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ABSTRACT

Zero, longitudinal and transverse magnetic field uSR has been
used to investigate ut diffusion and trapping in Nb., The ambiguity in
the interpretation of the 'double humped' temperature dependence of the
discussion of how the zero and longitudinal measurements can distinguish
between the trapping and detrapping phenomena is presented with u*SR data
analysis in mind. Muon mobility is shown to increase monotonically with
temperature. The width of the local magnetic field distribution due to
Nb nuclear moments and the rate for trapping and detrapping of muons have
been measured at several temperatures.

Data from an earlier study of aluminum doped with .1 at % Si, Ag
and Mg showing complex structure in the linewidth parameter have been
analyzed further using a multi-trap nonequilibrium model to ontain trap
concentration, binding energies and diffusion rates for the host and the
trap.

- xiv -



DIFFUSION AND TRAPPING OF MUONS IN NIOBIUM

AND IN DILUTE ALUMINUM ALLOYS



Chapter I

INTRODUCTION

The study of the tiffusion of positive muons in metals dates
back to the pioneering work of Gurevich et al.1 on Cu.
Since then copious research in this field has expanded our
understanding of the motion of light interstial particles in
metals. Unanswered questions remain, however, in the gener-
al province of impurity or defect trapping and the exact na-
ture of diffusion of this 1light isotope of hydrogen. In
this thesis we shall address one such question, the diffu-
sion of muons in imperfect Nb. The effects of impurities
will also he probed via muon diffusion and trapping in di-
lute Al allovs.

The mohilitv of a muon depends on 1ts energv, on the
temperature of the host, and on the presence of impurities
and defects in the crystal. 1Muons mav he localized in traps

near the defect centers, or in the bulk of the host material



where the potential enerey surface has local minima due to

defect induced strain fields (Anderson 10ca1izat10n)2. Typ-
ically muons diffuse ranidlv and find traps if these exist.
The possibility of coherent band-like propagation of muons

has bheen entertained, particularly at low temperature. Vou-
ever, unless the temperature is very low, and the crystal

very pure, an incoherent hopping seem to be the more proba-
ble means of diffusion.

In‘p+SR studies spin polarized muons are stopped in the
material to be studied where they precess with the Larmor
frequency in the local magnetic field sampled by the muon
ensemble. The asymmetric decay of the muons into positrons
preferentially in the muon spin direction with a mean life-
time of 2.2 us provides the means for investigating the time
evolution of the muon spin polarization. A distribution of
the macnetic field streneth about an average value will re-
sult in dephasing of the)|+ precession and a deponlarization
rate corresponding to the transverse linewidth in an NMP
spectrun.

In conventional transverse field }f+SR, stationary nuons
randomly implanted in a non-magnetic material are depolar-
ized by the surrounding nuclear moments while a mobile muon
shows a significant drop in the depolarization rate due to

motional narrowing. The presence of trapping centers is re-



flected by complex structure in the temperature dependence
of the linewidth parameter. The peaks at different tempera-
tures may represent self-trapping in the host material or
trapping at low energy sites in the vicinity of impurities
or defects. An indirect measure of host diffusion rate may
also be obtained from such data if one assumes that muons
are implanted randomly in the sample, and an average muon
has 2.2‘ps to find a trap. The non-equilibrium theories of
transverse diffusion, however, cannot resolve certain anhi-
suities about the diffusion process.

The douhle-~humped hehavior (Fig. 1) of the Nb data is a
case in point. According to one interpretation muons in
this schematic diagram are undergoing thermally activated
diffusion; they are weakly bound to a high-concentration
trap at point 1, at point 2 many of them are leaving this
trap due to thermal agitation showing motional narrowing, at
point 3 a lower concentration trap of greater depth inhibits
motional narrowing, at point 4 most or all muons are bound
to this trap, and finally at point 5 muons are being acti-
vated out of these deeper traps. A diametrically opposite
interpretation invokes coherent diffusion suggesting that
muon mobility increases with decreasing temperature between
points 4 and 23, that the bhump at point 4 is due to self-

trappine in the host material, and that traps are heing
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reached at points 2 and 1 due to greately enhanced mobilityv
of the muons.

The settling of this controversy bv the use of recently
deQeloped methods of zero-field uSR is one of the major top-
ics of this thesis. As has been pointed out bhy PetzingerB,
zero-field measurements can readilv distinpuish between
muons entering traps or escaping from them on the basis of
the long time behavior of the relaxation rate. The rates of
trapping and detrapping are also amenable to calculation on
the basis of existing theories. Our experiments have unam-
biguously determined the actual diffusion process involved.
In addition to the zero field runs, measurements in tran-
sverse and in weak longitudina% field were made to extract
trapping and detrapping rates independently from the zero
field values.

Ve also have iﬁvestigated the effect of impurities on fcc
Al, which in the pure sfate is known to show virtually no
depolarization over a wide temperature range from 1Y to
300K. To understand the multi-peaked linewidth curve seen
we have enployed a non-equilibrium motional narrowing theory
with the Laplace transform approach due to A.T.Fiory to ob-
tain information about trapping rates, trap concentrations
and trap binding energies from our data. A similer analysis

was originally applied to positron annihilation studiess.
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Some uncertainties still persist bhecause of the rather
couplicated nonlinéar fitting procedures and the phenomeno=-
logical nature of the theory behind the method. Here is a
field pregnant with potential for both theéretical and ex-
perimental exploration, and we intend to pursue a systematic
study of such alloys with various concentrations of the im-
purities over a wide temperature range in future.

In chapter Il we discuss the methodology of p+SR in gen-
eral, proceeding therefrom in chapter ITI to discuss the no-
tivation and the specific theoretical models that underpin
our experiments. The details of the exneriments are docu-
mented in chapter TV. Chapters V and VI deal with the anal-
vsis of the data, followed by an enumeration of results in

Chapter VIT.



Chapter II

MUON SPIN RESONANCE

Over the past decade, positive muons have been extensively
employed to study various aspects of solid state physics in-
cluding electronic structure of metals, local fields in map-
netic materials, low temperature diffusion and trapping by
impurities and defects, muonium formation in semiconductors,
7, ?‘ : b N w 'y ny
etc. e« In vievw of its similarity to NMR, EPE, and ESR
the discipline acquired its acronym: pSR. Excellent revievs
> 1 . . 9"13
of the field exist in the literature . In this chapter

we present a brief overview of the fundamentals of‘pSR, as a

background for the present work.



2.1 THE PROBE

2,1.1 Muon Properties

For solid state purposes, the positive muon is a close kin
of the proton, being only one-ninth as massive, and can be
treated as a light isotope of hvdrogen. It has less in com-
mon with its much lighter leptonic counterpart, the posi-
tron, which behaves quite differentlv in manv respects-- al-
though in studies of dJdefects and impurities in metals the
muon bears some similarities to the latterla. The absence
of a cowmplicated electron core or a quadrupole moment frees
'PSR studies from masking effects and conpeting interactions
of the electric field gradients and the magnetic field as
encountered in iHossbauer or NMR data analysis. A list of

basic properties of positive muons, along with those of pro-

tons and positrons, is given in Tablel.



TABLE 1

Basic properties of Muon, Proton, and Positron

——— e T e ———— D A D A A G . D - — - — — O G = W G s S D W S S S S MR G = = . - —— e . ——n ow -

Particle Positive muon, p+ Proton, n Positron,e+

Rest mass q»=206.769me mp=1836.|52me mg=0.91095
=0.01261n, =1.6726 107%27kg  x10730 xg
=105.659!eV/c =938.28MeV/c =0.51100!eV/c

Spin I 1/2 1/2 /2

Magnetic }1,,.=1.0()1166(me/m/“_)}1B PP=2'7928PN }1¢=l.()01160}1B

nonent =3.18334p, =1.4106 1072%)1  =658.2107p,

26 ., -1

=4.,4905 10 “7JT

Gyronmag. ratio ¥

(rad.s' 1) =8.5161 10° =2.6752 10° =1.7608 10¥
Nuad moment 0 0 0 0
Lifetime =2.107 10" %% stahle stable,annihilat-
- =10
(=ﬂk/1n2\ ineg with e"in 10
to 10—7 s

Aton MHuoniunm Hvdrogen Positroniunm

Hu=1+ te D=n+e” Ps=c" +e”
Bohr magneton =eh/2m =9.2741 10—24JT“l

Py e

liuclear magneton u, =etﬁ/2mp =5,0508 10 JT



2.1.2 Muon Production

Muon beams used for uSR are currently generated at mediun
energy (500-800 eV) proton accelerators also known as ‘me-
son factories’. Table2 lists the major facilities where pSR

experiments have so far been performed, as well as one pro-

posed to start operation in 1982.
TABLE 2

uSR facilities around the world:

Facilitv Proton current }fF momentum }f+ flux
- )
pA ) MeV/e s ]cm
CERN,Geneva, Switz. 4 124 50
TRIUNF,Vancuver,BE.C. 20 50 6v
SIN,Villigen,Switz. 30 120 24107
2
LAMPF,Los Alamos,N.M. 300 130 ax10
12 7
BNL,Brookhaven,M.Y. 2.10 200 7610

protons per pulse p per 1012p

— - S A - — - - - — S G —— W TS S G A G GE T S AS S S S - V. - W S e el - -
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At the meson factories, muons are produced by the decay of

charged pions according to the following schemes:

+ +
T - + v
H »
T ==>p + ¥
TT Y "
The lifetime of charged pions in the above reactions is:
-8
= 2.6
tni 2.0 10 S,

corresponding to a pion mean free path of 6.4m at
npi=200ﬂev/c (v=n.22 ¢). In the pion rest svstem the muons
have a momentum of 20,79 MeV/e corresponding to a kinetic
energy of 4,1192 MeV, ™Muons in the above equation are 1007
longitudinally polarized, with their spin directed opposite
to their momentum (fig.2), which arises from the requirement
of momentum and angular momentum conservation and tﬂe fact
that the muon neutrino has a negative helicity.

