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ABSTRACT

This paper is a review of recent progress in the study of
interactions of polarized positive muons and muonium (u+ e—f atoms in
matter. These studies are made possible by the asymmetric decay of
the muon, in which the easilf detected positron is emitted preferentially
along the muon spin. A wide range of phenomena are discussed, ranging
from chemical reactions of muonium to uses of the u+'magnetic moment as
a microscopic probe of local magnetic fields in solids. Finally, the |
acronym "uSR" is suggested to describe such studies, in the context of

their relationship with various NMR and ESR techniques.
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I. TINTRODUCTION
The purpose of this paper is to provide a status report on a field of
muon physics which is in a state Qf rapid expansion: the study of inter-
actions of positive muons and muonium with matter. We have chosen to con-

centrate on recent results currently under extensive study instead of

providing an historical account of progress to date. We apologize in advance

to those whose pioneering work will be mentioned only briefly, with the
excuse that théy have led the way to so many new and exciting topics that

sometimes there is only room left for a brief reference to the early publica-

- tions. We shall also take generous advantage of descriptions in other texts;

these wili provide, from time to time, the framework necessary for the reader
to become his own innovator. Finally, we will often refer to original papers,
which, of course, must be the ultimate source for thé serious reader. At times
we will only be able to provide a brief sketch to show the way and té convey
our excitement aﬁout this relatively new field.

The first step of an experiméntal study in this field is to bring polarized
positive muons to rest in condensed or gaseous matter.  The usual u+ beam
characteristics and the involved stopping mechanism 1eéve the thermalized
mﬁons distribﬁted over an extended macroscopic zone of the target. They can,
therefore, be used as a probe for testing the bulk properties of the target
material. Unlike the u , the u+ Qill‘not be captured in atomic or molecular
orbits, and will have no nuclear interactionms. Until its decay, the implanted
positive muon behaves much like a proton, playing the role of the nucleus of
muonium, a "1igﬁt isotope of atomic hydrogen." We wiil Be mainly interested
in the muon spin's magnetic interaction with the target ﬁedium. The muon

will "see''--through its magnetic moment--all the magnetic field components



at its location. These local fields may originate from nuclei, electrons,
paramagnetic ions, or a variety of hyperfine interactions, all of which mayv
be influenced by externally controlled parameters, such as temperature and
applied magnetic field. When the u+ decays, the direction of positron emis-
sion is correlated with the direction of the ﬁuon magﬁetic moment. Thus,
counting decay positrons in a given direction as a function of the time spent
by the muons in the medium provides information about the evolﬁtion of their
polarization. If many muons see an identical local field, the energy of
interaction between that field and the u+ magnetic moment may be observed as
a precession frequency; random or time-dependent local fields will cause
relaxation of ;he monitored polarization.

In Section II we will discuss how the polarized muon 1s obtained, how
it is detected, and hOW'it decays. Section III will deal with the process
by which a high-energy u+ comes to rest in matter, and the consequences
thereof. Sections IV through VI will treat muonium——its_formation,
ité depolarizing effect on the u+, and its chemical reactions. We will then
discuss experiméntal studies of muonium chemistry in Section VII and of muon-
ium in solids in Section VIII. Section IX will treaf the interactions of
quasi-free muons in matter.

The properties of the positive muon are well measured and understood;
we will start by mentioning only those that are relevént to a phenomenological
understanding of the complex interactions of positive muons with their

environment.

i
i
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i
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IT. PHENOMENOLOGICAL DESCRIPTION OF PRODUCTION
AND BEHAVIOR OF POLARIZED POSITIVE MUONS

Table II.l1 contains the basic informafion about muons relevant to this

section.
v TABLE II.1 - Muon Properties.
Spin: 1/2
Mass: m, = 105.6595(3) MeV = 206.7684(6) m, = 0.1126123(6) m
Magnetic moment: u = | g S | —= = 3.183347(9) u_ = 28.0272(2) x 10~ ‘&
H L 2m ¢ P
}1.
572 -11
Bohr radius: a; = —L5 =255.927 fm = 2.55927 x 107 cm
m e ’
H
Compton wavelength: ku = ;;E; = 1.86758 fm
' H

Lifetime: T, = 2.1994(6) x 1070 sec

Apaft from ifs mass and lifetime? the positive muon is in nearly every
réspect similar.to a positron. In ;he following discussions, however, the
proton-like aspects of its behavior, which have received.relatively minor
éttentiOn in the past, will emerge as more important to an understanding of
its interactions with matter. The muonium atom (Mu), as a light radioactive

isotope of hydrogen, promises to greatly supplement the,infdrmation obtained

" from studies of tritium and pdsitronium. Negative muons play an entirely

different role in mattef from that of positive muons; it is not the
purpose of this.paper to cover that field.

The theorf of the production and.decay of the muon is well
established; .a few words are appropriate'here about the:mechanism

by which’ nature has contrived to provide almost 'completely

MeV/gaus:



polarized muon beams. The earliest source of positive muons is, of course,
cosmic rays; and even they are polarized. See, for example, Bradt and Clark
(BC 63). Artificially produced muons arising from pion deqay, at s u+ + Vo
are 1007 polarized opposite to their momentum in the pion c.m. frame. In the
laboratory frame, where the pions are relativistic, a muon beam arises from
disintegrations at various decay angles. Preservation of a high average
polarization requires only that one establish geometrical conditions that
accept a reasonably narrow decay cone in the c.m. system. Fortunately, the
momentum of the decay muon in the c.m. system (29 MeV/c) is 1arge enough to
separate forward decays from backward decays by simply fequiring the mudn to
have either a higher magnetic rigidity than the pion or a.longer range than
the backward decay; the situation can easily be reversed.-.This argument
assumes, of course, that the pion beam is monoenergetic. In fact, for a
continuous spectrum of decaying pions, the muons, are polarized only if ﬁhe
pion momentum spectrum has a steep slope in the region from which the
observed muons originate. | |

The first cyélotrons operating in the meson—producing region yielded
pion beams from internal targets located in the main circulation field.
Positive pions usﬁally can escape only if they are produced in_the backward
direction. Here the spectrum drops rapidly with momentum, producing highly

polarized beams. Negative muon beams coming from pions produced in forward

- directions off internal targets will be less polarized.

