Rate and its Accuracy

As discussed in section I.C, The bound muon decay
rate is nct the same as the free positive mucn decay rate

and the relation between the two rates is written as

Rd (-) C (Z) sR4 (+)

Q(Z) /T (+) (4o d)

where Q(Z) is called a Huff factor (Huf60). Huff's theory
for the boﬁnd muon decay in thé ﬁéscnic atoms prééicts that
a bound muon in heavy elements has a reduced decay rate.

The theory is inm gcod agreement with subsequent measurements
(BLA62-2, YAM74). Also, Uberall (UBE60) calculated the muon

bound effect in the nucleus. He obtained a simple form
Q(z) = 1-0.5(Z2,137) 2 (4. 5)

This result has been obtained for a point nucleus. For
heavy elements, the K crbit of the mesonic atom is formed
inside the nucleus, thus the effective charge, which is
responsitkle fcr the mucn capture, becomes much smaller than
the nuclear charge. Hence Uberall's formula (4.6)
overestimates the bound effect in the heavy nuclei.
Calculaticns. by Huff and Uberall are shown in figure IV-1.

In this w%crk Huff's values were enmployed and listed in Table
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Ratio of bound decay rate to free decay rate.
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iv-1i,.

In muon capture experiment, the total
disappearance rate, the nuclear capture rate, and the decay
rate are frequently used. For reasons of convenience, those
relations are summarized in the following.

Decay rate cof free muons; RA(+)=1/T(+),
T(+): positive or negative free muon lifetime(2197.0 ns)
Total disappearance rate; Rt=1/T(-)
T{-): negative muon lifetime in nucleus
Rt=Rc + Q (Z) eRd (+)
=Rc + Rd (-)
Nuclear capture rate s Rc=Rt - RA (-)
SV/T(=) - Q(Z) /T(+) (4.6)
When the nuclear capture rate is obtained from lifetime
measurements, equaticn (4.6) is used.
T(-); listed in Tables IV-1 and IV-2
T(+); 2197.0140.7 ns (our measurement)

Q(Z); figure 1IV-1, Huff factor

- — —— - ——— - — - —— - —— - Y . —— —— - — W - . - - — - -

The accuracy of the total disappearance rate is

defined by

dRt/Et = 1/4/(Ne) (4. 7)

where Ne is the.total number of electron events., From
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equation (4.6), the capture rate Rc is equal to R-Rd with
the approximation cf Q(Z)=1. The accuracy of Rc is

expressed as

dRc 1 Rt2 R4z
Rc Rc Ne— Net

For example, in the case of 6Li, we have the following
approximate numbers and equations for a 0.1% accuracy of

lifetime measurement

Rt=Rd=4.5x105 /sec
Ec=5000 /sec

Ne—=Ne+=4x106 events

dRc/Ec=Rd/Rce, /(2/Ne) (4.9)

Thus the accuracy cf Rc in ©Li is about 6 %. In the case of
heavy elements (Z2>20), Rc is greater than Rd and Ne— is muach
less than Net+., Therefore, the accuracy of the capture rate

Rc is. apprcximated by
dRc/Rc=1/,/(Ne~) (4. 10)
Equation (4. 10) gives a 1 % accuracy cf Rc for Ne—=10% total

events, which is equivalent to a 1% accuracy in a lifetime

measurement in a lead target.
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iv.cC Negative Muon Lifetime Measurements in Carbon

and System Calikration -

The lifetime in carbon was measured several times
throughout this experiment, since the lifetime was used as
the calibration of the system. The results of seven
measurements are listed in Table IV-4, along;with a result
from the srring of 197S. The weighted average of the
separate runs is recorded in Table IV-1. The error is
determined frcm the statistics and the deviations of each of
the different runs frcm the mean. The changes in the
lifetime, as shown in the takle, are quite small and it
assures that the system was working properly throughout this
experiment.

As listed in Table 1IV-2, around 1960, there are
three precise measurements for 12C by Eckhause et al.,
Lathrop et al., and Reiter et al.. Their measurements for
the lifetime of the positive muon, as shcwn in Table IV-3,
are .2202+4 ns, 2203+2 ns and 221143 ns, respectively, which
all disagree with the presently accepted value of 2197.13 &
0.08 ns. It seems their systems were not well calibrated
and, from the pcint cf view of system calibratiom, our
negative muon lifetime in carbon would appear therefore to
be more reliable. The Saclay group has a well calibrated
system with which ﬁhey determined the positive muon lifetime

to be 2197.18 $0.12 ns (DUC80, BAE79). Their value for the



Table IV-4 Negative Mucn Lifetimes in Carbon

- e D e B P G S D W D D P D A S WD D > W D M W S D P e WD MR ek WP we W M WD W W WS W s Wb A W A WD -

Run # Events Lifetime
( x106 ) ( ns )
1979 SERING 1.6 2026.5 £ 1.6
1979 FALL 1178 1.0 2026.0 £ 2.1
1197 0.9 2025.2 £ 2.2
1259 0.6 202641 t 2.7
1264 0.5 2025.3 + 2.9
1272 0.8 2023.5 t 2.3
1275 0.5 2026.3 £ 2.9
1291 0.6 2030.3 £ 2.7

———— ——— ——— - - D - B D B D R S . R T AP WD R S e e P W A T D W TR W E e W A Wp A e W n S - - W - AR e
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negative mucn lifetime in carbon is 2030.0 +1.6 ns (MAR86L.

our result of 2026.3+1.5 . ns is in adequate
agreement with Eckhause's result of 202%5i4 ns and the
finding of the Saclay group, but disagrees with the two
results of 2043+3 ns by Reiter and 2041+5 ns by Lathrop.
Although if one suktracts off 14 ns and 6 ns (their positive
muon lifetime deviaticn from the accepted value),
respectively, the agreement is better, but this simple
minded procedure is not necessarily valid because almost
certainly there wculd have been different systematic errorse.
Within error, our capture rate barely overlaps with past
measurements as shown in Table IV-2.

The calculation by Walecka (WAL75) gave a capture
rate of 0.3Ex105 /sec which is lower than our result

(0.388+0.005)x105 by 6%.

IVv.D Negative Muon lifetime Mecasurements

in 48 Elements

(a) Lithium (6Li and 7Li)

The first measurement was made by Eckhause et
al.kECKéB) but their results had large errors.. Furthermore,
their result for 6Li was inconsistent with the theoretical
estimate by Lodder and Jcnker (LOD67), which indicated that
further exreriments would be useful. Recently, considerably
greater precision qaslachieved in a measurement by the

Saclay group (BAR7€). A comparison of the theoretical and



experimental capture rates is given in Table IV-5(1). As
shown in Takle III-2, cur data depend on the carbon
background. According to the carlton background run, a 1.0 %
carbon background is allowed in the results of Table 1IV-5.
our results, without the carbon ktackground, agree well with
Saclay's results, which are free from the carbon background.