The pion decays in flight in the so-called nuon channels.
In the laboratory frame of reference, the muons accepted by
the solenoid come from the forward of backward cone relative
to the pion momentum in the pion rest frame. The momenta of
the muons emitted in the forward and the backward direction

13
in the laboratory frame are given by 7:

) 9 n
P C = p g ————————- + e [m.n._“ca + ?c} 12 (2.1)
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For a typical pion momentum of ppi=200MeV/c muons in the
forward cone have a higher momentum of 209.37MeV/c, while
those in the bhackward cone have a lower momentum of
105,26AMeV /., At the end of the channel hendine magnets are
used for heam separation and morentum selection. Fxtraction
of muon heams hv moumentum sclection in the lahoratorv systen
leads to the so0o called kinematic depo]arizationl7, which
arises from the fact that the collimated muon beam exits at
a slight incline to the pion beam, retaining about 80-357% of
its polarization. The nmnuons emitted in the forward dircc-
tion are backward polarized, and vice versa. Typically, the
backward polarized heam is the more intense but the forward
polarized beam has less background contamination and produc-
es reduced straggling of the muons 1In the target.

The energv of the muon beanm is usuglly reduced appropri-
ately to stop the nuons inside the sample bv passing the
heam throuch 1light materials (water, vpolvethylene, etc.).
The polarized muons are then stopped in the material to bhe
investicated (Fig.?2). On entering the sample, muons gher-
malize very rapidlvy by scattering with the electrons. In
non-netals muons typically capture an electron to form muo-
nium in the final stage of thermalization; ensuing hyperfine

interactions contribute to some loss in polarization. Ther-

malization (i.e. drop of the kinetic energy to‘v3kBT/2) in
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metals takes place within ahout 10—135 to lﬂ—lzs, a time

scale very short compared to the muon lifetime, and results
in a negligible change in ponlarization.

The negative muon is captured by the atons in a solid,
and cascades down through the various shells losing much of
its polarization, thus reducing its effectiveness in inves-
tigating solid staté properties. A status report on nega-
tive muon spin resonance (P—SR) can be found in ref.30. The

rest of our discussion will be confined to positive muons.
2,1.3 Muon decay

The main decav mode of the positive muon {is:

p+ -=> e+ + vy + ¥

e }\
The two component Dirac theorv of the neutrinos, with a wveak
interaction Vamiltonian consisting only of the vector and
the axial vector coupling constants, describes the above
. 27 .
parity non-conserving muon decay very well. According to
this theory, neglecting_ the positron rest mass compared to
its momentum, Po =M,Cs and the small QED corrections, one
may write the probability per unit time of positron emission

into a solid angle d () in a direction forming an angle ©

with the u spin direction as:

du(x,0,t)/d () dxdt
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-t/t

. . 2 .
=(3-2x)/(zn:p)[ 1+ l.a(x)cosej x° e (2.2)

Here P is the degree of polarization of the decaying muons.
x is the positron kinetic energy in units of its maximum

possible energy:

+ " +
x = E(e )/hmax(e ) (2.3)
The maximunm k.e. is
2
m ¢ m
& e
r = mmm = c? (1 = === )= 52.320 MeV (2.4)
max e
2 m
s
The asymnetry parameter
a(x) = (2x = 1)/(3 - 2x) (2.5)
is strongly energy dependent as is shown in fig.3. It is
+ . + N +
negative for E(e ) < Lnax(e )/ 2 and positive for E(e ) >
E ( + Y/ 2. At E( + )=E ( + ), a(x) takes a maximum val-
nax (¢ . (e nax , X ake T

ue of one.
The efficiency €(x) with which the positrons are detected
is not constant over the entire energy range, and the ob-

served distribution probhability takes the form:

av(e) /4 = dV(8,x)/dxd €(x)dx
QN
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=€ (1 + P.ae cos® ) (2.6)

ff

If all positrons are detected with equal efficiency one gets

an average value of a :
eff

A e = 1/3.

It is possible tno eliminate the low energsv positrons, for
which the asymmetry parameter has the opposi;e sign, by in-
sertion of absorbers between the target and the detectors—-
thus 1increasing the measured asymmetry. This, however,
would have the adverse effect of reducing the counting rate.
In practice, asymmetry is somewhat reduced due to the fi-
nite detection angle, resulting in effective values in the
range .22-.30. Note that the spatial anisotropy of positron
enmission is preferentially in the muon spin direction, a key

fact used to detect the polarization of muons in solids.
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2.2 INTERACTION OF THERMALIZED MUONS WITH MATTER

2.2.1 Muonium formation

After thermalization the positive muon 1is destined for one
of the two possibilities: to form or not to form a nuonium
(’tu), hvdrogen=-like atoms with muon core formed by capturing
an electron from nearby atoms or a narrow conduction band.
Muonium formation is cvidenced in various insulators and
semiconductors, but in metals the screening by conduction
electrons almost invariably prevent any formation of bound
states.

The cross-section for muonium formation depends on muon
speed v, and has maximum around

v = aAEion/h,

where a is of the order of magnitude of atomic radii,

AT

' on is the difference in ionization energies of

Mu(=13.53%V) and of the aton that had donated the electron.
The maximum cross—-section is of the order of magnitude of
the peometric cross-scection of these atoms.

With the direction of motion of the muon as the axis of
quantization, either a triplet or a singlet muonium may be
formed depending on whether the electron spin is parallel or

anti-parallel to the muon spin. In non-ferromagnetic mater-—
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ials bhoth the states will have equal prohahility of
formation. In the ahsence of external perturhation, the
muonium in the triplet state would maintain 1its polarization
but those in the singlet state would exchange their spin di-

rection with the electron with a hyperfine frequency:

8 Lo Pelu
R - 2.804 109571 (2.7)
3
37T A a
}1

The time scale of the above depolarization process is long
conmpared to the thermalization time for muons, but small
compared to muon life time. Thus muons in the singlet muo-
nium state should appear fully depolarized and formation of
thermalized muonium should lead to a reduction of the origi-
nal muon nolarization bv at least one-half in non-ferromag-
netic materials. The fast depolarization observed in manv
non-metals, attributed to this process, makes a measurement
of this depolarization rate almost impossible.

In a weak local transverse field, B the triplet muonium
precesses with the Larmor frequency,

Vi T PP

where Pru is the muonium magnetic moment, dominated by the
larger magnetic moment of the electron, and

uy /ho= 1.394 MH?/G.



19

The singlet muonium polarization oscillates about zero value
at high frequency, as in the field-free case, resulting in a
rapid hyperfine oscillation superimposed on a slower muonium
precession. This permits direct measurement of the hyper-

fine interaction.

In metals the above-mentioned loss of polarization by at
least one-half has not been reported. This, of course, is
not surprising since 1in metals large electron spin-flip
rates arising from the exchange 1interaction between anv
‘muonium electron’ and the ‘conduction eclectrons is shown to
be comparable to the hvnerfine frequency at all accessibhle
temperatures.11 The question of detection of muonium has

Q
been studied in detail by Grebinnik, at a1.28,2,

, and Go-~-
relkin and Smilga31 « The latter proposed a measurement of
the muon polarization in superconductors with zero nuclear
spin, sufficiently below the transition temperature. Here
the conduction electrons will be mostly paired and dipole-
dipole interaction between muons. and nuclei will also be ab-
sent, making any reduction of the polarization to one-half
due to muonium formation to be observable. No such experi-
ment has yet been reported. For a detailed discussion of

Muonium spin resonance (MSR) and muonium chemistry see the

review articles mentioned earlier in this chapter.
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2.2.2 muon location

The dominent interaction of the muons is that with the
electrostatic fields in the material which determine what
sites muons can occuny, In metals mnons occupy an intersti-
tia) position, as is the case with the hydrogen nuclei, or
are trapped at vacancies, dislocations, or other defect cen=-
ters. Two of the most attractive candidates for muon loca-
tion, tetrahedral and octahedral interstitial sites for
b.cece and f.cec. crystals are shown in fig.4. It is possi-
ble to determine experimentally which particular interstice
a nuon prefersvin a crystalline lattice. To understand this
one has first to consider the magnetic interactions of the
muon and the transverse relaxation process, as will be dis-

cussed below.

2.2.3 Magnetic interactions

The principal source of information in uSPR {is the interac-
tion of the magnetic moment of the thermalized muon with the
masnetic field 1t samples. Tn a time independent magnetic
field EP at the muon location the masnetic moment and the
spin of the muon rotate with the angular frequency (Larnmor

precession):
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‘b.c.c. erystatis.

Ccircles: octahedral,

squares: teitrahedral.

o
.

f.e.c. erystals.

/

Shaded circle: octahedral,

Open eircle: tetrahedral.

Figure 4: Tetrahedral and octahedral intersticial sites in

bce and fce crystals.
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w}’ = Y}l B}J (2.8)
ylelding information about the local fields, particularly in
the ferromagnetic materials.