With externally ﬁroduced pions, a polarized muon beam can be made by

providing a crude pion momentum selection and tuning the last elements of

the channel for muons away from the mean pion momentum. Many muon channels

also have sufficiently narrow momentum transmissions to provide excellent
polarized beams simply by specifying the final muon range (see, for exémple,

Culligan et al. (CL 64). °



Thus, using parity violation in m-u decay and taking reasonable pains
in the beam design, one can produce muon beams with polarizations typically
between 60 and 90%. The direction of polarization can evén be reversed, by
tuning the muon momentum to be either above or below tﬁe mean pion momentum.
The tighter the geometry and momentum resolution, the higher the folarizétion
—-at the expense,jOf course, of net flux. |

The muon is decelerated in matter by normal collisions with electrons;
the fesultant multiple Coulomb scattering produces a broédened beam, but the
nuon's spin is‘unaffeéted by the electrostatic interactions and remains pointed
in its initial direction. Let us assume that the muon has come to rest, still
unaffected by local magnetic fields in the medium. This assumption will be
justified in the next section.

If the muon is in a vacuum, it precesses in a magnetic field B at the

classical Larmor frequency

2u B g eB .
kH
[V = === =] +— | =13.55<F
4nmuc

X 1 B | - (2.1)

Table II.2 shows the frequency and time scales corresponding to the

range of fields we shall consider.

TABLE II.2 - Observable muon and muonium precession

frequencies and the corresponding cycle periods for a magnetic field strength B.

B - (kG) 0.01 0.1 1 10 100
W] (MHz) 1.355 13.55 135.5 1355
T, = 1/]v] (nsec) 740 74.' - 7.4 o 0.74
Bl (MHz) 13.94  139.4 1394
T = l/IVMul (nsec’ 72 7.2 0.72

Mu




In Table II.2 we have included for future reference the corresponding periods
for the muonium atom.
+ . + o+ -
The decay of the u lepton goes via the reactionu —+ e + vu + Vg

The positron spectrum~--treated in Chapter III--is described by

dN(w, g) w2 C
-Ed—s’z—-— = 2_'” (3-2W) - 6 (I-ZW) cos 6 = "2—,"1,' [1 + D cos e] s (202)

where w = E/ is the positron energy, measured in units of Emax = mu/Z,
max v + +

6 is the angle between the spin of the u and the e momentum, and £ stands

for the degree of polarization of the decaying muons. The spectrum is shown

in Fig. 2.1.

In practice, the positrons are detected with an efficiency e(w) which is

not constant over thejr entire energy range. The observed probability is then

dN(w,6) dQ v [s193 o
[s(w) [-—-&;:ﬁr] dw % = € [1 + A cos 9] i " (2.3)

If positrons of all energies were detected with the same efficiency, the
observed average asymmetry X would be-% £. As the detegtion efficiency
for low-energy e+ is reduced, the observed K increases’froﬁ-% g toward the
limiting value of g. Although this effect has been exploited only in a few
experiments, iﬁ iéu;;pecially valﬁable for detecting very small muon
polarizations. - |

In addition to reduction of thé asymmetry by kinematic depolarization
(£< 1) and by the'ayerage over positron energy, one observes an experimental
asymmetry A smallér than K‘because of the inevitable finité detection angle.

A related effect of detector geometry is the average effective mis-

alignment of the.muon spin with respect to the axis of symﬁetry of the
positron telescope. To illustrate this effect, first consiaer the idealized

case in which all the muons stop at the same site and the positron detector

subtends a very small solid angle. We then consider only those decays in



which the positron is coplanar with the telescope axis and the muon spin
diréction. The angle 6 between muon spin and positron difections cannot
generally be measured directly, since the muon spin direction is often the
unknown we seek to define by experiment. It is in principle the angle 6'
between the telescope axis and the et direction which is directly observable.
- For events in the plane defined above, these two angles are related by
8' =08 + 90 where 60 is the angle bétween the telescppe axis and the muon
‘polarization, as shown in Fig. 2.2. Since decays are only detected if 8' = 0,
the counting-réte in the positron detector will depend on geometry as

R(go) v 1+ Acos B . o (2.4)
An actual experimental apparatus, of course, has a finite stopping target
and a finite positron detector, as shown in Fig. 2.3. The effect of each
departure from the ideal is to require definition of an average effective
'6°.> The typical experiment also involves application of a magnetic field to
the region, which further complicates the definition of 60 due to -the curved
paths of iﬁcoming'muons and decay pdsitrons. In the end, however, Eq. (2.4)
will always hold with an appropriate definition of A and eo, the latter being
considered as an empiricai parameter.

One experimental approach to studying the muon polarization is to place

two positron telescopes at approximately eo =0 ana 60 = m. The difference
between the properly normalized positron detection rates.invthese two direc-
tions will be proportional to the muon asymmetry A, which may be a function of
time, A(t), dﬂe to spin relaxation by interactions with the medium. The appli-
catioﬁ of a magnetic field parallel to the muon polarization often has.dramatic
effects on the muon asymmetry, as will be seen later. This "longitudinal fieid
technique" has been used extensively in measuring the muonium hyperfine splitting

(see Chapter II), and for studying certain interactions of muons with the medium.



However, with somewhat greater experimental effort one can often obtain more
information by using the "transverse field technique”‘deSCribed below.

In transversé field experiments, an external field B is applied perpendi-
cular to the mutual plane of the muon polarization and the detector axis,
causing the muon spins to precess at an angular frequgncy

u B g uuB g eB
H u o H

wh =

= 5 = =% = 2muc . (2.5)

This causes 60 to be replaced by 90 + wu(tl-- to) in Eq. (2.4), where t, is
the time of the mgon's entry into the stopping target aﬁd t is the time of
the decay. The distribution of positron detections thus becomes oscillatory
in time.

This distribution also decays exponentially with a lifetime Tu = 2.2 uéec

due to the disintegration of the muon, and in some cases has a time dependence

A(t) of the ehvelope of the oscillations, which reflects a relaxation of the

average polarization due to interactions with the medium and/or inhomogeneities

in the external field.

The distribution can be expressed by the following formula, which

incorporates all the effects mentioned above:

o=ttt -
. dNéE) = Noe Lo {1v+ A(t) cos [wut + ¢]} + BG, (2.6):

where t = t1 - to and ¢ = 60 + A¢, in which A¢ repfesents medium—depeﬁdent

shifts of the apparent initial phase of the precession, to be discussed later.