The capiure rate, shown in Table 1IV-5, is an
average capture rate. At first negative muons populate the
hyperfine states according to a statistical distribution.
Then there is a change in the populaticn due to the
transition Letween the hyperfine states. For lithiunm,
Favart et al. (FAV70) showed, by a muon precessicn
experiment, that the conversion rate was less than 2x10¢
s/sec of which the conversion time was lcnger than 50
microseccnds. In order to explain the partial capture rate
experiment of 6Li-6He (g.S.) (=1600 /sec) (DEU68), Primakoff
(PR1I77) and Hwan (HWA78) added a 16 % effect from the
hyperfine conversicn to the:statistically averaged rate. .
Since the ccnversicn rate is very small and the transition
occurs within milli seconds, our experiment, in which all
events appear within 25 microseconds, is not adequate to
find the hyperfine tramsitions,

The simple formula of Primakoff, which will be
shown in the next Chapter, has a neutron excess terme.. This
originateé frcm the Pauli principle and is claimed to be
valid for Z>6. The difference of the total capture rate

between 6Li and 7Li is mainly due to the allowed transition
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Table IV-5{(1) Capture Rates in Li-6 and Li-7

——— R D ———— - P - . A D D R D P - —— e D G W - ——

Li-6 (/sec) Li-7 (/sec) Rc(7)/Rc(6)

- —— —— — — - — —— — - —— — . ——— A - D - D - - D D D > - - -

Theory (LOD67) 3480 2080 0.60

Experiments

Eckhause (ECK63) 61001400 18001100 0.30£0.19
Saclay (EAR78) 46804120 2260120 0.484£0.03
TRIUMF 4180£450 16104440 0. 43£04 11

- ——— . — > WD W W WD D R A A S D L D A D - - - A N W D S - . D = D e e A - - -

Table IV-5(2) The Different Contributiom to the Total Muon
Capture Rate by Lodder and Jonker (LOD67)

(unit in /sec)

- . D . D R W S D WR P D h h D AL D D W s A WP D . D D R A WP - - S D e A D - D D > -

Isotope Allowed Dipole Other - Relativistic Rc (Total)
Multipcle Term

- —— —— . — D D 45 " e i — - ———— — > W — —— —— . W W W ey - G - - —— -

Li-6 1248 1263 621 348 3480
(1044) (3261)

Li-7 —e-- 1182 620 281 2083 (£12%)

- - - P P WS D - WS W W W R WD D e P P W AP W e WP = T wn D e WD WD A R R A S P A R WD P e WD o W - b - - -
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in 6Li according to Lodder's calculation (LOD67) as shown in
Table IV-5(2). The neutron excess term in Primakoff's
formula predicts the isotope effect, Rc(7)/Rc(6) =0.48,

which is clcse to our measurement, RcC(7)/RBRc(6) =0.43+0.02,

(k) Berylliunm

There have Lkeen three measurements of the negative
muon lifetime in Be by Sens (SENE58), Eckhause et al., (ECK63),
and Martino et al. (MAR80), who obtained lifetimes of 2140+20
ns, 2156110 ns, and 2169.0+1.0 ns, réspectively. our result
of 2162+.1t1.8 ns is in good agreement with the earlier
measurements of Sens and Eckhause et al., but the result
from Martino and Duclos is longer than ours by 7 ns.. This
disagreement can not ke explained with the hyperfine effect. .
Since Be has a negative magnetic mcment as shown in Table
IV-6, the hyperfine state with F+=1I+1/2 is lower in energy
than ﬁhe hyperfine state with F—=I-1/2.. In the lifetime
measurements at Saclay, the detection of the decay electrons
started a few picroseconds after the mucns stopped, so their
experiment may have detected decay electrons from the lower
hyperfine level (F+). From Table IV-6, it is evident that
T+ (lifetime in F+ state) is longer than T— (lifetime in F—
state). Since our experimenf started taking data directly
after muons stcpped in a target, Wwe were méasuring the mean
lifetime, Tmean. However, the hyperfine transition time has
been determined experimentally tc be longer than 20

microseconds by Favart et al. (FAV70), so that, within a few
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microseconds, the hyperfine effect would not be large.
Assuming that the transition time is 20 nmicroseconds and the
data takiﬁg starts at 4 microseconds after the muon stop,
the hyperfine effect would be less than 20%, and the
lifetime measured by the Saclay group should be about 2 nsec
longer than the mean lifetime. This correction is in the
right direction but insufficient to explain the 7 nsec
discrepancy. No theoretical calculaticn has been made for

the muon capture in Be.

(c) Boron (103 and 11B)

Eckhause et al. (ECK63) have measured the negative
muon lifetimes in 19B and t1B, Our result in 11B agrees
with their result within error; in the case of 10B our
result is shorter than.their result by two standard
deviations. The capture rates and isotope effects are in

good agreement as shown below.

W D D . D D D = B D > > W P w— G WP A w— D E W WD WD m e Wm S - . D - D - e - . - ——

e ——— —— — — > —— . — T ———— . . = —— = — ——— W - - ) ™ - . i By WS S WS e W S e P e e e =

Eckhause life 208246 ns 210216 ns
cap 25,800+£1500 /sec 21,200+1500 /sec 0.82+0.08

TRIUMF life 207Ce7+2.0 ns 2096.1+2.0 ns
car 27,760+490 /sec 21,9101480 /sec 0.79+0.02

——— . — —— - " — S S W W WP W T " . - - — - - . ——

There is no theoretical calculation which can be compared
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with the total muon capture rates in 190B and 11B,

(d) Carbon (12C and 13()

The lifetime of 12C has been discussed in section
IV.C. Our measurement of the lifetime in 13C is the first
such measurement. As listed in Table IV-1, there is no
difference in lifetimes between 12C and 13C and the isotope
effect Rc(13) /Kc (12) is equal to €G.571+0.03. From the
Primakoff thecry which implemented the Pauli principle, the
expectéd isotope ratio is eqgual to 0.71 which is not
compatible with our experimental result. The total muon
capture rates for limited numbers of transitions between
states with the same parity have been reported by Desgrolard
et al. (DES78), using the shell model and impulse
approximaticne. Their calculétions indicate that there is no
difference in the capture rate between 12C and 13C, and this
agrees with our experiments. Although the shell model
approach by several authors (LUY€E3, GOU71, JOS72, DUP75) has
not succeeded in reproducing the actual experimental values,
the results can be utilized qﬁalitatively in discussing
capture rates.

Strong isotope effects have been observed for Li,
B, and O in cﬁr experiment. The difference between these
nuclei and C, except fcr level structureé, is the Q value.
The isotopes of Li, B, and O have different Q values, but
the Q values of 12C and, 3C are the same. These same Q

values may be one of reasons for the same muon capture rate
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in t2C and 13C (FUJ79).

{e) Nitrogen

The muon lifetime in nitrogen has been measured
with great precisicn in our experiment. Our lifetime result
does not agree with previous results, as shown in Table
Iv-2, but our capture rate just oveflaps with the value of
Eckhause. The value cf the Saclay group is 1.8% (nearly
10 ) higher than our result. Since their data taking
started a few microseconds after the mucns stopped in the
target, it is possible that their result is affected by the
hyperfine transition. If so, their result should be shorter
than ours, because nitrogen has a positive magnetic moment
and the muon lifetime in the lower hyperfine state is
shorter than in the higher hyperfine state. If their target
(NHyI) had water contamination, the lifetime would be
shorter than ours also. Using chemical compounds (NH4Cl),
we had difficulty determining muon lifetimes in nitrogen,
which varied from 1905ns to 1925ns. Coﬁsequently, ve
decided to use liquid nitrogen as a térget. We believe that
our result is significantly more reliable because of the
generally consistent and reasonable behavior of the
electronic equipment. A theoretical calculation has been
made to f£ind the muon capture in N (KIS73), using shell
model wave functicns. The calculated total capture rate,
1. 09105 /sec, exceeds the experimental results by 70 %. .