Another outcome of this interaction, alluded to earlier
in connection with the muonium atom, is the decay of the in-
itial polarization of the muons. As in NMR, a distinction
should bé made hetween the longitudinal and the transverse
relaxation. The first involves a reversal df the muon spin

in a 7eeman field B, parallel (or antiparallel) to the y+

1
spin polarization, requiring an energv transfer hetween the
spin system and the lattice. This process is also known:as
‘spin-lattice relaxation’, On the other hand, the transverse
relaxation takes place if the magnetic field %” at the muon
site has a spatially inhomogeneous couponent perpendicular
to the muon polarization. The phase coherence of the pre-
cession, eqn.(2.8), would then be lost gradually as sone
spins will rotate faster or slower than the mean frequency.
Transverse depolarization involves no exchange of energy and
is also referred to as ‘spin-phase relaxation’.

The various magnetic interactions to which the p+ may be

subjected with or without accompanying relaxation of the

muon spin polarization are enumerated below:



The dipole-dipole interaction between the magnetic
mortent of the muon, Ey and the nuclear magnetin mo-
ment s Ej’ of the ions of the solid, located at r.

1
with respect to the muon is given by the Wamiltonian

4 - r r,

+
This interaction is the major contributor to the u
-spin relaxation, especially in metals with laryge nu-

clear gyromagnetic ratios.

The interaction between mnuons and electron magnetic
moments 1is also given by a Hamiltonian of the above
form, when electron moments concentrate on the atomn
sites, and are denoted by u, at atomic locations Ej .
Conduction electrons with a finite electron spin den-
sitv p (0) at the muon site prohibit direct use of
spin
the eqn.(2.8) bhecause ri——> N, Taking the proper lim-

ft, the resulting interaction MWamiltonian is found to

2 = -(4P0/3)p n)  2.10)

J8 le Pspin
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where p% is the electron magnetic moment, and

=29 (0) is the electron magnetization at the muon
spin

location. The above interaction is the Fermi contact

interaction.

3. Time independent local fields that are same for all

+ . . i
N locations include a) homogeneous external fields,

i)

b) demagnetizing fields, -lil (I'= the bulk magne-

B =
dem
tization density), in elliptical ferromagnetic sam-

ples, and ¢) in ferromagnetic samples with crystallo-

graphically equivalent muon locations--the contact

field B . sthe residual dipolar field B’ within
Fermi dip
a Lorentz sphere, and the Lorentz field, BL=(4
/3 « Such fields do not contribute to any re-
donain

laxation, longitudinal or transverse.

2.2.4 The relaxation processes

Theoretically, the transverse relaxation function Cx(t) is
given hy:

6 (t) = < o ()0 _(0) >
X X X

where x is the direction of muon polarization at t=0, O_X is

the Pauli spin operator, and <...> represents an ensemble



average over implanted muons in a frame rotatineg with the
Larmor freavency of the muons ahout the external field di-
rection. The corresponding longitudinal relaxation function

is defined as:
Cz(t) = < U'z(t)G'z(O) .

In the presence of a strong external magnetic field, the
transverse relaxation of the muon spin polarization arising
from the dipolar interaction of the muon with the nuclear
spins (eqn. 2.9) can be calculated with the following as-
sunptions: a) Interaction between the magnetic moments of
muons 1is ahsent. b) The nyromagnetic ratio of the muons 1is
large compared to those of the nuclei. Thus, in non-ferro-
maanetic samples, the muon spin precession frequencv w

n

=Y B is much larger than the nuclear spin precession
poarpl

frequency w =YIBap . ¢) The applied field must bhe much

I nl

greater than the local field generated by the nuclear mag-
netic moments. d) The interaction energy of the electrical
field gradient gencrated by the muons at the nuclear sites
with a nuclear quadrupole moment is small compared to the
Zeecman energy of the nuclei in the applied field.

In the absence of muon motion, the depolarization is ap-

proximately Caussian:

Gx(t)=cx(0) exp(-Aztz/Z) (2.11)
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(1—3coszej)2

2

where A “= I(I+1)112Yu2‘(12 ———————————— (2.12)

Wi

In (2.12), Lj is the distance between the jth nuclear spin
and fhe muon, and Sj is the polar angle between the direc-
tion of the applied field and the vector connecting the muon
site and the jth spin. This result was first obtained by
Van Vleck in connection with the line hroading of NMR spec~
tra. Ais strongly dependent on the crvstal orientation and
the muon site. A comparison hetween the calculated values
of ﬁf with the measured value of the same for different
crystallographic orientation allows site determination for
the interstitial auon.,. Note, though, that the expression in
eqn.(2.12) for AE is an overestimation of the second moment
since thec outward displacement of the neighboring ions due
to the electostatic repulsion by the nuons as well as the
finite overlap of the muon wave function33 with the nuclear
site or its non-spherical natureAO are not included in the
calculation.

In the presence of stochastic hopping with a correlation

time tc, one obtains:

Gx(t)=(3x(ﬂ) exp(—A?tCZExp-(t/tc\ -1 +c/tC]) (2.17%)
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This is the well known Abragam formula6, which goes over to
eqn.(2.11) in the linmit £&tc >> 1. 1In the case of fast dif-

fusion, A'tc<<1’ this leads to an exponential decay,
- -\t '
Cx(t)—nx(ﬁ) e (2.14)

2 .
with 7L==A_tp. This slower decayv of polarization is the
counterpart of motional narrowing of resonance lines in NNR,

The longitudinal relaxation in the presence of a field Bl

that splits the muon spin-up and spin-down states into two
levels differing by a Zeeman energy

DNE = Z)J}‘Bl = Hw}l’ (2.15)

where W is the spin precession frequency, can be seen to

take an exponential form from a simple model. If l-!¢ and W

N

are the downward and upward transition probabilities, then

the population of the two levels, n, and n_, are governed by

the rate equations:

dn+/dt =Wn_ - w1n+ (2.16a)
dn_/dt = Vln + an+ (2.146h)

Fron eqns.(2,16) one can see that loneitudinal relaxation,

= - 9
Cz(t) (n+ n_ )/(n+ + n_ ), (2.17)

from this very simple model takes an exponential form:



G,(t) = G (0) exp(-At) (2.18)
with A=v, !
In the absence of external field and muon diffusion,
07(t) shows some unique features. A detailed discussion of

the zero field depolarization will be deferred until the

next chapter.

2.3 USR TECHNIQUE

In uSR studies one primarily measures the distribution of
decay positrons as a function of elapsed unuon life-time for
an ensemble of stopped muons at certain angles (usually 0°
and 90°) with respect to the beam direction. A clock (e.g.
a time to amplitude converter) is started when a muon stops
in the sample, and stopped when a decay positron is detected
by a scintillator array. The time interval resolution is
set electronically to typically 10_gsec, and varied by bin-
ning durinpg analvsis. Events are collected one at a time
and a histogram of counts against time 1is accunulated. The
distribution can cenerallv he expressed hv the following

formula:

K = ": - L) e '2 - . A4 r
N(t) 1oexp( t/Ep) [ 1 + P a5 ¢ F(t)coseo ]+bgd (2.20)
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where t=t1—t0, to being the time of muon’s entry into the

sanple and t that of 1its decav. The angple 90 represents

)
the angle between the detector telescope and the muon spin
direction. In the presence of a transverse field, this an-
gle would oscillate with time, providing the frequency of
muon precession inside the sanmple. The effective anisotropy
constant a s takes into account the reduction of anisotropy
due to geometrical effects of the detector telescopes and
unmeasured fast depolarization effects which are sample de-
pendent. G(t) represents the relaxation function which con-
tains much of the solid state information that we will be
dealing with in the following chapters. It is usually pa-

rameterized to obtain longitudinal or transverse relaxation

times, T, and T

] gs 2 hopping rate for a diffusing muon, or a

correlation time, etc. és the case may bhe. Tgd represents
the background due to random events and Mo‘is a normaliza-
tion factor, proportional to the total number of étopped
muons and the geometry and efficiency of the e+ detectors.
There are essentially two different set-ups that are used
in uSR depending on the direction of the external magnetic
field applied to the sample. They are known as the tran-
sverse and the longitudinal (or the forward-backward) tech-
niques. FExperiments under zero external field can be treat=-

ed as a special case of either.



30

2.3.1 Transverse field method

In transverse field geometry, a C-magnet or a ilelmholtz coil
provides an external field perpendicular to the beam direc-
tion. A typical detector setup for this case i1s shown in
Fig.5. The B2.M.F coincidence represents a muon stop in the
sanple and starts a clock (TAC); a subsequent positron de-
tected at the forward detector F or the annular detector A
provides the stop signal.

Nue to the Larmor precession of the muons, 90 in equation
(2.20) should he replaced hv wut + ¢, where v is the muon

nrecession frequency,
w = 2Tf = 2TL?FXI3.55kHz/G, (2.21)

and ¢ is a phase parameter consisting of (a) the angle be-
tween the telescope axis and the mean polarization of the
stopped muon, (bh) a medium-dependent phase shift due to

pre-thermalization fast processes, and (c) experimental un-
certainties in to. The data collected as forward and back-

ward histograms are thus fitted to the function:

N(d,t) =N°[éxp(—t/tu){l + A.Gx(t).cos( wt+d)}+ Bgr] (2.22)
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In this equation, w actually represents the average

precession frequency with a distribution g(w), such that
G (t)cos(ut + ¢) =j‘g(w).cos(wt + ¢) dw

Gx(t) can be approximated by Gaussian or exponential decay

function, e.g.,
G (t) = exp(-At) (2.23)

In general, distinct precession frequencies corresponding
to several non-equivalent muon sites with differing B fields
may exist in the samnle. Then one must replace ﬂx(t) cos(wt

+ ¢) by

i
G
fi ;x(t)cos(wit + ¢i)

N

where fi is the fraction of muons precessing at frequency
W A simple Fourier analysis .of the histogram after remov-
ing the background and the exponential decay due to muon
lifetime will reveal such peaks in the w distribution. The

relaxation function associated with each w value can be ob-

tained from the shape and the width of the individual peaks.