The term BG accounts for additional events, accidentals, and electronic break--

throughs, which occur generally at random and are usually rare. No is a

normalization factor, essentially determined by the solid angle of the et

detector, its average detection.efficiency, and the total number of stopped

muons.
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Experimentally, one collects data by recording the arrival time to of
the muon and the decay time tl’ and constructing an elapsed-time histogram

for t = t, - to’ an example of which is shown in Fig. 2.4. 1In this situation,

1

the ensemble of events are collected one at a time; the event signatufe is
constructed so that only a single muon may be in the sample at once, and
subsequently onlf one positron may appear. The time intérval resdlution At
can be set either electronically or in»the binning»program, and is typically
on the order of 10_-9 sec. The expected number of counts in a'histogram bin

of width At at t, is given by [dN(ti)/dt] At; by varying the parameters

i
Né, A(t), wu, ¢ and BG, the optimal fit of Eq. (2.6) to the entire histogram
is determined, defining the best values for these parameters. Usually A(t)
t/ |

is expressed as Ae” T2 in terms of the two indébendent parameters A and Tz.
0f the four parameters A, TZ’ w” and A = ¢ - eo, each represents a piece of
valuable information about the interactions of the positive muon.

The asymmetry A is proportional to the apparent initial muon polarization.

As an indication of the amount of polarization one observes in practice,

- Table II. 3 shows a number of results for asymmeﬁries measured in various

materials. The data shown fall into three general groups. One group is
essentially completély polarized (A'% 1/3), the second group is roughly 50%
depolarized, and the third has a polarization of 10%Z or less.

Relaxation times in the range 10_7 < T2 < 10—5'séc can easily be measured
by this technique, providing inforﬁation complementary td proton NMR data.
These phenomena will be discussed in Section IX.
| The fitted phaée ¢ consists of two parts: the average effective angle
Go between the positron telescope axis and the mean polarization of the
stopping muon,‘and'the medium-dependent apparent phase shift.A¢. Since in

the usual situation muons of various polarizations stop over an extended
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target volume, eo may be a poorly calculable quantity; it is usually left as
an empirical parameter. Experimental uncertainties in to ere usually also
absorbed into the definition of 60. The additional apparent phase shift A¢
is due exclusively to interactions of the muon in the target medium after it
comes to rest. A nonzero value of A¢ generally reflects a very short-lived
formation of muonium just after the u+ enters the target. During this brief
episode, rapid precession takes place, which sometimes wili'leave the muons
in their ultimate diamagnetic environment with somewhat rotated spins. All
this happens too quickly to be directly observable, but the tesultant A
provides very useful information about the fast processes involved. 1In
Section VI we will discuss some of the recent applications of this phase data.

The precession frequency of a single muon in a magnetic field B is given |
by Eq. (2.5). Equation (2.6) embodies the assumption that all the muons see
the same field B. Occasionally, in addition to small field inhomogeneities
and local effects leading‘to muon spin‘relaxation by dephasing, there may be
several distinct local fields seen by seﬁarate ensembles of muons. In this
‘ ease cos (w't + ¢) must be replaced by ; P, cos (wgt + ¢i) to preserve the
generality of Eq. (2.6) (?i =_fraetion :f the muons precessing at the frequency
wg). Often it is advantageous to perform a simple Fourier analysis of the
time histogram (after subtracting background and dividing out the exponential
decay). This treatment may reveal precession signals which otherwise might
go unsuspected. |

In the brief discussion above we have attempted to use only classical

concepts; in our detailed discussions of these phenomena we will attempt

to be more precise.
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III. DECELERATION AND THERMALIZATION OF POSITIVE MUONS IN MATTER

A qualitati§e undérstanding of how a fast u+ slows down and stops in a
target.is essential to a complete picture of the behavior of muons in matter.
Several questions relating to this process are of basic importgnce:

(1) What are the essential states of the deceleration process? (2) Wha; is
the time scale fof each state? (3) Is the muon polarization affected?

(4) In what state or states does the muon finally thermalize? 1In this
Section we will deal with these questions in some detail. Other questions,
related to problems which are not yet well understood, can also be raised:
What sorts of radiation damage are caused by the muon, and how might they
influence the muon after it stops? In what media could there be significant
exceptions to the established rules of.how a u+ slows down? We will not
attempt to answer these questions in the absence of spécific experimental
evidence, but in some instances interesting conjectures can be made.

The most important gross features of the energy loss process are'displayed
as a flow diagram in Fig. 3.1. The>boxes represent the various stages of
deceleration and contain descriptions of the mechanisms involved. On the
right side are time estimates for the duration of the different stages,
and the approximate kinetic energy at each stage is also indicated.

A muon entering a target with a kinetic energy of ~50 MeV (momeﬁtum
115 MeV/c) will first lose energy by scattering with electrons, until its
velocity approaches that of the valence electrons of the target atoms
(corfesponding to an energy of 2-3 keV). During this Stége,ithe energy loss
per unit time is given by the Bethe formula. The total time it takeé the
u+ to slow down to 2-3 keV in condensed matter is thus estimated to be about
10_10 - 10.9 sec; this time is proﬁably somewhat longer in gases. Depolariza—

tion during this stage could only be due to spin dependent forces in the
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scattering processes with electrons or nuclei. In both cases, as Ford and
Mullin (FM 57) and Wentzel (WE 49) have shown, such depolarizing effects are
extremely small and can be neglected.

For muon energies of less than 2 keV, or for muon velocities smaller than
valence electron velocities, the Bethe formula no longér represents a userul
approximation, The deceleration of negative muons from this energy range down
to thermal velocity has been treated by Fermi and Teller (FT 47). They
estimate a typical slowing-down time in condensed matterIOf several times

14 sec. Energy loss is again due to collisions with electroné, where the

10
electrons are now treated as a degenerate gas. In principle, positive muons
would slow down through this energy range in similar times if the same
mechanisms were in effect. However, there are drastic qualitative differ-
énces between the behavior of negative and positive muons at these energies.
The most important one is that positive nuons capture eleétrons from the
medium to form'neﬁtral atoms. This is known té happen for protons, from
studies of préﬁongbeams traversing condensed or gaseous matter, in which the
positive beam is parfially neutralized (AG 62). As the velocity of the
positive particle drops below that of an electron in the ground state of
hydrogen (vac), corresponding to a kinetic energy of 3 keV for the muon, the
proton (or muon) begins to capture and lose electrons in rapid succession.