There is no other theoretical value.
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(f) Cxygen (%60 and 18Q)

As shown in Tatle IV-2, three measurements of the
muon lifetime in 160 have been made previously. Our result
has a considerably improved accuracy. Although our result
for 160 (water target) is lower than two recent
measurements, it dces fall within the large error limits of
the previous measurements. A theoretical attempt was made
by Walecka (WAL75) using the Foldy-Walecka resonance model. .
His result cf muon capture rate in 160 is 1.07x105 /sec,
which is quite close to our result of 1,018+0,005 x105 /sec.

curs is the first measurement of the muon lifetime
in 180, Since this target was formed in Agar, the carbonm
background was determined by the lifetime measurement of the
160 target in the csame form using the fixed 160 lifetime
obtained above from the water target. There is no
theoretical calculation, The isotope effect Rc (18)/Rc(16)
is equal to 0.80+0.01. This is gquite different from the
ratio of (.60, which is calculated by Primakcff's formula.
It seems that in 1light elements the details c¢f the nuclear

structure are more important, since this formula fails for

both 12C-13C and 16(0-18Q,

.(g) Fluorine
The hf effect c¢f muon capture can be expected in
this nucleus, as demonstrated by Winston (WIN63); hence the
histogram cf decay electrons has been fitted to equation

(3.12)« The data analyses of the histograms of four
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chemical compcunds give the mean lives (T—) and the
disappearance rates (R-) of the lower hf states. The

results are listed in the following

. — —— —— - — > " —— ——— —— —— - —— — > —_— —— —— - — e S - - —

Ccmpound = R™ - Rc—=R--Rd
( ns ) {(x106 /sec) (x105 /sec)
LiF 1464, 744, 0 0.683+0.002 0.228+0.002
C2F4 1458.,8+4. 0 0.6€£6+0.,002 0.230+£0.002
CaF2 1463, 24540 0.683+0.002 0.228+0.003
PbF2 1464,216.,0 0.683+0.003 0. 22810,003
Average 1462, 715.0 0. 684+0.002 0.229+0.003

4s discussed in section III.G, the amplitude of
the hf transition effect (Ae) is about 0.015., In order to
see this effect clearly in a decay electron histogram, the
data points within the time of the transitiom (=200 ns) must
have better than a 1 % étatistics. In our F data listed
above, only the LiF data, which has €C0C electron events
from the mucn decay in F‘at t=0, can be used for the hf
effect study. The fitting results are
Eh=(8.8+4.0)x106 /sec, . Ae=0.017+0.010 (4o 11)
Winston (WIN63) whose hisfogram had five times more events
than ours ckttained
Eh=(6.3%+1.8)x106 /sec, Ae=0.02640.007 (4. 12)
{ from electron data )
Rh=(5.8+0.8)x106 /sec, An=0.30 $0.02

({ from neutral data )
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Although cur results (4. 11) are in agreement with Winston's
results (4. 12), our data does not have enough statistics to
determine the hf effect terms, Rh and Ae.

Tﬁe capture rates of the hf doublet are estimated

from the following relations (BERZ8, PRISY)

=0e 94S50-0

R=(I-1/2) - R¥(1I+1/2) 1 (2I+1) /1 :I=L+1/2
Rav Z {

= (2I+1) /(I+1) :I=L-1/2
(4. 13)

where the definitions c¢f R+, R~ and Rav have been given in
séction III.G. Since equation (#4.13) was derived by
Bernstein, Lee, Yang, and Primakoff, this is often named the
BLYP estimate. In the case cf F, I=1/2 and Z=9, so that
(Rc— - Rc*)/ (Rc)av = 0.42 ‘ (4o 14)
This value was determined experimentally by Winston té be
0.77+0, 13, Using these two values and eguations (3.13),
(3.14) and (3. 15), our results and Winstcn's results are

summarized as follovws

——— e ——— —— - — - — —— . e T - - D S W TR S P S S . — S e - — — o —— W D e . W - - - -

Rc— (lower) Rc+ (upper) Tmean

(x105 /sec) (x105 /sec) (ns)
Winston(neutral ) «31£0.06 1.5740.,041 1584+ 11
1. 1840,092 1663+£20

TRIUMF (electron) 2429+0.02 1.56+0.,021 15905
1.17+0.092 1667+ 20

- ——— . = - —an - . A . — — — ——— —— D . S —— T a  ———— — . - —————— -

1, 0.42 from equaticn (4.13) (BLYP estimate)
2, 0.7740.13, Winston's experimental value

gur results agree with Winston's neutron and gamma data. In
Table IV-2, the past measurements of lifetimes of the lower

hf state are listed. . Our result shows agreement with the
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other measurements.

(h) Search for the hf transitions in Be, 10B, 11B,
13¢, N, Na, and Cl.

In Table IV-6, the information of hf states for
nuclei with a spin is listed. According to the theoretical
estimates of the conversion rates (WIN63) or experimental
determinations (FAV?O);<it is possibie that the hf
transitions 6flnuc1ei listed above could be observed in our
experiment. Thus our data were fitted tc equation (3.12).
The results okttained do not show any indication of the

hyperfine effect and are listed below.

- W W - . D S D A - P D P P D wn D - P =D D WP WD WD A s R - o . D - — — -

Element Ae Rh (106 s~) Eef. Ampl at t=0
Be 0.00640,002 0.05 fixed (Fav70) 5000
10R 0.001120,002 0.2 fixed (FAV70) 3500
118 0.001+0.003 0.33 fixed (FAV70) 3500
13C 0.01 0,01 (0. 2£0.2) fit 2000
N 0.00810,01 (1. 2214 5) fit 4000
Na 0.01 x0.02 14 fixed (WINE3) 3000
cl 0.01 20.02 8 fixed (WIN63) 2000

—— - —— —— — ———— ———— . — — " — P U - —p ——— — T —— - ——— - - - -

1) Amplitude at t=0 in equation (3. §6)

As discussed in section I1I.G, the hf transition coefficient
(Ae) is expected to be around 0.01 or less. From Table IV-6
in which Ade is estimated for various nuclei, it is evident
that Ae is very small for most of the nuclei. Thus, in
order to see the effect clearly in the decay electron
spectrum, the spectrum has to have more than 104 events at

t=0 even for the nuclei which seem tc be good candidates for
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The hyperfine effects in various nuclei

- R . D M W D D e R = S R = S AR M D W S R A R G D M WD W P M TP I P S R e e W o W M - e R = = =

D/Rav ant del Rh (108 /sec)
<0.022

0.843 <0.022

0.€33 <0.052
0.21+£0.052

0.513 0024 0.009 0. 251

1.2 0.43 0.017 0. 330,052

-0.213

O.u23 0.24 0.01 0.58+0.08s

0.764 0.36 0.015 0.63+0, 186

0770, 131 0.30+0.02 0.026+£0.007

-0.143 0.0C8 0.002 141

0. 183 0.08 0.001 411

0.284 0. 14 0.002

0e253 0.16 0.003 581

0.374 0.22 0. 004

-0.0893 -0.06 -0.01 81

-0. 144 -0.06 -0. 01

-0.,083 -0.05 -0.005 221

-0, 114 -0.07 -0.001

. - - - - - - —— s - D WD - W —— . — - = —— — — - —— N —— T - w— -

Element Spin Mcment
Li(3,6) 1+ 0.82
Li(3,7) 372- 3.26
Be (4,9) 3/72- -1. 18
B(5,10) 3+ 1.80
B(5,11) 3/2- 2,69
C(6,13) 1/2- 0.70
N(7,14) 1+ 0.40
F(9,19) 172+ 2.63
Na (11,23) 3/2+ 2.22
al(13,27) E/2+ 3.64
P(15,31) 1/2+ 1.13
Cl(17,35) 372+ 0.82
K(19,39) 372+ 0.39
Note:

1, Winston!

( text equation
Primakoff's estimate qucted in WINGE3
Winston's neutral data (WIN63)

data or estimate (WING63)
Favart et al. (FAV70)
3, BLYP equation

(4.11),

6, Winstcon's electron data (WINé3)

Table IV-6(2)

Berstein (BER58)

Hyperfine Effect in Lifetime and Capture Rate

. P D D W s e D n o A D P e A - e A D — -y . D D -b - - - - —— - N - - - > - - - -

Rct (/sec)
(Tt ns)

(Rc) av (/sec)
(Tmean ns)

- - - W - U D > - D - N A - W e D D S e D WP D W M W S D W D D D W - - -

7L1

Be

D/Rav Rc— (/sec)
(I- ns)
72604130
(2162, 3t0.7)

0.633 105001560

(214745424 7)

- - - D wE . . D = — D D WS R WP L W D T D = — —— . . S — D e A —— — - -

2260180
(2181.2+£0.5)
5730£300

(216S.7£2.0)

4678+104
{2175.3+0.4) 7
4680+120
(2186.8+0.4) 7
7500+£400
(2162. 1£2. 0) -
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Table IV-6(3) Hyperfine Effect in Lifetime and Capture Rate