2.3.2 Longitudinal field method

In the longitudinal field méthod the magnetic field is ap-
plied along the muon spin direction using Helmholtz coils.
A typical setup is shown in fig. 6. llere B2.Bl.M.F coinci-
dence denotes a stopped muon; a subsequent signal in the
forward or tﬁe backward annular detectors determines an
event, Numbers of events in the forward and the backwa;d

detectors, after background subtraction, can be written as:

MY = &N "‘/’ [+ Pa 0 () ] (2.242)

= W -t/r [} - PahCz(t) ] (2.724%)

Fron the ahove equations, Cz(t) is given by:

- N 4 ’ 'y 4 :.2
Gz(t) (K ¢ o N )/(Pabn f+alafll Y (2.25)

b

This relaxation function can then be fitted to an appropri-

ate form as discussed in section 2.2.4.



Chapter III

MUON DIFFUSION AND TRAPPING: THEORETICAL

BACKGROUND

A series of experiments in both transverse and longitudinal
geometry was performed in 1981 at the Stopped Muon Channel
of the Clinton P. Anderson Yeson Physics Facility (LAYPF) to
deternine the nature of interstitial diffusion and trapping
by imnurities of p+ in crvstalline Nb where conventional
transverse uSR studies were not conclusive. Nur experiments
have unambipgously estahlished the diffusion mechanism over
the temperature region of interest.

In the first part of this chapter we present the motiva-
tion for the above experiments from the theoretical vantage
point, elahorating our models in some detail. Then we sgall
discuss a non-equilibrium theory involving mnultiple trap
sites applicable to the dilute Al-alloy data collected at

the Space Radiation Effect Laboratories (SREL) in 1978. The
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Laplace transform method of data analysis employed here will

also be discussed in this connection.
3.1 DIFFUSION IN NB

Transverse field depolarization studies of bcec Nb demon-
strate an unusual pattern over the temperature range of
10X=-100K (fig.7) 18, 19 . At 10K and 45%¥ the linewidth pa-
rameter )g(Z.l&) forms a plateau with a dip in-between at
20X and an eventual fall-off around 73%,

Similar hehavior has also been noted in the case of Rizn
(fig.2). The anonaly is anparently due to impurities in the
metal that produce traps for the nmuons; but the actual mech-
anism is not uniquely determined from these transverse ex-
periments. Two Jdifferent interpretations have been proposed
to explain this phenomena. Gurevich at al. proposed cohe-
rent diffusion and band-like propagation of muons in the re-
gion between the high temperature plateau and the dip, the
former being explained as a result of slow mobility through
the host interstitial sites. The coherent 1limit of the
small polaron model at low temperature predicts a monotoni-
cally decreasing diffusion rate-- or, increased linewidth--

with increase in temperature. The low temperature peak 1in

this interpretation represents denolarization due to trap-
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pina at impurities. This is a result of enhanced mobility

with the drop in the temperature.

J/
**9 giscredits

The second explanation, due to Petzinger
band-1like propagation in view of the random strain present
in the lattice. According to this theory muons (in the HNb
experiment) are captured by two types of traps of different
concentration and depth at the two plateaus; the slope on
the low temperature side represents motional narrowing as
detrapping from one type of impurities (Ta) ensues with in-
crease in temperature. The other slope then represents the
onset of trapping by the second type of impurities (C,0). A
similar interpretation would apply to Bi data, with host and
impurity plateaus lahelled inverselv from the previous para-
graph.

Ve set out to distinguish bhetween these two possihilities
by longitudinal forward-backward studies of Yh. The form
that the longitudinal relaxation function takes when 1ini-
tially non-equilibrium (i.e., randomly distributed in the
bost) muons relax to traps is qualititively different from
that taken when depolarization is due to detrapping. In the
first case the depolarization parameter asymptotically ap-
proaches one-third of its initial value, while in the second
case it goes to zero in that limit. Over the time range of

interest, these functions tend to be rather complicated; bhut
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computer aided numerical methods can employ them very
unambigously in analysing the experimental data. A discus-
sion of the two models is given in some detail in the fol-

lowing sections.

3.2 THE KUBO-TOYABE MODEL

Kubo and Toyabe21 worked out the form assumed by the relaxa-

tion function for zero and low external fields. These re-

sults have been applied by Yamazaki at‘al.22 to usr, and

23, 24

also by Hayano at al. who developed a parallel theory

of diffusion.

3.2.1 Static muon in zero or low external field

Consider first the case of zero external field. Let H
be the local field at a muon stop site. For a spin initially
along the z~axis (the direction of the beam transport), the

time evolution of its z-component 1is:

2 2
U;(t) = 6;(0) [ cos“® + s8in" @ cos(Y;Ht) ] (3.1)
where 6 is the angle between the 2z-axis and the H direction

(Fig.9).
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Assume the random fields are isotropic and the distribution .
function for each component can be represented hv a Saussian

(vhich implies a Gaussian-Markovian process):

¥ Y *u 2
M p i
P(Hi)= ------- exp( = —==—--- ) i=x,y,z (3.2)
(2my /2 N

where Ag/%Pz represent the second moment of the distribu-

tion:
2,92 _ 2. 2. 2
A/\éu aERUMEE RS M IR (3.3)

The longitudinal relaxation function Cy(t) is the statisti-

cal average of 6;(t)
”Z(t) i[[ G;(t)P(HX)P(HV)P(Uz)d"deV d”z (%.4)
= 1/ 4 2/3.(1-NeDem (-Nt7/2) = g (1) (3.5)

In the small t limit Cz(t) goes as exp(—A?tz) as opposed
to Cx(t),which in the static case falls as exp(—ﬂgtz/Z).
This is one added advantage of the forward-backward nmethod
over the transverse relaxation studies considering the short

muon life-time.
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The above relation is the Kubo-Toyabe expression for the
static muon relaxation function 1in 2zero external field.

Uhen a small field HO is present, P(H?) should he modified:

P(”y) = —mm———- exp( = =-—memmm——— ) (3.A)

and the statistical average of cqn.(3.4) becones,

2 4
2A 20 Lt
gz(t)=l— --; [l—exp(—ﬂft2/2)cos(wot)] + ——;.J;xp(- ﬂft'z/Z)
o o 0
XSin(wot')dt' (3.7)

where wo =10“o . It can be seen from eqn.(3.5) that the as-
yuptotic value of the static, zero~field, forward—-backward
asymmetry is 1/3; this can also he understood phvsically
from eqn.(3.1), taking the average of the z-component of 0
(t). In case of finite field corresponding recovery is larg-
er than 1/ and approaches 1 as the field increases. As

t=-=-> o¢, (3.7) cives:
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oA N e w
1 2 0
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3.2,2 Stochastic hopping: diffusion & detrapping

Vhen a muon jumps from site to site with a mean hopping fre-
quency v, sampling local fields that are uncorrelated to
each other, a Markovian strong collision model21 descrihes
the process. In this model, time evolution of Gz(t) comes
from muons that were sfationarv over the interval t, and

24
those that underwent n Jumps:

(3.7)

where
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experienced no jumps until time t,

(1)

oc -v(t-t’) -vt
VY= ’ -t ! o .
8, (t) ij. dt ‘e gz(t t’) e “z(t ) (3.10)
0

represents a muon that jumped at time t’ (0<t’<t), etc.,

-vt : . .
and e is the probability that the muon did not Jjuup
until time t.

Taking the Laplace Transform of eqn.(3.9), one gets

_ [ oc -st

F_(s) ‘fo G, (t).e de (3.11)
oc n n+l f (s+v)
=Zv £, (s+Vv) = ==—-=m—————- (3.12)

l-vf (s+v)
z
n=0
where
o

f (s) =J e (tY.e Stay
z Z
0

2 2
(1-s jdt At/ 2-st (3.13)

In the presence of a field, fz(s) becomes:
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fz(s) = = = —:— + -;. {g cos(wot{}
s w w
o
ZAA —Azt?'/z
+ _—_. » i \' - [ ]
; {o sln(\ot)} (3.14)
sv ’
o

Gz(t) can be computed by numerical inversion of its La-
place Transform using Fourier series expansion (Appendix A).
Fig 10 shows some curves of Gz(t) for both zero and low ex-

ternal field.

3.3 THE TRAPPING MODEL

The theory of Kubo and Toyabe has been extended by Pétzinper
5
to treat the non—-eauilibrium problem of trappingz". Tn the

follouvinae we present the trapnping model in its essentials.



"ok

. Hy /o
T Ry

Fisure 10:

Theoretical “uho-Tovahe curves for C?(t)

and lov longitudinal fields.

at zoero

e



47

3.3.1 Trapping in zero external field: Petzinger model

Consider a temperature regime where (a) depolarization 1is

essentially due to traps, (b) contribution from other sites
is negligible due to motional narrowing, and (c) there is no
detrapping once the muon is trapped.