As the velocity decreases further, the neutral state begins to dominate;

at a velocity of about 108 cm/sec the beam is more than 807 neutralized. This
is shown in Fig. 3.2 for protons traversing. aluminum or O2 gas. It can be
inferred thét a positive muon beam will become almost completely neutralized
at an energy of about 200 eV, forming stable atoms of muonium (MB 52).

Direct confirmation that positive muon beams end up as muonium atoms was

obtained from the muonium studies that have been performed by Hughes et al.,
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in gaseous argon targets (HM 60).

To our knowledge, no calculations have been made of thé time the positive
muon takes to decelerate from 3 keV to 200 eV. Allison (AL 58) has estimated
that a u+ slowing down through this energy range in hydrogen gas at 1 atm
will spend about 2 x 10_10 sec as muoﬁium, passing thréugh about>100 cycles
o of muonium formation and ionization. The number of cap;ure-loss cycleé

should not be too dependent on the medium, but the time scale might be
expected to be a factor of 1000 shorter (2 x 10_13 sec) in solid or liquid
‘targets. According to Fermi and Teller, a free u wouid slqw down through
this energy range in several 10—14 sec. One may thus safély assume that the
fotal time the positiVe muon spends in the energy range 3bkeV ~ 200 eV 1is
less than 5.x 10".13 sec.

_This has important consequences with regard to the depolarization that
will occur in this stage. As will be seen in the ngxt Section, the spins
of only half of the muons in the ground state of muonium will show a chang-

ing orientation in time. They will reverse their directions periodically

at a frequency of 4.6 GHz, due to their contact interaction with the
magnetic mément of the electron. This modulation is often described
’quaiitatively as the precession of the u+ spin in the effective hyperfine
field (about 160 kG) produced by the electron's magnetic ﬁoment. The spins v
of tHese muons will have reversed direction in about 2 x 10_10 sec. Since

5 x 10;13 sec is only a tiny fraction of this périod, the depolarizationin
cohdensed media during decelération from 3 keV to 200 eV ié totally neg-
ligible, eQen if a single muonium atom remains intacf for the entire period;
if we take into account the repeated breakup and reformation of .muonium,

we would expect depolarization during this phase to be negligible even

in gases.
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At a kinetic energy of 200 eV, practically allvhﬁons are in the muonium
state. - Subsequent’deceleration to thermal energies proceeds by collisions of
muonium atoms with target atoms or molecules. Mobley (MO 67) has treated
thermalization of muonium in argon gas as a purely kinematic process of elas-
tic collisions, in which the average fractional energy loss per collision is
constant, |
where m is the méss of muonium and M is the mass of a target atom or molecule.

In this picture, the time Te to decelerate from E1 to Ez_in a gas of density

1

n molecules per unit volume is given by

M 1 1 ‘
T, = - s : 3.1
el 25/2nc e ( v E2 v El )

where o is the cross section for elastic collisions. Note that muonium
slows down faster in collisions with lighter atoms. Mobley calculates a time

of 1.5 x 10”11

sec for slowing down from 200 to 0.04 eV in .argon gas at 35 atm.
The number of cqllisions in this process is about 2.5 x 103, independent of
pressure.

In gases of large molecules or in condensed media, this model is of
questionable validity. Many inelastic energy-loss processes doubtless exist,
whose net effect can only be to speed up the deceleratién pfoéess. ‘Thus the
thermalization time in condensed media with molecular weights similar to argon
will generally be shorter than '\:10_12 sec, tﬁe estimate obtained by simply
scaling Mobley's reéult with density. |

As in the initial muonium formation stage, this time is too short to cause

any appreciable depolarization. Thué the muons will still be fully polarized

immédiately following their thermalization in muonium atoms.
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Another process is often quite significant during tﬁis thermalization state:
while a muonium atom still hasan epithermal energy in the range of roughly
20 eV - 1 eV, it may participate in so-called "hot atom" reactions. These are
chemical reactions that are usually forbidden in the thermal region for lack of
‘energy to overcome potential barriers (high activation gnergies). Hot atom
reactions of tritium (like muénium a radioactive isotope of hydrogen) have been
widely studied in gases (RO 70). There are also a number of studies of hot
tritium reactions in aqueous‘solutions, which may be used as a guide for conjec-
ture regarding tﬁe outcome of hdt muoniuﬁ reactions in liquids. It should be
mentioned thét hqt atom reactions of positronium in aqueoué solution have also
been studied in a number of cases (BN 72). However, the Analogy between posi-
tronium and the various isotopes of hydrogen is much weaker.
The most common hot atom reactions of muonium can be classified as follows:
1. Substitution reactions of the type
XH‘+ Mu* > XMu + H, where X is some radical species;
2. Abstraction reactions such as
XH + Mu* > X + MuH;
3. Addition reactions:
X + Mu* > XMu.
The’third type of reaction requires a deexcitation meéhanism to carry away the
excess energy; it is very likely to produce a chemical radical if X is a mole-
cule with saturated bonds. The other types may also lead to‘paramagnetic
| holecules incorporating muons, since there is a lot of energy available and
the final producfs may be in excited triplet states.
- So far, as will be shown later, only the first type of reaction has been

experimentally verified in the hot atom chemistry of muonium. In this type,
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muonium is bullt into a molecule with saturated bopds,'and.the total spin
density of eleétrons at the muon site is zero. With respect to magnetic in-
teractions the muon can be considered as quasi-free. These muons have, of
course, lost none of their polarization up to the time they become part of a
molecule. This is true, in fact, for all the muons that have proceeded through
the hot atom channel, independent of their final chemical status. |

The situation just after thermalization may be sumﬁarizedvas follows:

1. The total elapsed time since the muon entered the target is between

10—10 sec (in condensed media) and 10_9 sec’ (in dilute gases).