S ——- — - ————— - D D - D - - - - D =D S WD s D - - - D D A - D D A - - - -

Elem D/Rav Rc— (106/sec) Rct (108 /sec) {(Rc)av (108 /sec)
(T~ ns) (T+ ns) (Imean ns)
10E 0.0281+0.0005

(2070.74+3.0)
0.01794+C.0004 0.022240.0005

118 0.513 0.029340.005

(2064, £3) (2114, 12) {2096, 1£3.0)
1. 24 0.038920.0007 040122+0.0003 0.0222+400
(2024 +4) (2140+2)
13C -0.213 0.0318+0.,0008 040397+0.,0008 0.0383+0.,0007
(2054+3) (2021+3) {2029.1+3.0)
N , 0.0699+0,0004
' (1906.8£3.0) -
F 0.423 0.22910.003 0,15610.,002 0.175+0.003
(146345) (1635+6) (1590+6)
0.764 0.118%0.002 0.145+£0.003
(1746+6) (1666+5)
0,770,131 0.11740,009 0.145+0.008
(1749+30) (1667+20)
Na -0. 143 0.377+0.001 0.435120.C01 0.413£0.001
{1204+2) (1123+2) (1151+2)
Al 0. 183 0.705+0.,001 0.590+0,001 0.638+0.001
{864+1) ( 957+1) ( 915%¢1)
0. 284 0.53640.001 0.606£0.001
(10039+1) ( 942+1)
P 0,253 1 18510, 003 0.935+0,003 0.997+0,003
461121) ((719%1) ( 688%1)
0. 374 0.841+0,003 0.97240.,003
, ( 77111) ( 723%1)
Cl -0.,093 1.333+0.003 . 1.460+0. 004 1.413+0,003
4561+1) ( 522+1) ( 536+1)
-0. 149 1.53810., 004 1.456+0.003
( 502+1) ( 522+1)
K -0.083 1.839+0.005 1.994+0.006 1.936+0.005
{437+1) ( 408+1) ( 418+£1)
-0. 114 2.056+0.006 1.974+0.005
( 398%1) ( 412+1)
Note:
1, Winston' data or estimate (WIN63)

2, Favart et al. (FAV7Q)

3, BLYP equaticn ( text equatlon (4. 11), Berstein (BERS58)
4, Primakcff's estimate guoted in WIN63

5, Winston's neutral data (WIN63)

6, Winston's electrcn data (WING63)

7, Saclay grour data (BAR78)

-- Lifetimes underlined are our experimental results

except Li and all other lifetimes are estimated values.
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the hf effect (eg F, Cl). In the case cf Na, by using
equation (3.1), Ae is calculated to be 0.003. This is too
small to ke determined by the electron decay spectrum. As
summarized above, the total number of events in our
experiments is not large enough to obtain Ae. It is also
difficult tc measure the effect for 1light nuclei by the
lifetime method if the conversion is slow (for instance Li,
Be, B), because most events appear within 4 microseconds..
In Table 1IV-6, past experimental results and estimates of
the hf effect are summarized. From the table the most
suitable targets are F and Cl for the lifetime method.. With
sufficient experimental running time, the hf effects in
thesé nuclei could be detected. There have Lkeen no
estimates of the hf effects in N and 13C. Although these
are alsc pcssible candidates, the short lifetimes in the
container materials (Fe for N and Cu for 13C) give large
distortion for times near zero and this makes it difficult

to separate the small hf effecte

(i) From Z=11(Na) to z=83(Bi)
The follcwing remarks may be made from Z=11(Na) to
Z=83 (Bi) on the basis of the results obtained in our
experiment.
(1) As listed in Table IV-2, our measurements are in fairly
good agréement with past measurements for most of the
nuclei between Z=11 and 83.

(2) Our lifetime measurements in Na, K, and Cl have been



(3)

(4)
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made with great precision. The lifetimes in Na and Cl
are in agreement with earlier measurements (SENS59)
within error, but our réesult in K is substantialiy
lcnger than the earlier measurement. Our value for the
lifetime in Ge is larger than the previous result. Our
targets were GeO, and GeO, and the muon lifetimes
obtained frcm both oxides were the same. If the
constituents of a chemical compound have quite
different atomic numbers, then there should be no
difference in the lifetime measurement for the element
when it is in a chemical compound target and when it is
an element target itself. Hcwever our result should be
checked with germanium metal.,

These are the first measurements of lifetimes in Dy,

and Er. The lifetimes in Dy and Er seem to be

reasohable when they are compared with other rare earth
nuclei. Adding our two measurements of Dy and Er to
past results, allvnuclei between Z=64 and Z=68 have now
been studied and this makes it possible to discuss the
even-odd Z effect in rare earth nuclei (see section
IV.F)o

From Table IV-2, it is evident that the odd Z nuclei
for 7240 show systematically larger capture rates than
the even Z nuclei. Pasf measurements (FIL63) and our
experiment support the fact that the capture rate in

Nb (2=41,A=93) is anomalously higher ( 10.35%+0.17 x106)

than the estimated value from the Primakoff formula
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(9.35x10¢6) (WAT75). Watson (WAT75) has suggested that
the large capture rate in Nb could be due to the
vanishing of the Cabibbo angle ¢c. In section IV.F,
this will be discussed in more detail by comparing
experimental total capture rates with the

Goulard-Primakoff formula.

IV.E Primakoff Formula in Muon Nuclear Capture

Primakoff derived a formula for the total muon
capture rata Rc(A,Z) in a complex nucleus with the mass
number A and atcmic number Z (PRIS5Y9). In his derivation, he
started with the effective Hamiltcnian, Heff, deduced by
Fujii and Primakoff (FUJ59). In their work, the lepton-bare
nuclecn ccupling is V and A (Axial vector), and the
muon-baré nucleon and electron-bare nucleon coupling
constants follow electron-muon universality. Also, assuming
the conserved vectcr current, the nucleon coupling constants

are well defined. The Hamiltoniam is as follows (FUJ59,

PRI59)
1+ 155 A - - - - -
He¥f= s AR S S G$ 1.1, + GK o0,
| V2 V2. di=1 Y * *
- H -.—- '.— _-—_
GP G+VG, -V } 8(x ri) (4.14)

with

po_oow v

GV = gy (1 + 5 )
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roE
"
-
09
o
9
09
>
1
I
~~
[
+
=
]
b od
o
L
gt
N
g te

(4.15)



110

In equation (4.14), v is the momentum of the neutrino;

T., Ti and 0o, Ei are 2x2 matrix unit operators and spin
angular moméntum operators for the lepton and the i-th
nucleon; r and ;i are space co-ordinates for the lepton and
the i-th nucleon; T+, Ti_ are isobaric spin operators
which transform a lepton muon state into a leptcn neutrino
state and an i-th nucleon proton state into an i-th nucledn
neutron state (FUJE9).

With equations (4.14) and (4.15), the square of
the mucn capture transition matrix element between the
states of initial and final nuclei was calculated by~the
closure approximation. In the approximation all
energeticaly accessible states of the final daughter nucleus
are excited by the muon capture and the sum over all the

excited states is rerformed. Using this approximation,

Primakoff cktained
Rc(A,Z)=(Zeff) *Rc (1,1 K ({1 - g(A-2)/(21)} (4. 16)

where BRc (1,1) is the muon capture rate in hydrogen, K
represents the reducticn of phase space for the neutrino and
g is the nuclecn-nucleon correlation parameter. The second
term, {(A-2)/2A}g, embodies the Pauli exclusion principle
and is propcrtional to the fraction cf neutrcns. The
estimated value for g is equal to 3 (PRI59). Hence for a
nucleus with A=27Z, the bracket reduces the capture rate by a

factor of 4. Therefore, the Pauli exclusion term is a large



effect for heavy nuclei.
In order to compare our experimental results with
the Primakoff formula, egquation (4.16) is parameterized as

follows

Rc(A,Z)=(Zeff) *X (1) {1 - X(2) (A-2Z)/ (212)} (4 17)

The effective charges have been calculated for most of the
nuclei by Ford et al. (FOR62). Their results are listed in
Table IV-2. The effective charges, which are not provided
in the reference, are obtained by the linear interpolation
method and shcwn in Table IV-2 underlined. TFor the best fit
of equation (4.17) to cur data and past measurments (ECK66),
a chi-squared minimization program MINUIT was used. The
results are listed in Table IV-7. 1In these fittings,
elements lighter than Z=7 and odd protcn nuclei between 2=8
and Z=22 are nct included. The result of fitting X (2)
agrees well with the estimated value for g by Primakoff. .
The calculation by Primakoff has shown X(1)=161 /sec and
this is regprcduced by the experiment as shown in Table IV-7.
Without the conserved vector current (CVC) hypothesis, his
calculation gave X(1)=137 /sec, sc the experiment and theory
agree well with the assumption of CVC (FRI59)e.