The muon spin operator 0 obeys the equation of motion:
cl()"/dt=z'wi x 0 ni(t)
+

where W, is the static precession frequency at the i°th site
of the lattice, and ni(t) is the occupation nunber for that
site, Since we consider depolarization from onlv one tvpe

of trap site the subscrint { can be dropped from the ahove

equation. Mow,

G,(t) = <0 (£)0, (0)>

T < cosze + sin29 cos( %f n(t’)de’) > (3.15)

where 8 is the angle between the initial spin direction and
v (z-direction), and T is the time ordering operator. With
the nonequilibrium probability of finding the nuon at site j
as Qj and after averaging over the direction (but not the

magnitude) of w, one has:



3.16)

~~
L

G(z)="T< o <31 1S3 4+ 273 cus v n(t)de 13> >
(z) E j <3 o [ i
= <1 - 2/3 W‘J-sin wlt=-t’)i(e’) dc” >,

where N(t’) is the probability of trap occupation at time
t’. For uniform initial site occupation probability, its

value 1s found to be38:

NCE) =1 = (1 = ¢)e FF =1 - 7Tt (3.17)

where, c¢<{<1 is the tran concentration and r is the rate of

relaxation to trap sites. After averasing w over a caussian

distribution with <w2> = 3&3, one obhtains Petzinger’s re-
su1t3:

1 2_-rt 2 t -r(t-t’) 2,2 2,2
Gz(t) = 3 + 3T + 3r j() .e (1-A"t )exp(. Nt 7/2)
dt”’ (3.18)

In the linmit r/A. >>1, equation (3.18) approaches the Xubo-
Toyabe result (3.5), while for r/A <<1,

G (£) ==> 1/3 + 2/3 e 75,
Note that in either case the asymptotic value of Cz(t) ap-

proaches 1/3, in clear contrast to the detrapping result of

an asvmptotically vanishing value for the same.



3.3.2 Trapping with low external field

In this section we present a generalised treatment of trap-

ping in a parallel formalism that includes effects of exter~
2

nal magnetic field“6. Under the assumptions of the previous

section the depolarization as a function of time 1is given

quite ecenerally by:

clt) = e—rtnn(t) + ride’g (t-t")ee (£7) (3.10)

for transverse, longitudinal, or =zero field case, where
go(t) is the polarization in the free state and gl(t) that
in the trapped state. For extremely rapid hopping in the
non- trapping sites go(t)=l ;3 1f the depolarization fron

these sites is not negligible, one can approximate go(t) by
g8, = exp(-At)

so that eqn.(3.19) becomes:

(e)=e T % + rl aer e7F " g (t-t") (3.20)

where r’=r + A, For the trapped state, in the presence of a

transverse field such that A /w<d<l, one has:
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g, (£) = exp(-A’t?/2)

while for the longitudinal (zero and low field) case gl(t)
is given by gz(t) of eqn.(3.7). Finally for the transverse
case:

6 ()= L1+ dttexn(=/"t"%/2 + ve) } (3.21)
and for the lonpitundinal casec:

Cz(t) = e-r’t{ 1 + r jgdt' [er't'(l— 2(9 )?'{1 -
EXP(-CEt'z/Z) cos(uwt’)} ) + % A‘(érlt - er’t')exp(-AEt’z/Z)
sin(wt')]} (3.22)

The above equation goes over to Petzinger’s relation (3.18)
when w and A are set equal to zero.

These functions can easily be computed by evaluating the
integrals numerically using Simpson’s rule. Some typical

curves of the trapping model are shown in Fig.ll .
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3.4  TRAPPING IN DILUTE AL ALLOYS

The transverse field studies of the fcc metal Al doped’with
0.1 at.”%Z of Mg, Si, and Ag undertaken at SREL by our group
offered a wealth of complex structure in the temperature de-~
pendence of the depolarization rate. A similar study of
Al(Cu) seemed to indicate a variety of tfapping sites, prob-
ably clusters of impurities or impurity-vacancy complexes39.
In analysing the data we applied a multiple trapping mod-
el for the high field transverse relaxation function devel-
oped hy Petzinger et al. In the following section a brief
Aiscussion of the model will be presented followed by a de-
scription af a method involving T.aplace transfnrmedipnrame—

ters due to A.T.Fiory that was used in fitting the data.

3.4.1 Multiple trap model for the transverse relaxation

function

A general expression for the transverse relaxation function
has been obtained by Petzinger et al. for a non-stationary

distribution of diffusing particles by treating the interac-
tion Of‘P+ spin with the internal magnetic field of the sol-
id using time dependent perturbation theory. Siﬁce the imp-

lanted muons in an impure solid start with non-equilibrium
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spin and location, and since it takes time for the muon to
relax to the equilibrium site occupation, the overall decay
of the polarization is a function of the rate at which this
relagation takes place. The result for Gx(t) in terms of

correlation functions is given as:

e[S R, e [aen .,
Gx(t) = @exXp [ iAi ‘J—O at jﬂ dt ri(t")cii(t t") ]
(3.2

wvhere F,o(t™) =§_ N, rn, (™)
i i i 13

MTere Qi is the initial site distribution function for the
ensemble of muons; Gij(t") is the probabilityv that a muon
initially at site j will be at site 1 a time t" later;
Gii(t) is the autocorrelation function for a muon at site i;
and [Ei is the second moment of the static nuclear frequen-
cy distribution at site 1i. The sum runs over all intersti-
tial sites in the crystal.

If Qj is given its equilibrium value, eqn.(3.23) goes to
the time independent Abragam form. But if Q1 does not rep-
resent statistical equilibrium, the rate of relaxation to
equilibrium enters into the expression. Ve shall approxi-
mate Oi=1/U, althoueh in the presence of impurities the as-

sunption of uniform distribution mav not he entirelv justi-

fied.
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Let us consider the case where the impurity concentration
is relatively dilute and regroup the sum in the above equa-
tjon into host sites characterised by a mean time of stay t0
and trap sites (m=1,2,...4) characterized by mean times of
stav t

n? and trap concentration ¢ . 'ith our assumption

of initiallv random muon distribution,

]
Y
[

FO(O) c,

Fm(O) c wm#F 0

n,

The time dependendent probabilities of the host and the trap

occupancy are then given by the solutious to the rate equa-

tions:38
dF _/dt = (1-¢) $(t) - ep F_+3 p F_
(3.24)
dr = - F N
Fm/dt < %(t) + cmpoFo Dmlo’ m #
Here ¢ is the total trap concentration ¢ = > 1 Sm? Po is the

jump rate between two host sites. The detrapning rate P (m
> N) is piven bv: o= noexp(-Fm/kT), vhere T is the hind-
ine energy of the trap site. The autocorrelation function

for any site of type m is taken to bhe Cm = exp(—t/tm). Nue

to the lack of a quantitative theoretical model, host jump



rate » is wmaracerterized Hv an imperical temnerature
[l

denaendonce

e

» = 1 e e £ 0y
8}

T e "luy an=Utay T T A ST 1;{',".,¢\;,,.-a tiie o e TR
have the falloliage esiinifleancoe: The Arriienioae Lol avioae

represent hish temnpevrater: Jdiffugsion; ot low temperature,
the constant term is proport{onal to the coherent tunnelinyg
rate, and the liner term represents one phonon assisted tun=-
neling that depends upon the strain broading. The solution
to the above equations can be obtained easily in terms of
Laplace transforms. The method 1is described in the next

section.

3.4.2 The Laplace Transform method

e can write the transverse relaxation function as:
c (t) = e'Y<t) (3.26)
and define a new parameter ¢ :

« = jg“ e St (d¥/at) dt | (3.27)
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Alpha is the Lanlace transform of d¥/dt, with s having a

-1
specific value: s = t = 2.2us, the muon lifetime. Now

from the preceding section,

¥ =3, A, Jof ae S aem v ey o (et (3.28)

11

2 PRI ’ \ ’
ay/dc =z i Ai Iot de® Fo(e’) 6 . (e-t”)
and d =/ Sm————emecemoesees- ’ i = 0,..01“[. (3-29)

Taking the Laplace transform of the rate equations (3.24),

we have a set of linear equations that can be solved nunmeri-

cally:
F - 1l+c¢c==-pcF_+>nF
) nom
(3.30M)
F = ¢ =pec¢F =-pF, n # 0
o M o o mon

Experimental values for the K (alpha) parameter can be ob-

tained from a Gaussian or an exponential fit, e.g., for the

2

former case &K = AEtc. Thus the data can be fitted to these

simpler equations to obtain the trap concentration, trap
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binding enerav and trapping rate for nultiple traps, without

doing the convolutions in Eaen.(3.23).



Chapter 1V

EXPERIMENTAL DETAILS

4.1 THE MUON CHANNELS

The LAMPF stopped muon channel (SMC) lavout is shown in fig-
ure1234. The production target for the beam line is a ro-
tating wheel of pvyrolytic qraphite (densitv l.73ﬂ/cm3) of
f=cm thickness along the heam direction. The impinging pro-
ton heam of 789-MeV suffers an energy loss of 22 MeV. 777
of the heam survives and is captured hy the transport sys-
ten.

The channel-- a permanently assembled array of 23 quadru-
pole magnets and 4 bending magnets—-transports the bhean
through a stainless steel vaccum chamber ( 3 m torr.).
First six quadrupole magnets serve to collect pions with a
momentum acceptance of +47% and a solid angle of 60 msr. A

production angle of 65° (laboratory) is used. This 7.7m

- 58 -~
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section terminates in a plug of 1T of U238, which shuts off
the beam for access. The two bending magnets are used to
nomentum analyse the accepted particles and to eliminate
neutrons, fhe pion decav section comrmprises the next 10 qua-
drupole magnets (radii 15 eme) and is 11.2m long. It can
capture muons upto +£5° (laboratorv), accepting only extreme
forvard and backward decays. The remaining magnets separate
the muon beam from pions and electrons and focus the beamn
onto the sample. For the backward decay beams used, a 207
transmission is typical. The beam is tuned by adjusting the
magnets with an on-line PDP-1l program which can optimize 25
different parameters. S!C can produce muon beams upto 250
MeV/c with a peak stopping rate of 7.5x104 u+/(uA.s.g/cm2 ).
The muon beam used for our experiments had an incident mo-
mentum of A0 MeV/c with high muon spin polarization(> 90%).