2. Regardless of the muon's chemical state, its polarization is complete-
ly conserved.
3. The muon may be in any of the following states,'iisted in approximate
order of decreasing likelihood: |
A. A thermalized muonium atom.
'B. Part of a molecule with saturated bonds. In this
diamagnetic éhvironment the muon can be considered
quasi-free.
C. Part of a paramagnetic molecule (e.g., a radical
or an excited triplet state). Here.the_environ—
ment is magnetically similar to muonium.
D; A free muon. This state can only occur in the
rare cases where the ibnizafion potential of the.
medium is greater than that of muonium (é.g.,rin
the case of helium); |
While there is much evidence to support the validity of this general

+
picture of how a ¥ slows down in matter, very little is known about the de-

tails of the mechanism involved and the possible implications. For instance,
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a better understanding of the dynamics of hot atom reactions of muonium might
lead to further elucidation of isotopic effects in hot atom chemistry in gene-
ral. However, in spite of the important role played by hot étom reactions in the

chemistry of muonium (as described in Section VII), these phenomena are not

yet well understood. The rest of this chapter deals with the behavior of muons

in their various states in the few microseconds of their remaining lifetime

after thermalization.
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IV. QUALITATIVE BEHAVIOR OF THE MUON SPIN IN MUONIUM

Before we embark upon a rigorous derivation of the evolution of a
.|.L+ spin in a muonium atom, it is conceptually helpful to describe this be-
havior in semiclassical terms. To this end, we recall from Chapter II the
'Hamiltonian for the hyperfine interaction between p+ and e magnetic mo-

ments in the presence of an external magnetic field B; this operator can be

written .
Mu_h o oh. g€ hok. gk, D e, oo -'
H —4w0(0 o )+2w . 0 +2_w g, (4.1)
where 'ﬁwo is the hyperfine energy splitting, o and 0° are muon and elec-

tron Pauli spin operators, and w" and w® are muon and electron Larmor -
"frequencies, given by fot = gH Hl; B and hw® = ge pg B. Here gp ~ -2 and
8o = +2 are the muon énd electron g-factérs; pg anil pg are their respective
Bohr magnetoﬁs (ko = eh/2mc). Note that o™ and w® are antiparallel.

The. eigenvalues of tilis Hamiltonian are given by the familiar Breit-
Rabi formula. To avoid the somefimes misleading practice of labelling the
energy levels by total angular momentum éigenvalues (which are good quan-

tum numbers only in zero field), we write out the energy eigenvalues indi-

vidually:

“o “’i 2
wy =B/ M= v ¥t el
| wo (4.2)
w3 = E/h= 7w,
vy =Ey/ = oY g Ly
where w, = % (lwe | :kl WM |), These levebls are shown in Fig. 4.1 as

.0
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functions of the "_r_xatural"specific field x = 2w+/w0: | B |/Bo’ where

B, = 1585 G. We will later refer to the transition fr_eqﬁencies wij =w - wj..
The energy eigenstates can be expressed most simply in terms of the

"naturé.l" specific field x and the "natural” basis lm“ me) I where the

subscript ""||" indicates explicitly that the axis of quantization is along the

magnetic field:

|E,) = |++)“ = | F=1, m=+1) ,
B =sl+ - rel-4) ,;-:*0. [F=1, mp=0),
|E;) = |-->Il = |F=1, mF=-1>,-(4‘3)'v
|E4=c|+-)“-s|-+)H =% |F=0 m.=0),
o 1
where ¢ L (“‘E\/—X“T)
o R (4.4)
| : :
and s = :/—15 (1-ﬁ) ;
- we have used the compact notation |+ -)= 'lmp=+%,"me= -3), ete.

The muon is alwaYs assumed (withdut loss of generality) to be initially,b
completely polarized, while the electron it captures is generally unpolarized.

This is assumed throughout, although one can imagine situations in which a

certain fraction of the electrons might have a significant polarization [ e. g.,

in ferromagnetic media (IV 73) ] . Always choosing the quantization axis along

the initial muon polarization, we c¢an thus express the initial conditions as

follows: half of the muonium ensemble is formed in the state 'ao )= |+ +)

and half in the state .lb@) = |+' -). Note that We have not specified by a sub- -

script whether the quantization axis is along the field, W_e shall treat the
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two orthogonal possibilities separately. : - (

Now, working in the Schrddinger picture, we are prepared to describe

the evolution of the muonium spin state.

A. Longitudinal Field

Ifthe magnetic field is parallel to the initial muon polarization, the

B

first half of the ensemble is in an eigenstate, Iao> = |++ > H = [E1> , and is
therefore stationary; the second half, however, is in a.superposition of twoA'
eigenétatés, |bo_>= I+ - >“ = s |E2>+ c |E4> . The time dependence of this
‘state will be

-iwzt -iw4t
Ib(t)) = se . |E2) + ce |E4) ,

1]
o

iw, t '
. |
e IEZ} +ce 2 |E4>> , (4.5)
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where w24 =W, - W

In zero field, ¢ = s = 1/’\/3, and W,y = Wo, SO that (4.5) becomes

-1w2t

. iw gt iwgt '
'b(t)>=__..2__—' 1+ e )|+->||+<1-e _ )i—+>“ . :

That is, negie’cting the physically insignificant overall phase, the state

[b(t)) oscillates at frequency w,between th‘e original state i+ -) ” and the ~
state |-+> “, in which the spins are reversed. The muon polarization in |
this half of theri ensemble thus oscillates between +1 and -1, averaging to
zero. Combined with the constant polarization +1 for the first half of the
ensemble, this produces a net muon polarization which oécillates between

0 and +1 at frequency w averaging to p”(x= 0) = 1/2. In vacuum, the .
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period of thevse 'éscillations is 0.224 nséc, too short to be resolved with any
existing experimentai apparatus, so that the apparent effect of muonium
formation is reduction of the muon polarization by a factbr of 2.
In nonzero longitudinal field, this apparent loss of muon polarization
is allew}iated. The muon polarizafion for the first half of the muonium en-

semble is still a constant +1, while the polarization of the second half now

(% - 1)
min (x2 + 1)