If the neutron excess term satisfies (A-2)g/(24)
=1, equation (4. 16) breaks down. The condition implies Z/a=
1-2/X(2)= 0.3€. For 238y, Z/A is about 0.39, thus Z/A

tecomes close to this condition for heavy nuclei. Hence
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higher order Pauli corrections become necessary for heavy

nuclei, Goulard and Primakoff (GOU74) obtained

A (3-2)
RC(A,Z)=X (1) (Zeff) ¢ {1 + X(2) - ——X(3)
2% 22
A-Z A-22
- + )X (4)} (4. 18)
23 87A

where X (i) (i=1 to 4) are constants. In X(1), kinematic
factors are included. The best fits to all existing data
are listed in Table 1IV-8., From Tables IV-7 and IV-8, it is
clear that the Goulard-Primakoff formula gives a little
better chi-square fit than the Primakoff formula. Figures
IV-2 and IV-3 show the fitting curves for the best
chi-square fits listed in Table IV-7 and IV-8. From the two
figures, it is evident that the two formulae show almost the

same behavicre

IV.F The Even-0dd Z Effect in Heavy Nuclei

As stated in section IV.D, the odd-Z nuclei for
Z>40 show larger capture rates than the even-Z nuclei. In
light elements with odd Z, most of the large capture rates
can be attributed tc the hf effect. For heavy nuclei the hf
effect is swmall, since the effect is proportional to 1/zZ, as
shown in equation (4.13), and the capture rates from the two
hf states are nearly the same. This 1/Z dependence is

illustrated by figures IV-4 and IV-5. Figure IV-4 shows



Table IV-7, Fitting Results for Primakoff Formula (4.16)

—— - — ——— —— ——————— D " W WD D W D e = D W Ve e e Y - G —— —— - ———

TRIUMF Datal FPast Results?
Number cf data 30 58
X(1n 170 170
X(2) . 3. 125 3.125
(exp-£fit)/exr 4.6% 5. 8%

——— - —— ————— — —  — - A —— - D -y A A W . - —— . — T - Y ———— -

1) Our experimental results listed in Table IV-1.

2) Past results summarized by Eckhause et ale. (ECK66). .

Table IV-8, Fitting Results for Goulard-Primakoff

Formula (4.18)

—— e — - —— —— ————  — - N —_y aS omp e ——— - — > = WD MED D D A e S D D TR T WS B D e W e w0 w— -

TRIUMF Datatl Fast Results?
Number cf Cata 30 58
X(1) 261 252
X{2) -0.040 -0.038
X (3) -0.26 -0.24
X(4) 3.24 3. 23
(Exp-Fit) /Exf 4, 1% 5.6%

- —— - — — - —— A — — — ———— —— — — — i W - —, - — ———— - —— — T . . ————
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deviations of experimental capture rates from the
Goulard-Primakcff (G-P) formula. Nofe that we are now
plotting against the atomic number Z in order to illustrate
thét the pattern of deviation is connected with shell
effects. In this section, all TRIUMF data are used for a
comparison between the experimental results and the G-P
formula. In the ccmparison, data lacking in the TRIUMF set
are taken frcm the reference of Eckhause et al. (ECK66). The
experimental results of nuclei with atcmic numbers smaller
than 2=10 are excluded from the discussion below, because
the formula seems tc ke valid only for nuclei heavier than
Z=8 as claimed by the authors (PRI59, GOU74). In figure
IV-5, the aksclute deviations of figure IV-4 have been
shown. Frem figure IV-5, it is clear that most of the odd-Z
data between Z=10 and Z=40 deviates from the G-P formula. .
Since the deviations decrease as the atomic number
increases, this tendency agrees with the 1/Z dependence of
the hf interactions (see BLYP equaticn (4.13)).. This is
understood clearly from Table IV-6. In the table, the
average capture rates, (Rc)av, and the capture rates from
the lower level, Rc—, are listed for light nuclei. Due to
fast conversions frcm the higher hf level to the lower af
level, all muons decéy from the lcwer hf levels in nuclei
heavier than fluorine. . The large deviations'of estimates by
the G-P fcrmula from experiments are caused by differences
between (Rc)av and Rc— (eg 20% in P), because the theory‘

deals with the average capture rates (Rc)av..



I I T ) T T T T

( E:><'-T-F+)/’E:>< ' ° Cjcjcj_.zz
o2k x Even-/Z

L 4
'] . . ° .
x ¥ | 1 1
s | i i X I
0.0 x . -

DEVIATION

-0

- -02b

| I ! | L l
10 20 30 40 50 60 70 80 90O
ATOMIC NUMBER (Z)

Figure IV-4, Deviations of experimental capture rates from the Goulard-Primakoff formula.

100

Lit:



| | I ] { i [ I
- « Odd-Z 7
L |EX-TH|/EX « Even-Z _
0.2\’ —
Z \\
® \ *
<< r \ -7 .
< \
aj [~ \ . 7
a N
- \\ . x -
. X \ R
L;EOJ— . \e —
D) X \Q X x;‘ »
1 — \x _
O x \ . . L
U) - LN P —
m X \. X x b .
<I - X X \~\ »\x l
. \\x Xo*,, ‘. * X
B % x X x Xx ox“ * "Qx."' *x . . 7
O.0Lx s | | o 1 X | - | o= |

10 20 30 40 50 60 70 80 90 100
ATOMIC NUMBER(Z)

Figure IV-5, Absolute deviations of experimental capture rates from the Goulard-Primakoff
formula. Figure IV-4 is redrawned.

gLl



119

Figure IV-6 shows data points for odd-Z nuclei
cnlye In this figure, the odd data points are normalized as
follows

0dd Z data - {Even (Z-1) data + Even (Z+1) data}/2
In the discussion of the even-odd effect, the difference of
capture rates between 0dd-Z and its neighboring even-2
nuclei is impcrtant. After this manipulation, the large
deviaticns of o0dd-Z nuclei from the G-P formula imn figure
IV-4 and IV-5 turn out to be small for some nuclei. For
example, Tb(Z=€5) and Ho(Z=67) have 3% and 6.5% deviations,
respectively, as shown in fiqure IV-5. 1In figure IV~6,
these deviations are only o0.5% and 2%, respectively. 1In
this figure, the o0dd-Z nuclei between Z=10 and 2=30 have
large deviations due tc the hf effect as expected. Between
Zz=35 and Z=70, Nb seems to have an anomalously large
deviation. The hf effects are estimated by equation (4.13)
to be about 3% and these effects are not large enough to
explain the ancmalous deviation (=large capture rate).

Watson (WAT7E) has suggested that the large
capture rate in Nb cculd be due tc the vanishing of the
Cabibbo angle (Qc). This concept was proposed by Salam et
al. (SAL74) whc shcwed that a strcng external magnetic field
(21016 gauss) causes the Cabilktbo angle ¢c to vanish. Such
high fields can be easily achieved in the interior of the
odd nuclei (SUR7%5). .