Zn
Q

o

A diameter, 2" thick lead collimator was installed up-
strean of RMN3 to ecet a small beam spot. A 5-mil A1 window
was installed at the end of the channel.

Fia.l3 shows the meson channel of Space Padiation Effect
Laboratories where the Al alloy experiments were perforned
in August, 1978, Its design and operation have been fully
described elswhere35 This channel is now being installed at
the alternating gradient synchrotron (AGS) at Brookhaven lNa-

tional Laboratory (BNL). Ve will give a very brief outline

of the beam transport here.
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The quadrupole doublet of lens A and B, each with its own
power supply, was followed by a linear array of 24 identical
quadrupole magnets, series fed from a single power supply.
The channel accepted muons from pion decay within it, the
magnets focussing alternately in the horizontal and the ver-
tical plane. The upstream quad provided final vertical fo-
cussing;; the downstream quad provided the horizontal. The
total distance from pion production to the sample was about
12 meters.

An internal carbon production target, impinged upon hy
approximately 600MeV protons, produced enough pions to gen-
erate nmnuons at the rate of several thousands per second per

square inech at the sample site.
4.2 THE SETUP

The setup for the ﬁb experiments was as follows: A hight
adjustable table had heen designed to house the magnet aund
the detectorsﬂ It slided on rails that could be bolted to
the floor of the cave. The magnet could be oriented with
its field direction along and perpendicular to the beam for
longitudinal or transverse field experiments respectively.
Before bringing the magnet table in, an Al shilding/collima-

tor frame was attached to the field clamp and centered on
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the beam. Lead bricks were stacked in the frame with a 4" x
4" hole centered on the heam line. All alignments had bheen
attained meticulouslv with the aid of a laser. The rails

were then holted to the floor and the table oriented appro-
nriately for the transverse or longitudinal case. Tor tran-
sverse measurenents the counters and the collimators (C, and

2
C3 ) were arranged as in fig.lé4. Internal shielding was in-
stalled in the magnet and external shielding on the magnet
table. Collimator sizes used are: C2=1'5"’ C3=1" for 100¢
operation ; C2=C3=1" for the zero field case. Shielding was
mounted on a separate table to protect the light pipes.

The initial runs in the transverse configurationm showed
large background contamination for time t>7us. The counter
telescope was thereupon redesigned and the inner scintilla-
tors (El1’s) were placed inside the vacuvum jacket of the
crvostat (Fipg.15). This eleminated the muons stopped in the
jacket from the histosran.

Also, for the longitudinal measurements (fiz.l15), colli-

14

mator C? wvas connected to the heam line through a 13" copper
shield pipe, centered on the heam. Crosswires were uscd on
the faces of the magnet coils as a guide in alignment. Ad-

ditional lead shielding was erected on top of the magnet to

protect the BE and K2 light pipes.
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- The transverse experiments with Al alloys used the fol-
loving experimental setup: A large C maenet with 9" pole
gap was used to produce the 500 ¢ transverse field. Addi-
tional shims and trim coils were wranped around the pnole
faces to attain uniformity of the field. A Pall prohe was
used to monitor the field inhomogeneity around the sample.
The inhomogeneity was found to be about 25mC over the sample
volume. A feedback system maintained the field uniform
within 10mG.

The counter arrvangement is shown in Fig.l6. The positron
telescope consisted of one annuler detector with a 6.4 cmnm
diameter hole (A) and a forward detector (F), both of 20cm X
20cm dimensions. The detectors used were plastic scintilla-
tors with standard photomultiplier amplification. Polyethy-
lene desraders of appropriate thickness were used to maxim-

ize the muon stopping rate in the sample.



CCll.

\x\/{gj
pb
DEGRADER TARGET
——
focm

Figure 16: Transverse field setup at SEAL




605

4.3 THE CRYOSTAT AND TEMPERATURE CONTROL

For the Nb experiments an Air-Product Heli~Tran Cryogenic
system was used with a Cold-finger sample mount. Tempera-
ture was monitored using a carbon glass resistor (CGR),

which along with the sample could be mounted on a pedestal
with Al=foil and conper loaded grease. The pedestal fitted
onto the crvotip. The CGR leads connect through a plug to
those of a constant current source and a digital voltmeter.
Tenperature could he read directly from a calihration chart
provided by the manufacturer. A heat shield was placed

around the crvotip enclosing the sample and the CCR. Four

1 .
15" x 2" counters were placed around this assembly for the
longitudinal case to improve on the statistics. In the

transverse arrangement the inner counters were placed out-
side the cryostat. A cylindrical stainless steel vacuum
jacket with myler windows surrounded the counters and could
be secured with a strap.

Temperature was controlled by an Artronix temperature
controller by sending heater current through a 100~watt ce-
ramic resistor. A thermocouple (AuFe v. chromel) associated
with the controller stahbilized the temperature by control-
ling the feedback. Peference noint for the thermocouple was

maintained at n°cq using an ice point cell. Temperature sta-
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bility within +.1X could typically be attained with the
controller. Operation of the system involved roughing the
system to < .1 Torr and then pumping down to 10-4 Torr using
the diffusion pump before inserting the transfer line. Liq-
uid He dewar pressure was set at 250 mm for cooling down and
then decreased to about 150 mm upon reaching operating temp-
erature. To attain a given temperature point in the range
of 10¥ to 100K, the thefmocouple reading was monitored and
the Artronix controller adjusted manuallv in steps. The £OR
current source and the tip and the shield flow were set to
proper range. Power 1input was manually adiusted to obtain
correct voltage and stahility. Then Artronix set point was
readjusted to null the meter and a switch to the proportion-
al mode was made. Table 2 lists the control parameter range
used for the different temperature points.

The cryostat used for Al alloy studies was a standard
connercial device not very different from the one described
above. Seven to eight 3mm thick sample plates were stacked
together in the cryostat. Carbon and Platinum resistance
thermometers were used for temperature measurement. Tenper=-

ature was controlled within 0.1%.
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TABLE 3
Temperature control parameters for the Nb experiment
Tenp pover set gain tip flow shild flow
11 - 25 K 4o - 4,5 .5 =1.,0 max max
25 = 50 X 45 - 5,5 1.0t = 3.0 307 457
50 - 80 K 5.0 = 5.5 3.0 = 6.0 25% 307

- —— o —— T S s e — —— - n w———

Tenp Current (ma)
5<T<13 10

13<T<100 100
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4.4 THE SAMPLES

The Hb sample was a single crystal disk 2.5cm in diameter by
1.0cm thick spark cut parallel to the (l110) plane fron a
cylindrical host crystal by H.K.Birnbaum and used at SIJ and

37,18

LAMPF in previous experiments It was given an oxygen

annealing at '%xlO_6 Torr and 2200°C to reduce the carhon im-
purities, and then outgassed at éxlﬂ-lo Torr and 2300°cC.
Mass spect?oscopic analysis reveals 200 ppm. suhstitutional
Ta and less than 17 ppm, of other heavy substitutional im-
purities. Meutron activatinn studies on other crvstals fron
the same parent crystal showved interstitial impurity concen-
tration of C(100 ppm. at.) N(44 ppn. at.), and 0(40 ppn.
at.). Resistivity measurements implied smaller C and O con=-
centration, however, indicating the possible existance of
highly stable Nb-C-0 complexes which may have precipitated
along tﬁe grain boundaries. No hydrogen was found at the
detection level of 50 ppme.at.

The doped Al samples were prepared at the Bell Laborator-
ies as described below. 99.9%7 Al and appropriate amount of
alloying elements ( Mg, Si, Ag) were melted by rf <dinduction
heating in a Mg0 crucible and cast into 2 ¥ga ingots., These

were then hot rolled to a thickness of 3Imm, and cut into

10,2 em x 7.6 e¢m rectangular pieces. The samples were heat



treated for 8 hours at 800-825K and quenched to 273K in
brine. Cooling times between 0.05s and 0.2s were recorded.
Samples were stored at temperatures below 200X to avoid
thermal aging.

Mass snectroscopic analysis showed the samples to have
N.1” of Ap, Y2 and Si respectively at a 57 level of accura-
CVe. The A1(Si) samples were put through different heat
treatments after the first set of data was collected. The
sanples were annealed at 300K for & hours, and then cooled
in air. A time constant of 250s was typical. After col-
lecting another set of data these air cooled samples were
heat treated again as above, and cooled in the oven with the
power off. Time constants of 4 hours were recorded for

these oven cooled samples.
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4.5 DATA ACQUISITION

A schematic diagram of the standard electronic logic used
for the Nb experiments is shown in Fig.l7. For our experi-
ments only one pair of telescopes were used.

The transverse data were collected in a multiple TAC/ADC
mode using normal time histograms (p starts TAC, e+ stops
TAC). The 1longitudinal data were collected in a single
TAC/ADC mode using inverted time histogram (e+ starts- TAC, n
stops TAC). This increased the efficiency of the TAC by
eleminating the dead time associated with the muons which
did not contribute to a good event. Time calibration was
done by a pulse generator that put out stop signals at a
fixed time interval from the random start pulse. The start
pulse was routed to the D-input of the Mu.B module. The
stop signal was routed to the D-input of the F positron co-
incidence module.