(4.5) with Eq. (4.4). Thus the net muon polarizatioh oscillates at angu-

oscillatels between Pmin' and +1, where P can be derived from

lar frequency w5 4 between IXZ/(x2+ 1) and +14, resulting in an average of

_ 2 v
P =141 _x . . 4.6

The apparent depolarization of muons in muonium is thus '"quenched'' by
strong rhagnetic fields (B>>Bo). ‘This phenofnenon'has béen the subject of
many experimental studies. It is important to remember that thé |.L+ polari-
zation is not actualljy lost in muonium, buf only shared with the electron to
an extent which depends upon the external field, If quantum irreversible
processes cause 'relaxatibh of the electron spin by interaction with the medi-
um, all the polarization eventually disappears; but in the sirﬁple case de-
scribed above, the muon polarization always returns to +1 periodically.
Equation (4.6) i_s exact for free muonium, but refers to the average of the

muon polar1zat10n over times long compared to the hyperfine period. Nor-

- mally the time resolut1on of the apparatus forces such an average, but we

will later encounter situations in which the strength of the equlvalent hyper-

fine interaction is greatly reduced, increasing the hypei‘fine period to the
poin‘t where these oscillations can be observed directly by the techniques

described here.
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B. Transverse Field

When the magnetic field is perpendicular to the initial muon polariza-
tion neither of the states Iao> = |++>_]. and Ibé) = |+ _>1_ is an eigenstate,
since the axis of quantization is no lOngerAt}?e field. This situation is formal-
ly more co.rnplicate‘d, and a thorough treatment will have to wait until the
next Section. However, a semiclassical model can give us a qualitative
picture of the behavior.

In weak transverse fields (B< < B'O), we may treat the effect of the ex-
ternal field as a perturbation on the zero-field eigensfates, In this approxi-
mation, the two halves of the muonium ensemble in states |a) and |b) re-
present, respectively, a polarized spin-1 (triplet) system in which muon
and electron spins are ''locked' together b).r‘ the hyperfine interaction, and
a spin-0 (singlet) system in which the muon polarization oscillates about
zero at high frequency, somewhat as in the field-free case. The triplet _
state, with a magnetic moment dom‘inate‘d by the eléctron, will precess in
the external field at its Larmor frequency, in a sense opposite to that of the

free muon in the same field:

MU =%(we + oMy & 2103 oM, (4.7)
Note that !wMu | = w.. Since the muon and electron spins are "locked" to-

gether, this precession frequency can be observed in.the muon's decay pat-
“tern. The motion of the muon polarization in muonium in a weak transverse
'fi.eld thus cohsists approximétely of rapid hype‘rfirie oscillations super -
imposed upon a slower muonium precession. The actual time dependence

of the projection of the p.+ polarization along its orig_in_al_aXis is shown in-
Fig. 4.2, for a transverse field of 100 G. The qualitative features described

above are evident. Note that the mean amplitude of the muonium precession,

‘i
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averaged over the hyperfine oscillations, is 1/2. In low field (B <100 G) this
precession can be observed directly (GI 71).
When the transverse field is no longer very small compared to

B, = 1585 G, the naive picture used above is no longef adequate. The split-

o
ting of both the muonium precession and the hyperfine oscillation frequencies
can no longer be ignored. As is generally the case, these frequencies cor-
respond to Am = %1 transitions between Zeeman eigenétates, in this case

4’ aﬂd w340 The selection rules that govérn which frequencies

“120 Y230 9y

actually appear are a function of the field. The limiting cases are

Am_, = 1 for B << Bo
(4.8)

H

Am_ = %1 for B ?”B,.

e

Thus for B << B, all thé four frequencies appear with the same amplitude,
whereas only w, 5 and W3y remain for B >~ B, The frequency splittings
have béen observed and analyzed to extract the hyperfi'ne“frequency of
muonium in various media. This new and rapidly expahding branch of p,+
spin physics will be discussed in more detail in Section VIIL

In this. section we have defined a number of useful quéntities and de-
scribed the béhavior of the pL+ polarization in a free mubnium atom, taking
advantage of a few simplifying approximations. In the nexf section we will

construct the formalism necessary for an exact description of the evolution

‘of muonium in an external field, including interactions of the electron with

the medium. Section VI will be devoted to a description of the effect on the
muon polarization of formation of muonium for very short times, and the

implications for the study of muonium chemistry.
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V. MUON SPIN EVOLUTION IN QUASI- FREE MUONIUM:
AN ADVANCED TREATMENT _

In the previous section we describéd the time dependence of the spin
state of muonium in semiclassical terms; for a few simple cases, that des-
cription was complete, but in transverse field or inAc‘asevs where the muon-
ium electron interacts with the medium, a somewhatvmo're elaborate formal-

ism must be developed. This will be the task of this section.

A. Free Muonium in Longitudinal Field

For the time dependence of the muon polarization in this simplest
system, the treatment of the previous section is exact. The polarization of

the muon in the second half of the ensemble (state [b)) is given by

IJ; I (x,t) :R’g I (x,t)2 = <b(t) lo":; Ib(t)y 2, where B = B 2, o is the Pauli spin

operator for the muon, and |b(t)> is given by Eq. (4.5). The muon polariza-

tion for the entire ensemble is P}‘L (x,t) = Pﬁ (x,t) 2 =1/2[ 1+ P'g s t) 2

The result is

x2 + cos(w24t)
P“(x t)-—-+ Al 5 1. . (5.1)
1 +x » :

B. Free Muonium in Transverse Field
The exact time dependence qf the muon polarizabtion in muonium in
a transverse magnetic field can be obtained in similar fashion as long as the
muonium atom does not interact with its material envir.onment. For this .
we must construct a few 4X 4 rﬁatrices for ‘changes of basis.
We can most easily describe the initial state in thé ""transverse'l

basis Impme>l(f-ormally written |T)), in which the axis of quantization is
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along the initial muon polarization, as in Section IV. A matrix of Clebsch-
Gordan coefficients, J, transforms this basis into the basis |F, mf>1in which
the total angular momentum along the same quantization axis is diagonal.
If we wr/ite IF’mF>J_ formally as IFD , then Jij = < Fll l_TJ.\. It is easy to
find the rotation matrix R which transforms vectors from the IFJ_\, basis into