The total mucn capture rate is prorporticmal to



| | ] I T I I ]
| Odd(Z)—{Even(Z-1)+Even(z:)}/2 :
5 « Odd-Z B
02 ,. —
z | |
m \
- N i
< /
_._V._ B AN N-A ]
=l \ T
Ly O N Nb —
> L AN ’ _
- AN
,, M ~ ) /// mu.ﬁ . u
L] B ¢ ~ ]
i% N
0.0 _ _ _ R B | _ _
10 20 30 40 50 o0 70 80 90

ATOMIC NUMBER (Z)

Figure IV-6, The normalized deviations of odd-Z nuclei.

100

"oz



121

{Gmecos(Qc)}2 (BLI73)e The coupling constant, Gm, obtained
from equaticn (4.2), is related to the vector coupling
constant Gv in a beta decay Ly

Gv=Gmecos(Qc)
We expect the effect of the vanishing of Qc to be given by

Rc(odd A)/Rc (even d)=1/cos?2(Qc) (4.19)
The Cabibbo angle, determined from eight hyperon beta-decays
(ROO74), is equal to 0.234+0.003 radians. Using this angle,
equation (4.19) predicts about a 6% increase in the
theoretical capture rate. In the case of Nb our capture
rate is 9% higher than the theoretical rate. If the Cabibbo
angle is quenched, it could explain larger experimental
values,

If this is a universal rule, the large capture
rates (>5%) have tc be observed for most of the odd nuclei
heavier than 2Z=40. But it is evident from figure 1IV-6 that
this does nct hold true for many odd-Z heavy nuclei. As
discussed in the following section IV.G, there is a
correlation between nuclear muon capture2 and nuclear
structure. Thus in crder to discuss the even-odd Z effect,
we have to choose nuclei which are not strongly affected by
nuclear structure. Figure IV-8 shows that nuclei between
Z=45 and 2=55 or Z=€3 and Z=75 satisfy this condition.  As
seen in figure IV-6, these nuclei deviate from the G-P
formula by 2%. This is not such a large deviation as
expected from the vanishing of Cakibbo anglee.

Also the vanishing of the Cabibbo angle has been
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investigated in actinide nuclei ky Parthasarathy et

al. (PAR78). According to their calculation, the large total
muon cafpture rates in 23570 and 239Pu measured by Johnson et
ale (JOH77) are reproduced by adding the increase due to the
vanishing of the Cabibbo angle. But the recent paper by
Wilcke et al. (WIL80-2) has shown that the large .capture
rates in actinide nuclei are well descrited by the alternate
model of Kozlowski and Zglinski (KOZ78). In their model,
the £otal mucn captu#e rate is the sum of the rates for each
multipolarity of giant resonance excitations. According to
their results, in the case of Ca, the giant dipole resonance
is dominant,whereas in the case of Pb both the dipole and
cctupole rescnances are important. As discussed in section
I.D, the giant rescnance model works very well for total
muon capture rates in light nuclei. It seems that in
actinide nuclei the carpture rates are better explained by
the resonance model which includes higher multipole
excitations (WIL80-2).

The hypothesis of the vanishing of the Cabibbo
angle is based on the assumption c¢f an ultra high magnetic
field (1016 gauss) in odd-A nuclei. According to the recent
elaborate calculation by Lee ana Khanna (LEE78), the
internal magnetic field in odd heavy nuclei is less than
5x1014 éauss.. Hence the actual magnetic field ‘may not be
high encugh for the vanishing of the Cabibbo angle. .

Finally, in conclusion, the concept of the

vanishing of the Cabibko angle im mucn capture has not been
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proved and in fact the weight of the evidence is slightly
against it; Since there is a strong correlation between
total mucn capture rate and nuclear structure, when
considering the even-odd 2 effect in muon capture, the

nuclear structure has to be taken into account.

IV.G Nuclear Structure Effect in Muon Capture

In this section, the correlation between capture
rates and nuclear structure will ke examined.

Figure IV-7 is different from the Primakoff plot
(figures IV-2 and IV-3). This plot has been presented by
Kohyama and Fujii (KOH79), and is based on the followving
general formula for total capture rates

(Zeff)"

Ac = K 7 bi

| 22 12 1 & )57 (|bal)]a> ]2
!

The y axis cf figure IV-7 is equal to the total 'strength'

of the nuclear transition as follows

i Sba 15 , dV - - )
(Zef£)® Z=KzZ | - |~ / in I<b|J (]vba|)|a>| (4.20)
b u _

In figure IV-7, the experimental results are used for the
capture rates in equation (4.20). In the figure, the

experimental capture rates reduced by (Zeff)* increase
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linearly until Z=30, and then become constant. The nuclear
transition matrix for muon capture has a contribution from 2
protoﬁs and A-Z neutrons. In the case of small Z, the Z
protons in the nucleus contfibute linearly tc the muon
capture and, for heavy nuclei, only a fraction of the Z
protons in the nucleus takes part in the muon capture. This
reduction is implemented by the effective charge, Zeff, in
the nucleus.

In figure IV-7, there is a clear oscillation and,
surprisingly, the minima correspcnd to the atomic closed
shells (Ar, Kr, Xe). But this does not mean that the
structure of the atomic closed shells affect nuclear capture
rates., By chance this is one of the characteristics of the
nuclear structure. This can be explained by figure IV-8, .
In figure IV;B, the amcunt of the neutron excess in nuclei
versus atomic numker is plotted. This amount is called the
Pauli exclusion strength in the Primakoff formula.. In this
figure, the maxima accidentally ccrresgond to the atomic
closed shell and, in muon capture of the nucleus near the
maxima, the large Fauli exclusion inhibition can be
expected. This effect causes oscillations in figure IV-7
and the experimental results clearly reflect the nuclear
shell effect. In the figure, the reduced capture rate of Ar
is ancmalously small. Although there have been no
neasurements of total muon caputure rates in Kr and Xe,
their reduced capture rates are expected to be very small,

On the cther hand,  the minima in figure IV-8 are located
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near the nuclei with nuclear magic numbers listed below.. At
the minima, the Pauli inhibition is small and the
experimental capture rates seem tc be large.

From figure IV-7, Ca{20,40), Wi (28,51), Nb(41,93)
and Pr (59,141) appear to have larger capture rates than
other nuclei. Ca and Pr have neutron magic numbers, and Ni
and Nb have neutron numbers near magic numbers. The magic
numbers ccrrespond tc neutron or proton number N or Z equal
to 2, 8, 20, (28), (u40), 50, 82, (114), 126.. The numbers in
rarentheses are rather weak magic numbers., Nuclei having Z
or N equal to a magic number have characteristics which are
different frcm other nuclei. 1In muon capture, the basic
process is exrressed by (1.9) and for ccmplex nuclei the
process is (1.10). Thus the exclusion inhibition against
neutrcns produced by the muon capture seems to affect the
capture rates. Frcm figure IV-8 this inhibition is
apparently smalllfor nuclei having N equal to a magic
number. This explains the relatively large capture.rates
for Ca (N=20) and Pr (N=82). Although, in the case of
Ni (N=30) and Nb(N=£52), the neutron numbers exceed the magic
numbers (28,50) by twc, from figure IV-8 the Pauli
inhibition ié still small for Ni and Nb. In these nuclei
the closed shell effect still remains and affects the muon
capture rates., There are some nuclei which have magic
numbers of neutron (eg Y (39,89)) Ltut they do not show
anomalously large capture rates and do not deviate extremely
from the G-P formula. Although.Y(39,89) is similar to

Nb(41,93), the muon capture rates of Y are not anomalous
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like Nk. This seems to be due to the difference in their
nuclear magnetic moments. Y has a small negative magnetic
moment (=-0.137), whereas Nb has a large positive magnetic
moment (=6.167). In the case of the negative magnetic
moment, the F+=I+1/2 hf state is lower than the F-=I-1/2 hf
state. Since there is a rapid conversion from F~ to F+ in
Y, the capture rate from F+ seems tc lke suppressed. The hf
effects for the nuclei with negative magnetic mcments appear
to be one of the reascns for the differemt behavior of Y
from Nb, although there has been no estimate of its
magnitude.