After attalining temperature stability, zero field data
were taken in both transverse and longitudinal configuration
with field turned off. Then magnets were turned on for data
with field. For each temperature point data were collected
for about 4 hours, corresponding to approximately 1 million
events. The data were analysed on-line with a PDP computer

using eqn.(2.25). A fitting procedure for the static Kubo-
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Toyabe case was availahle The temperature was constantly
monitored for stability. At 46K data point some fluctuation
in the temperature took place in the longitudinal configura-
tion. to fit such data. A Gaussian and an exponential form
for the transverse relaxation were also available for fit-
ting transverse data.

The electronic logic used at SREL is shown in Fig.18.
TAC was started by a p+, and stopped by an e+ detector. A
multichannel pulse hight analyser (a Northern Scientific 710
with 1024 channels and a quadrant of a kicksort 711 with
4096 channels) collected the TAC output into histograms.
Time calibration was done by starting the TAC with a time
mark generator, and stopping it by a pulser.

Temperature points were selected initially at a reguler
interval. Data were taken for a little over an hour for
each point, collecting over a million events.

The on line fitting to a Gaussian depolarisation rate was
used. A finer mesh of temperature was selected whenever a

variation was observed in the depolarisation rate.
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Chapter V

DATA ANALYSIS

The on line data analysis procedure has been discussed 1n
the previous chapter under the data acquisition system. In
this chapter we will be dealing with the detailed analysis
carried out on the IRBM 370 at the College of William and
Mary. The CPU time and memory region requirements of the
iterative non-linear least square fitting routines employing
numerically computed extended precision functions demanded
the resources of a large mainframe computer. The visual aid
of a Tektronix terminal was especially useful.during the
early phase of fitting, in determining appropriate guess pna-
rameters. - NData from PNP ASCIT tapes were read and converted

into EBCNIC format and stored in disk files.
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5.1  ZERO ARD LONCITUDINAL FIELD DATA IN NB

The 11K temnerature voint was used for obtainine the hest
values for the polarization asvmmetrices, the hackground rat-
ios, and the ratio of the normalization constants, alpha,
for the forward and the backward teleécopes. Assuming the
muon to be static at this point, we adopted the simple one
parameter Kubo-Toyabe form for the relaxation function Gz(t)

in the fitting equations,

nf(t) n? [}-t/ty { 1 + afgz(t) ¥+ bf ] (5.1a)

nb(t) ng [g-t/tp { 1 - abgz(t) } + bb ] (5.1b)

which were used simultaneously to fit the forward and the

backward histograms respectively. 1In Egns. (51):

ne and n: are the normalization factors for the forward and
the bhackward histograms.

ac and a, are the polarization asymmetries for the forward
and the backward telescopes.

b_ and hh are the background fatios for the above tele-

scopes.

gz(t) is given by (cf. Eqn. (3.5)):
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g, () = 1/3 + 2/ 3. (1=t exp(-Nt2/2) (5.2)

where A is the gaussian width of the local fields.

The data were compressed with 90 channels per bin. An
IBM IMSL routine for non-linear least squares fitting called
ZX55Q was adapted to minimize the chi-square of the fit.
The fit for the above run has a chi-square of 1.01, shows a
vanishing slope in gz(t) at t=0 and a recovery to /3 at

t>7us. Thus the five parameters a a,, b., by, and o
£, b f b

o

, are very well determined from this run. These were

0
—nf/n
used in the extraction of the relaxation function Cz(t) fron
all the temperature points, including one other 11¥ data
point talken at the end of the experiment.

To obtain the bhackperounds for the histograms an estinmate

of the normalization constants (cf. eqns. 2.24) N? and Ng
was made fron the early channels of the histograms where the

data have the form:

|
v
«

2.2
e T (lfafe-At ) 4 bf] (5.3a)

N_.(t==>0)
£ 2 2
— t )
AN + b,] (5.3D)

i
—
it

Nb(t-—>0) e p (1l - a

b

The experimental relaxation function, sz(t), is then con-

puted as:



Cix(t) Z - ——————— - - ————— (5.4)
abN'f(t) + o afN'b(t)

(o] o]

Here N'f(t) = Nf(t) - Nfbf, N'b(t) = Nb(t) b and the

NPy

other parameters are as defined earlier. Tor the zero field
data a display of this quantitv alreadv shows whether trap-
ping or detrapnine is takine place at a particular tempera-
ture noint bv the degree of recoveryv at t-->oc. Appropriate
functional forms frowm Chapter TITI were then emploved to fit
sz(t), both at zero and 15 gauss fields, and values for A,
and v or r werc obtained. As a double check, histograms
were also fitted directly to the accepted model permitting
all the parameters to float. The values for the asyume-
tries, the background ratios, and the alpha parameter thus

obtained were then checked against the 11K values for con-

sistency. A list of these parameters is given in Table4d



81

TABLE 4

Variations in parameter values from run to run

Tenp Pal Pa? Porl Ror?
11K S244(4) L211(4) L0370(3) «Q40A(R)
13.5K .241(5) L206(H) .0392(6) L0407(7)
24,3K .237(5) L218(5) .0384(7) L0406(6)
46K «239(2) «206(2) .0383(3) .0425(3)

77K 244(4) <211(4) .0370(3) L0406(3)



5.2 TRANSVERSE FIELD DATA

The forward and backward histoprams of the transverse field
Nh data were fitted simultaneouslvy to the following func-

tions (éf. Fan.(2.22)):

Nl(t) N

— O

l:e—t/tju {1+ ta G (t) cos(wt+¢l)} + Bgrl] (5.5a)

v -t t y N
“2(t) N [_e //u {1 + Paz(,x(t) cos(wt+d2)} 4+ },grz] (5.5b)

N O

In the static case of 11X,
2.2,.
Gx(t) = exp(~At"/2)
is employed to obtain the best values of the paraﬁeters,

Pa Pa w, Bgr

) 5 Bgr, and AN . For the other temperature
] ] 3

points both the trapping and the detrapping models were
tried out. For the trapping case, the function used for

¢ (t) was:
x

JS%1 ka |

9 )]

}tha-' (5.6)

For the detrapping case, The Ahragan formula:

2 ?
' = rmwr /2N At r
Gx(t)-[] *'{Aﬁe [erf(-z--; ) + erf(
rt

Gx(t) = exp(—[‘-lA]z. (e“t/v - 1 + vt )) (5.7)
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was uvsed for simplicitv,

Tn case of the Al allovs, a Gaussian function wvas used to
fit the histograms as in the static case of X¥b., The paraume-
ter oK (alpha) was then ohtained by setting:

21_
£ = At

M
The fitting equations (3.2¢-29) were then employed to obtain
the least squares fittings to the data. The number of traps

was varied with f < 5. The parameterization for the temper-

ature dependence of P, Was (Ean. (3.25)):
P, = exp(a=-b/T) + d + eT (5.8)

5.3 TIME CALIBRATION

The time calibhration used to convert channels to time and
vice versa 1is descrihed helow. As mentioned earlier the
first set of MNb experiments in transverse geometry utilized
tvo separate ANC’s for the forward and the backward histo-
grams, and so had to be calibrated scparately for each tele-
scope.

The histograms of calibration data consisted of peaxs
about the mean positions in the channels which correspond to
integer multiples of t (=80 ns). These peaks often

pulse

fall (a) entirely within one channel, but periodically (b)
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split between two channels or more. Noting the periodicity
of the evenly split pecaks and using the vernier concept an

estimate of the position of the peaks can be ohtained to a

fraction of a channel. In case (b) a second estimate (al-

beit exaggerated towards the channel with larger counts) is
offered by the weighted mean of the channels. An estimate

of the standard deviation may also be obtained to a fraction
of a channel for the purpose of weiphting the chi-square of
a fit. The reduced data of pulse positions in fractional

channels were then fitted to polynomials upto fourth order

to see the improvements in accuracv with an increase in the
order of the polvnomials.

A quadratic fit was found sufficiently accurate for our

purposes, and the coefficients in the cequations,

i = at2 + bt  + ¢,
n n n
: .2 .
and t = a’i’ + b'i_ +c’,
n n n

with io=l, to=0, obtained by a chi-square minimization pro-

cedure are displayed in the Table below.
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TABLE 5

Calibration coefficlients for time to channel conversion

Histogram a b c
-f -

Roth (Longit,) «17315%x1N 2.526734 -2.40724
-5

Foruvard L3178 1x10 10.n4310 -°c.,072310
.y

"ackward —-.22040%10" " 10.12763 -10.0002

5.4 THE FITTING ROUTINES

A versetile interactive Fortran progran was developed to an=-
alyze the uSR data, both transverse and longitudinal, with
the capability of reading histograms from tape or disk
files, displaying them on a Tektronix terminal or a line
printer, reducing the data into Sins of specified size, and
to fit the reduced data to any appropriate function using
chi-square minimization via a non-linear.least squares code.
The program estimates normalization constants and zero tine

channel for the forward and backward histoarams fairlv accu-
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rately. This 1is d1important in extracting relaxation
functions from the two histograms. IMSL subroutine ZXSSQ in
extended precision was used for fitting computed functions
to the experimental data, allowing it to vary any desired
number of parameters while keeping others fixed. ZX581 uses
a nodifie? Levenherg-“Yarquard alsorithm emploving finite
differences instead of explicit differention. LFATIF suh-
routine, also a memher of the T!'SL package, was used for
solvinag simultaneous linear equations. Hunerical calcula-
tions of the finite field Xubo-Toyabe functions (Appendix A)
generally took long CPU time and convergence through itera-

tions was rather slow.