'~ the basis |F,m , or IF”>, with the new quantization axis along the mag-

1
netic field. The inverse matrix of Clebsch-Gordan coefficients, J—i, then
transforms thé lF) basis into jm me> y» OF ILY), in terms of which the
energy elgenstates [E) can be described by the matrlx €ik <E L > implicit
in Eqs. (4.3). We can thus expand the initial states in energy eigenstates,
'_allow .the stationary components to evolve in time as éxp(iujt), and then re-
expa.nd the result in a basis in which the muon polarization can easily be ex -
pressed. A convenient final—sta;e basis will be (L), or ,mpme>ll’ where the

effect of the operator o is obvious. Thus the equations of motion for the

first half ‘of the muonium ensemble can be written

la(t)}: |L><L IE;) explist)( E; lLk><L IES X (B |Fm><F T (T lalo)y, (5.2)

or ‘ |
) = 1Ly e exp(lwt) il R enn ( T 12000),

" where summation over repea.ted indices is understood. The time evolution-

of the second half.of the muonium ensemble, lb(t)> , 1s obtained by fqllowing‘

‘the same steps. | | »

The two transverse components of muon polarization can be é)%pre‘ssed
simultaneously invte-rms of the corriplex quantity TDT (x, t),. whose rea.l’p?,vrt is
the p+ polarization along the initial diréction b 4 ana whose imaginary pa;t is
the p+ polarizé.tion along the direction § perpendicular to both % and %, the

field direction, chosen so that & X ¢ = 2. The time dependence of this
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complex polarization is given by

Pl x,t) = 5 (at) (el +1dh) la(n)

(5.3)

(ST ST

(bit) (o} + i dh) Ib(®).

The explicit expressions of the matrices J, R. and ¢ allow solution of

.

Eq. (5.3) in terms of (5.2). The final result takes the form

Bl (e, 0) = Pl (x,0) + i Pl (2,0

iw, ot 1w, .t -w, 4t iw, ,t
=dure) e P r-s)e P i(isle CTi(1-8e 1] (5.4)
iw_t W, W, R
= e cos 5 t[cos(5 +8) t-i sin(w + t],
2 2 2
where |
2 2 X
6 = - 8 = ——
Vir?
1 1, e ~ ’ ' .
w_ = 5w, twy) =5 (e |- 1) (see Section IV);
' 1 ' _ “o [ 2
and Q = -2-(w23 _.w'IZ) —'2—( 1+x -1).
In weak fields (x <<1) Eq. (5.4) can be approximated by
= 1 io t ' :
~ Lo T Q
PL (x,t) 5 e [cos St + cos (mo+9)t],. _ (5.5)
and thenits real part takes the form
P: (x,t) = %cos w_t[-cos Qt + cos(w0+‘Q)t]‘, © (5.5a)

which is shown in Fig. 4.2. Since the frequency (wo'+ 2)-is too high to ob-
serve experimentally, this appears as '""muonium pr}ece’ssion" at frequency
w_, modulated at the "beat frequency' §2, with half the initial I.L+ polarization
amplitude. This pattern is clearly shown in a measurement .by Gurevich

et al. (GI71), who observed muonium precession in quartz and germanium
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at 98 gauss (Fig. 5.1). From the precession frequency w_ and the beat

frequency £, the hyperfine frequency W, can be calculated:
wé = vw_z/ 2,
At early times or in \}ery weak fields, the condition 2t << /2 is

fullfilled. Equation (5.5) can then be written

Pwt | |
e (1 4+ cos wot)-. (5.6)

tof =~

PH(x,t) =

That is, the motion consists of a comparatively slow '""muonium precession'
at frequency  , superimposed upon a ""hyperfine modulation'' at frequency
w . This is just the behavior described semiclassically in the previous sec-

‘tion,

C. Quasi-Free Muonium

A muonium atom embedded in matter can rarely be considered ''free'’;
usually we will have to account fof the perturbing effects of its material en-
vironment.

The first such effect we must consider is the p.ossible collective ac-
tion of charge cérfiers or of an ionic crystal field upon the Coulomb attrac-
tion in the ele‘_ctrOn—muoni charge. system, A .large local dielectric polariza-
bility of the medium, due to collective shielding éffecté, can changé the size
of the muoni.u.rn atom, thus drastically modifying the hyperfine coupling con--
stant, Ef_fects,of this sort, observed mainly in semi'c.on'ductors, will be
_treated in ’Section VIII. Since these interactions change only the valu'e‘ of W s
we will consider them only impl'icity in this section. Itv should be kept in
mind, however, that w, can be a function of the medium; since this hyperfine -
frequency determines the time scale in muonium, such effects influence the

p+ depolarization rate.
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An interaction with the medium which we musttreat explicitly is the
coupling of the muonium electron's magnetic momént ‘with those of charge
carriers or with the crystal field. (We may neglect direct coupling of the 1
p+ magnetic moment to such fields in the medium, at least on the time | |
scale of muonium precession, since these interactions are at least ~ 200
times smaller than those of the electron.) In order to take that interaction -
into account, we must turn to the elegant and general formalism used by
Ivanter and Smilga (IS 68), also illustrated in a paper by Fischer (FI 73).

Their descriptions are based on earlier work by Nosov and lakovleva (NY 63),
who in turn used an approach introduced by Wangsness and Bloch for treat-
ment of depolarization by quantum irrev;ersible processes_(WB 53). Here

we briefly summarize that formalism and its predictions; the results will be
used in the next section in ;onnection with |J,+ depolarization related to chem-

ical reactions of muonium.

We start by defining the 4X4 density matrix for the muonium spin

-— B —>

system in terms of the Pauli spin matrices o" and ¢ for the rhuon and elec-
tron: |

N L, 3 _ 3 o ‘ .
pMu_ 4[1+PP.0 + e-oe+z piJ.(rglcrf3 "%Z leO' cr , (5.7) ‘

i, j=1 i,3j=0

where PH is the muon polarization vector, with components Pyo’ P2g* P3g

(x,v,2), and P 'is the electron polarlzatlon vector, with components p-Oi’ '

Pg2’ Po3- The quantities og and (rz are 2X2 unit matrices. Thus the 16
v matrices 0";' . 0? (i, j = 0-3) form a complete orthonormal basis for the space
subtended by the spin 1/2 ® spin 1/2 system.