The nuclear charge radii of molybdenum and
strontium isotcpes have been measured by Fricke et
ale (FRI79). Their experiment has suggested that the nuclear
charge radius c¢f Mc (2=42,N=5z) is 1% larger than that of
Mo (Z2=42,N=50) which has the neutron magic number 50, Fron
their result, protons in a nucleus with a meutron magic
number seem to be more tightly bound but, when the number of
neutrons mcves away from a magic number, the binding force
becomes weaker and the radius of the protons tends to
increase. This seems to be the case for Nb(zZ=41,N=52).
Since the radiﬁs of the muonic S crbit inm Nb is 6.4 fermi
(10-13 cm) and the nuclear radius is about 6 fermi, the
huonic Wave fpncticn is comparable in size to the nucleus
and so the muon capture rate will be very sensitive to the
exact distribution of the protons in the nucleus. This has

bteen pointed cut ty Eckhause et al. (ECK6€)e.
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CHAPTER V

Muon Capture in Chemical Compounds

Y.A  Introduction

Fermi and Teller (FER47) proposed a model in which
the relative capture prokability was proportional to the
atomic number Z of each atom in a chemical ccmpcund. This
so called Fermi-Teller Z law implies that the ratio of
atomic capture rates cf negative muons in a compound

(1) _(22) _ is given by
W(21/22)= (neZ1)/(nez2) (5. 1)

It scon became clear that the Z-law did not explain the
experimental observations (BRI63) and the capture process.
was much more complicated. Zinov et al. (ZIN66) demonstrated
that the relative atomic capture rates in the metallic
oxides have a pericdic characteristic, The positions of the
minima correspond to the alkali metals. The experimental
results clearly indicated that the electronic structure of
chemical ccopcunds affects the atcmic capture rate of muons.
So far, there have been a significant amount of
data collected by many groups but they were often
inconsistent. Most studies of the atomic capture rates have

been made by detecting the mucnic K X-rays (the Lyman
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series). In this method, the sum of the intensity of the
X-ray has been assumed to be equal to the numbers of muons
captured.s In some earlier experiments (SEN58, ECK6Z,
BAI63), the atcmic capture rate was obtained by detecting
decay electrons from muons which spent mcst of their life in
the K orbit. These earlier experiments had poor statistics
and very few targets were measured. In the present
experiment, their methcd has keen applied to study the
atomic capture rate of muons in metallic oxides. Since the
lifetime of a negative muon in oxygen (1795 ns) is
significantly longer than the lifetime in elements heavier
than scdium (1204 ns), it is easy to decompose the decay
electron spectrum into the oxygen and metal constituents by
using their lifetimes,

As discussed in Chapter I, it is a good
approximaticn that all muons trapped in an atom reach the K
orbit without their disappearance by decay, or nuclear
capture during the cascade. Within this approximation, the
number of muons deduced from the decay electron spectrum
cshould be equal to that obtained from the intensity of the

muonic X-raye .
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V.B Muon Atomic Capture Ratio by

the Lifetime Method

In crder to cobtain the number of muons from a
decay electron spectrum, we must correct for the fact that
in heavy elements most of the muons are absorbed by the
nucleus. Thus, the total numker of decay electrons, Ne—(2),

from the nucleus with the atcmic number Z is given by

Q (Z) eRd
Ne- (Z) = eNm— (Z) sE1eE2(Z) (5. 2)
Rc(Z) + Q(2)eRd

where the definitions of Q,Rd and Rc are given by equations
(4o &) and (4.5), E1 is the counter efficiency including the
effect of limited solid angle, E2(Z2) is the correction for
the loss cf low energy decay electrons in the target, and
Nm—(2) is the number of negative muons trapped in the -
nucleus with Z. Figure I-3 showed the energy spectrum of
decay electrons in the targets C, Ti, Cu, and Pb (SUZ79).
It is clearly seen that the peaks of the energy spectra in
heavy elements are shifted to lower energy due to the
binding cf the negative muon. Hence, the rate of the loss
of low energy electrons in the target is larger in the case
of heavy elements than in the case of 1light elements.. This
correction is acccunted for by E2(Z). In order to determine

E2(Z), we have tc know the energy loss for decay electrons



132

in the target, plastic walls of the target container, and
the counter telesccpe. The different path lengths that
electrons can experience are estimated and averaged.. Thus
we can calculate the cut off energy in the energy spectrun
of decay e€lectrons. 1In our analysis, the calculated energy
spectrum by Huff (HUF61) is employed. For example, in
Pb3o4, the cut cff energy is 18 MeV and the losses of decay
electrons in Pb and O are 26% and 11%, respectively. Also,
in Cr203, the cut off energy is 11 MeV and the loss is 4% in
Cr and 2.4% in 0. The corrections are small for oxides with
7Z smaller than Z=30, while they are severe in oxides wvwith
heavy constituentse Since the total corrections in the
atcmic capture rate always appear as the difference between
two values of E2(Z) and E2(0), the corrections tend to be
smaller.

Negative muons in metallic oxides qu{ are trapped
either in the metal(Z) or in the oxide (0). By the analysis
of the decay electran spectrum, the spectrum can be
decomposed intc the metal and the oxygen components. From
this manipulation, Ne—(Z) and Ne—(0) are obtained. Thus,
Nm—(2) and Nm- {0) are found from equation (5.2). The ratio

of atomic capture rates per atom in Zan is defined by
W(Z/0)={neNm~ (Z) } / {meNm~ (O) } (5. 3)

In the fitting of the spectrum, equation (3.6) has been used

and, frcm equations (5.2) and (5.3), we get
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= @ [} L ] (5‘ LI')

(z) n ¢ (0) E2(0) A (2)
W
i Q(2Z) E2(2Z) A (0)

where A(Z) and A(Q) are the amplitudes of the metal and the
oxygen component at t=0, respectively. 1In the case of Z<30,
Q(Z) and E2(Z) are almost equal to the values for oxygen
(Q(0), E2(0)), because of the small bound muon effect.

One of the shortcomings of the lifetime method is
the difficulty in separating the different lifetime
components for elements with similar atomic numbers. In
order to study this prcblem, a Monte Carlo programme was
written tc simulate a run with dry ice (CO,) as a target
materiale. Assuming A (C) /A (0) =0.25, 4x105 muons out of
5x105 trials were captured in oxygen and the numbers of
muons was estimated at 3.99x105 by fitting the artificially
created spectrunm. since the difference between the Monte
Carlo and the fitting is only 0.3%, it seems that if we have
enough statistics, we can separate events even for compounds
having ccmpcnents with nearly the same Z, such as CO,. We
have measured a muon atomic capture ratic in dry ice., The
result seems quite reasonable, when it is compared with the
atomic capture ratic cf oxides with B or Be (SCH78-2) near
Ce |

our results are listed in Table V-1 along with

past results of X-ray measurements done ty previous workers.
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Table V-1, Per Atom Capture Ratios A(Z/0) of Muons in
Metallic Oxides

——————— — - — —— — —— ————— ——— - — — " - . - P W i —— — . e - —— -

Z Znon TRIUMF Past Result Ref.
6 co2 0old43 + 0,02
11 Naz02 0.7 + G.02
12 Mgo 0.80 + 0.02 Ce83 + 0.07 (1)
13 al202 0.84 + 0.03 0.85 + 0.06 (1)
0.65 + 0.06 (2)
14 5102 0.66 + 0,04 079 £ 0.07 (1)
0.57 + 0.05 (2)
0.86 + 0.07 (3)
15 P205 0.E7 £ 0.03 (.93 + 0.11 (2)
20 Ca (0H) 2 1.49 + 0.06
Cao .36 £ 0. 10 (1)
cao : 1.45 + 0.09 (4)
22 Tio2 217 £ 0. 11 2.70 + 0,20 @)
1.90 £ 0. 10 (4)
24 Cr203 Ze€3 ¢+ 0.13 3.00 + 0.17 (1)
2.04 £ 0,11 (4)
Cre3 2.96 + 0.20
25 Mno?2 .00 £+ 0.17
29 cuc Uo06 + 0,23 3.60 + 0,40 (1)
6. 14 + 0,85 (6)
30 Zno 239 + 0.10 2,66 + 0,32 (1)
32 GeO 220 + 0.12
GeC2 2,40 + 0.13
48 cdo 193 + 0.07 6.70 + 1.50 (1)
2,47 £ 0,22 (4)
20 + 0.28 (5)
50 Sno2 2«15 %+ 0. 11 3.17 + 0.24 (1)
56 BaoO 2.27 + 0.09 2,27 = 0.22 (N
la45 + 0,18 (5)
60 Ndo2 4,13 + 0.29
80 HgoO 3.75 + 0.29
82 PL02Z 3e21 £ 04,23 4, 17 £ 0,30 (1)
4,10 + 0,42 (5)
Pb304 3.87 + 0.29 :
References:
(1) ZING66
(2) SEN5S8
(3) Mau77
(4) KNI75
(5) DAaAN77

{6) BAI&3
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In figure V-1, our results, past measurements and various
theoretical curves are shcwn together. It is evident that
our results are in adequate agreement with the X-ray
measurements (ZIN66, DANT7) .