Chapter VI

RESULTS AND CONCLUSIONS

6.1 NB STUDIES

Our results for Gix for zero and 15 Gauss longitudinal
fields, along with the bhest fits of the appropriate models
are shown in fipgs.19-27. These plots clearly demonstrate
the mechanism of diffusion at the temperatures of interest,
resolving the trapping-detrapping ambicuities mentioned in
the introductian, At 11V (Fies,10=20 correspondine to noint
1 of Tig.18) the data is conpletely consistent with the sta-
tionarv (trapped) model: The recoverv to one~third of the
polarization is evident. The 128.5K plots (Fig.21-22,point
2) indicate detrapping with no sign of recovery of polariza-
tion at 1long times. The 24.3K plots (Figs.23-24, point
3),on the other hand, demonstrate significant recovery of

polarization indicating that mnuons are finding traps. the
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46K point 1s consistent with both trapping or stationary
muons. The 77.3K plots (Figs.26~27, point 5) indicate even-
tual release from the traps. Thus even qualitatively the
interpretation of monotonic increase of diffusion with temp-
erature is seen to hold.

. The solid curve in Fig.19 is the best fitted Kubo-Toyabe
static model for zero field, while that in Fig.20 1is the
corresponding 15G static model (Eqn.3.8). In Figs.21, 22
and Figs. 26, 27 the solid lines represent the fitted de-
trapﬁing model for zero and 15G field (Eqns.3.18) The fit in
Figs.23 & 24 are the trapping models of Eqns.3.18, 3.22 cor-
responding to zero and 15G field respectively.

Table 6 summerizes the results.

Some typical transverse field data with appropriate fits
are displayed in figs.28-32. Best fitted models for the
different temperature points coincide with the conclusions
from the longitudinal data. The parameters obtained from
these fits are also displayed in Table 6

The errors in Table 6 are purely statistical. The agree-
ment among the zero, longitudinal, and transverse fields is
generally good; however the amount of scatter in the values,
especially the trapping and the escape rates, indicates the
probable presence of systemetic errors in addition to sta-

tistical ones.
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TABLE 6

Fitted parameters: Zero, ||, and | field Nb experiments

G - - G . - — - —— - —— D - —— D W D WO G S . e D G S G W e T S WS G D WD G W P WD S G W D ., -

Region T(K) H(G) Type of fit / (us 1) w(us 1Y) r(us™})
0 «504 + ,003
1 11.0 15 ] static <495 + .006
100 | «+493 + .010
0 +486 + .003 «647+.016
2 18.5 15 || detrapping 477 + .005 «499+.034
100 | +493 + .016 +607+.085
1 & 2 combined 495 + .002
0 +490 + .006 1.743+.069
3 23.5 15 |} trapping +453 + .006 2.23+.21
100 | .490 + .022  1.10+.15
4 0 trapping «504 + .005 3.26+.08

100 | <499 + .015  3.29+.13



Region T(K) H(G) Type of fit [/ (us—l) v(us

. D - D S . = D D D WD SR W D W P IR G Y S G P S SR S R Gl S W D G D G G S D G W W D S S S

0 473 + .003
5 77.3 15 || detrapping 484 + ,005
100 | «529 + .008

3, 4 & 5 combined .491 + ,003

90

.925+.014

1.12 +.12
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The A, values of 11K and the 18.5K can be combined to
obtain a value chéracterizing the low temperature trap: A
LT = .495 + .002 us—l. Similarly, combining the A values of
24.3K, 46K and 77.3K a high temperature trap parameter
emerges: A‘HT = .491 + .003 us—l. The values of A obtained
from our analysis is compared with those reported earlier in
Table 7.

We have found the A values for the zero, longitudinal,
and transverse case to be same as eXxpected. It may be
pointed out in this connection that if nuclear moments were

free to precess around the external field,then the effective

Ais reduced by a factor of 2/521

_ V2
A_L—‘/‘_S.A

(o]

In our case the interaction of the quadrupole moments of the
Nb nuclei with the electric field gradients produced by the
muons is much stronger than the Zeeman interaction (H << 1
kG). Thus the niobium nuclei precess rapidly around the ra-
dial electric field gradient directions, s0o that the same
time average of the nuclear magnetic field is seen in dif-
ferent field direction. The above argument holds exactly
for polycrystalline samples, but for single crystéls in low

fields anisotropy is known to be very small41 and an approx-
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TABLE 7

Comparison with earlier work

-1

A Lps_ ) A o(ps )
OQur result «495 + .002 +433 + .033
Ref. 19 454 + .011 +366 + .013

The values from Ref. 19 have been multiplied by V2 to conform

with our convension.
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imate equality of the zero and transverse field A s should

hold.
6.2 AL ALLOYS

The temperature dependence of o (alpha) for Al(Ag), Al1(Si)
and Al1(Mg) alloys are displayed in Figs. 33-37. For compar-
ison one may note that the theoretical value for o on the
basis of the dipolar field contributions alone 18 0.44 for a
muon in an octahedral site and 0.12 for one in a substitu-
tional site.

The A1(Si) data has a very complex structure, with peaks
at 2K, 10K, 40K, and 120K. These peaks bear some resem-
blance to the Al(Cu) features39 observed by Kossler et al.
A five trap fit is obtained for this data over 4K-110K
range.

Al(Ag) and Al(Mg) have slightly different character, and
have fewer number of peaks over the same temperature range.
A 3 trap fit was used for the Al1(Ag) data, and a 4 trap fit
for the Al1(Mg).

The fits for Al(Ag), Al(Mg) and A1(Si) are shown in Figs.
33-35. Qualitatively the model shows a reasonable fit to
the data. The uniqueness of the fits and the significance
of the quantitative results are still uncertain. Table 8

displays the parameters obtained from the fits.



TABLE 8

Impurity conc., binding energy, and A for Al-alloys

Sample m L;m(ps-l) cm(ppm) Em(mev)
A1(S1i) 1 227 2550 8.6
2 o412 251 13.1
3 117 313 195
4 300 59.3 22.5
5 <410 18.6 727
Al(Ag)' 1 +«215 879 21.2
2 «235 121 58.6
3 <410 37 710
Al(Mg) 1 «213 3200 22.6
2 «129 1834 86
3 408 1460 37.0
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The overall picture of muons reaching high concentration
low bhinding energy traps at lower temperature and lower con-
centration but deeper traps at higher temperature is borne
out. The qualitative agreement with the Al(Cu) experiment
is noteworthy. The fitted concentration of traps for the
low temperature peak is about twice the nominal concentra-
tion of single impurities of Si. In case of Mg we find sev-
eral peaks with concentration 1.5 to three times the actual
concentration. Some of these values are artifacts of the
fitting procedure as demonstrated by arbitrary kinks in the
fitted curve. Prominent peaks can be 1deﬁt1fied however by
inspection, and thelr concentration and binding energy in-
ferred. The highest concentration, shallower traps most
probably represent single impurity traps. Subsequent peaks
with lower concentration bhut higher binding energy may bde
evidence of impurity clustering. We also note no apprecia-
ble difference in the data from various heat treatment.
These preleminary studies indicate the need for a systemetic
exploration of the effects of the impurities in different
concentrations and through various history of sample prepa-
ration. A more explicit theoretical model would make quan-
titative understanding of the influence of defect approacha-
ble. Zero field studies may be combined with the transverse

field uSR to extract more information as in the case of Nb,



Appendix A

INVERSION OF LAPLACE TRANSFORMATION USING

FOURIOR SERIES

-

Let F(s) be the Laplace Transform of G(t):
F(s) = [O° e”%t c(t) de, (A.1)
where

1. F(s) exists for Re s>0, a condition that can always
be satisfied by replacing F(s) by F(s+a), or equiva-

lently by changing f(t) to f(t).exp(~at), and

2. G(t)=0, for t=0, which can be achived by taking
G(t)-G(0) instead of G(t), or equivalently by replac-

ing F(s) by F(s)-G(t)/s.

Using the transformation:
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e—pt = cos 8 ,

where p is an arbitraryupositive number, one has
In cos @

G(t) = G(= =======- )=g(8)
p

A\ -
and pF(s) = IO/Z ((:086)8/p lsine g(8) de (A-2)
If we expand g(®) in a Fourier Series:

g(o) = Zi Cv sin(2v+1)e, (A-3)
14

The coefficients can be calculated, if the functional form
of F(s) is known, from the relation:

c, = %j‘o"c g(8) sin(2v+1)e de. (A-4)

To express CV in terms of F(s), put s=(2n+l)p, n=0,1,2,...,

in eqn. (A-2):

T
pF(£2n+1}p) = 0/2 coszne sine g(8) de
n 2n 2n Y
- 2720 - c, ;stin{Z(n-k)+l}e.
<=0 k=1 V=0 .sin(2v+1)6 de
- 2n 2n
-2n
2 4 [ Cn—k
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3

2k+1 2n+1 401
———— )Ck = ——=—  pF({2n+1}p) (A.5)
T
2n+l n-k
K=0

Putting n=0, 1, ... in this equation we can compute Cv
when the functional form of F(s) or sF(s) is known; p is
chosen appropriately for the time range for which G(t) is to
be calculated-- large for small t, and vice versa. Table 9
gives the coefficients of CV in the system (A-5).

This procedure was followed in computing Kubo-Toyabhe mod-
el for the longitudinal field relaxation function. Conver-

gence was obtained with 10 terms in the series.
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TABLE 9

Coeffs. of Cv for computing inverse Laplace transforms

n o C, c, c, Cq c, Cq Ce c,
0 1
1 1 1
2 2 3 1
3 5 9 5 1
4 14 28 20 7 1
5 42 90 75 35 9 1
6 132 297 275 154 54 11

7 429 1001 1001 637 273 77 77 1
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