The Fermi-Teller Z-law explains the experiments
qualitatively belcw 2Z<30, but in heavy elements the Z-law
predicts twice the values of the experimental capture rates.
Daniel (DAN75) perfcrmed a calculaticn of the atomic capture
ratio for negative mucns in condensed matter, His
calculation is based on the treatment of Fermi and Teller in
which the electrons are treated as a Ferwi gas. He obtained
the atcmic capture ratio per atom in the case of a binary

compound with elements Z1 and Z2

= (3. 5)

( z1 ) - (Z21)1/3e1n(0.57921)
W
(22) L/3e1n(0.5722)

z2

This formula gives better agreement than the Z-law as shown
in figure V-1,

The chemical bcend also affects the structure of
the cascade intensities.. Zinov el al. (ZIN66) and Kessler et
al. (KES67) have shown that the muonic X-ray K-series spectra
in pure metal Ti have more transitions from high orbits than
the spectra in titanium oxides. Schneuwly et al. (SCH78-1)

performed the systematic measurements of capture ratios in
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selected compouhds of nitrogen, sulfur and selenium, and
confirmed that the chemical structure plays an important
role in the muonic atomic capture process. The first
successful theory to take into account the effect of éore
and valence electrcns was prcocposed by Schneuwly et

ale. (SCH78-2) and, as shown in figure V-1, their theoretical
curve reprcduces the periodicity observed in the
experiments.

Recently, it has been shown that there is a strong
correlation between atomic capture and atcmic radii with the
atomic capture rate being high for atoms with small radii
(DAN78) .. Daniel (LCAN79) proposed a model which takes the
actual atomic radii into account and modified his formula

(5.5) to give

—

= (5. 6)

( 21 ) (Z1)1/3e1n(0.57¢%1) *R (22)
W
(Z22) 1/3e1n (0.57eZ2) oR (Z1)

zZ2

where R(Z) is the atomic radius for anm atom cf atomic number
Ze As shown in figqure V-1, equation (5.6) clearly gives the
pericdicity of the atcmic capture rate and gives better
agreement than equaticn (5.5).

Even thcugh, as discussed above, the theories of
Schneuwly and Daniel have revealed the important features of
the atomic capture rate, there is still difficulty in

interpreting the experiments. In our experimental results,
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it is evident that the capture ratios in different oxides of
. the same element are different. Daniel's model can
reproduce this difference only weakly via the different
atomic radii for different valency states. Schneuwly's
model, which takes the chemical bond effect into account,
also gives slightly different capture ratios for the
different oxides of the same element. However the
differences predicted by these models are not large enough
to explain the differences observed in the experiments..
Thus, the thecretical development will have to be pursued
further tc solve the chemical effects in the atomic capture

ratee.
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CHAPIER VI

Summary

Our lifetime measurements for negative muons bound
in various nuclei have produced many successful results. .
Forty eight elements were studied altogether, which is a
somewhat larger survey than has been attempted before.! This
large numker of measurements by one group removes the
differences due tc systematic errors among various |
experimental groups. For the lifetime measurment,
systematic errcrs due to 2nd muons and 2nd electrons are
important, and in previous experiments very few groups have
succeeded in the determination of the positive muon
lifetime. Hence, the past results of negative muon
lifetimes in nuclei were affected by systematic errors which
shifted the pcesitive muon lifetime. The positive muon
" lifetime determined by our system was 2197.0 +0.7 ns which
agrees well with the accepted value cf 2197.120+0.077 ns
(KEL80) .

We have improved the accuracy of negative muon
lifetimes in many 1light elements (Be, B, N, 0, F, Na, Cl, K)
and new deterwinations were made for 13C, 180, Dy, and Er.
Most cf our measurements are in adequate agreement with past
findings. In the case of ¢Li and 7Li, there was a

—— g - — - —— — —_ —— — -

1 Sens et al. (SEN59) had 30 elements in 1959.
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disagreement between the Lodder-Jonker calculation (LOD67)
and the experiment c¢f Eckhause et al. (ECK63). The two
recent exreriments, ours and Bardin's (EaR78), are in
agreement with each other and also with the theoretical
calculation., A large isotope effect was observed in Li, 8,
and 0, however, there was no isotope effect observed in C.
Calculations of partial capture rates in 12C and 13C have
keen performed by Desgrolard et al. (DES78) using a shell
model, and their results indicated no difference in the
capture rates for these isotopes. This prediction for the
partial muon capture rate seems to hold even for the total
capture rate as demonstrated by our experiment,

FEecently, it was pointed cut that odd-Z heavy
nuclei might be shcewing larger total muon capture rates than
even-7Z heavy nuclei due to the presence of an ultra high
magnetic field (1016 G) (WAT75) which causes the vanishing
of the Cabibbo angle (WAT75, SAL74). The discussion was
based on the observation of a large nuclear capture rate in
Nb which has been confirmed in this wcrk. However as
discussed in section IV.F, this effect seems to have a
correlation with nuclear structure. In crder to avoid any
nuclear structure effects, the even-odd effect has been
investigated between Z=45 and Z=55 and between Z=64 and
Z=68+. Although the 0dd-Z nuclei show slightly larger
capture rates than even-Z nuclei, the amount is not as large
as expected from the vanishing of the Cabibbo angle. Since

there has been no study ¢f the nuclear structure effects on
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the total muon carture rate in even and odd nuclei, the.
effect should be investigated in detail with this in mind.

ogur capture rates determined by lifetimes were
ccmpared with the Primakoff and Goulard-Primakoff theory.
As expected, the latter theory gave a slightly better fit to
the experimental data than the former theory. In the case
of the Primakoff formula, the parameters obtained by the
chi-squared minimization were in good agreement with his
estinmate.

It was necessary to use a chemical compound to
perform the lifetime measurements for some elements. In a
decay spectrum of a chemical compound, there is not only the
informaticn about lifetimes but also the information on muon
atcmic capture rates. The relative atcmic capture ratio is
given by the ratio of the amplitudes in equation (3.6) (see
equation (5.4)). We have extended our experiment to include
many mcre ccmpounds.than had been anticipated initially.
This was the first attempt to apply the lifetime method in
investigating systematically the atomic capture rates in
metallic oxides of the type 2 0 . Our results between Z=6
and Z=30 showed the periodic dependence and were in good
agreement with earlier atomic capture rates cbtained by
X-ray measurements, although our results around Zz=50 were
lower than the X-ray measurements. The muon atomic capture
rate for atdms with Z larger than 30 will be studied by the
lifetime method at TRIUMF during the fall of 1980.

In conclusicn we note that this thesis has made a
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significant contributicn to the data base not only in muon
capture by atoms but also to muon capture by nuclei;
physical effects which have different scientific interests
but which can be conveniently studied utilizing the sanme
basic equiprment., Both types of experiment are fraught with
systematic ‘errors and so great care has been taken to double
check wherever possible. This ccnservatism may be the most

important feature cf the experimental technique.
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