For free muonium, the equation of motion of this density matrix is

Mu _
%:-?[HMH, pM“], o (5.8)
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where HMu is given by Eq. (4.1); In the quasi-free case, however, the
Hamiltonian .of the whole system has to be cons{dered._ One must add to HMU‘

a term V representing an "electron-lattice' interaction, whereby polariza-
tion is transferred by the electron to the immeaiate environment, and a term
HL for the '"lattice-lattice' interaction which distrib;lte;s the transferred polar-

ization throughout the medium:

g-mMvuk (5.9)

‘We must now also consider the density matrix ptOt for the combined system,

muonium and rhedium. " Following the development used by Wangsness and
Bloch (WB 53) and by Fano (FA 57) we can write the time evolution of pMu

as follows:

Mu . ' :

d i Mu Mu F o . Mu L

—Pa-—-:--ﬁ[H ,p o ]- -ETrL[V,[V,'p o 11, (5.10)
where TrL is the trace over that part of the total density matrix which de-

scribes the surrounding rhedium "L, p(I; is the equilibrium density matrix

.of ~th§ medium, and -V is th“ev porfibn of V Which_is"diagonal in the total en-

ergy.

Follow-ing Nosov and Iakovleva (NY 63), we can express the effect of
the double commutator phenomenologically in terms of a relaxation rate
imposed upon the eiectronic components of thev polar:ization. Writing out the
commutator of Eq. (5.10) and equating coefficients of orthogonal operavt‘ors,

we are led to the system of 15 Wangsneés-Bloch‘- equati'_onsﬁ
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3 3
w - u
= 2 + €., & D
Pro 2 61Jk pl_] ijk "1 5jo’
i,j:i 1,_]:1
3 3
. < 3 e -
pok - 2 Z €1Jk pl_] + Z €1_]k “i poj B 21"pok’ (5.14)
1,j=1 i,j=1 .
3 : 3
“o
pl_] -7 (Z nij Pno ~ Z €nlJ Pon )
n=1 n=1
3 3
' - e
) Z “mni ‘Jrll prnj+ Z 6rnnj “m Pin ~ 2v pij !
m, n=1 : m, n=1

where we and ! were defined in the pyevious section, and eijk is the
antisymmetric unit tensor. If v =0, so that the two electron-damping
terms can be neglected, Eqgs. (5.11) are the same as we obtain from Eq.
(5.8) for free muonium,

The sYste(n'l of Eqs. (5.11) can be separated int‘o two irreducible sub-
éystéms, one invollvin‘g‘ only the components of muon“abnd electron polariza-
tion along the magnetic field direction 2 (longitudinal subsystem), and the
other involving only the components of —I;H and ;e p_erpendicular to
B =Bz (tr.ansverse subsystem). We will now treat each of these subsystems

in more detail.

1. Longitudinal Subsystem

The equations of motion for those components of polarization coupled ¥

to p3.0, the muon polarization along the field, are
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w,

. . __° -
P3g =~ 3 (Pyp = Pyl
@, . ,
Pos = 7 (Pyp = Ppy) - 2v Py3>
Pyqg 77 9 Pypt @ Py T 2V Py | ! (5.12)
Paz = WePpq” @ P1p” 2V Py
% ~ |
Pyp = 7 (P3o " Po3) + @ Pyy t @ Ppp - 2vPyys
w
[ = - _o( - ) - W - W -2
P24 2 ‘P30 " Po3 e P22 = 9 Pyq T eV Py
where we have used o = Iwel = W, and w = JoMt = - .
, e 3 n ) 3

Solution of these equations in the general case is réther involved.
We will mention here only two limiting cases where good approximate solu-.
tions can be found. These cases were described by Nosov and lakovleva
| (NY 63) and by: Ivanter and Smilga (IS 1). |

For very fast '"spin-flipping" of the electron,

vV> > ow 1+x2,
[e}

the time dependence of the p polarization is
P‘lli (x, t)= exp( t/Ti)’ L (‘5.'13)

. where ' v ’fi = 44/ woz . » : (5.14)

 That is, the muon spin is exponentially damped at a rate which does not de-
pend upon thev_ field, bﬁt which decreases with increasing y. This can be
explained qualitatively as a v&eakening of the p-e coupling by excessive elec-
tron relaxation (NY 63). The limitiﬂg case v - correspond'sv to the situation

in metals, where the p+'behaves as if free,
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At the other extreme is the case of very mild electron relaxation,

v << wy 1+x2 .

Here we average the time dependence over the hyperfine oscillations--that is,

over a time interval At satisfying

1 2
v<< R << g 1 +x .
The experimentally observable result is
B* (. t) & ) " .
PI‘II (x, t) = Po exp ( t/TZ), N - (5.15)
where PO is given by Eq. (4.6), and
7, = 1+x (5.16)
v

Not surprisingly Eq. (5.15) depicts an exponéntial decay of the |J.+ polariza-
tion, whose initial (average) value is the same as for free muonium in longi-

tudinal field. The decay time 7, can, however, be lengthened by increasing

2

the magnetic field. Experimental observations of such field dependence of

T., constitute evidence for the presence of this sort of depolarization mech-

2

anism,

2. Transverse Subsystem

Following Ivanter and Smilga (IS 68), we introduce the complex four -

component vector

Pyo * 1P

P = Por T *Poz : | (5.47)
Pgz * 1Pp3 | | |
P3qg * 1P3p
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whose first component is the complex transverse muon polarization f’il (x, t)
defined earliér. The time dependence of the transverse components in Eq.

(5.11) can then be written
QB - iA D, ' , (5.48

where A is the 4X4 complex matrix

-2 X 0 1 =1
w
A=-2 0 (iy+2x) -1 1 (5.19)
1 -1 (iy-2TX) 0
-1 1 .0 (iy + 2X)
where '
. e, g HO [
z = |1/ 1wl =122—1:-1/206.77~ (5.20)
B - m
TN : b :
Yy = 4v/w | (5.21)
and v
) —»e B e o — B — s )
X = o /o = == = Bl = IB I/Bo, _Y (5.22)

an alternative version of the '"'specific field" discussed in Section IV, The
neffective hyperfine field" B: has a value of 1593 G for free muonium. The

_two versions of specific field are very simply related:
X =x/(1+¢)."

Since the polarization components parallel to the field evolve inde-
pendently of the transverse components considered here, we may assume

without loss of generality the initial condition

TIvanter and Smilga refer exclusively to X in their works.
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(5.23)

OO O

That is, the muon is initially fully polarized in the % direction and there is
no initial electron polarization or correlation between electron and muon
spins,

The equation of motion (5.18) with the initial condition (5.23) is
solved by diagonalizing the matrix A. The orthogonal matrix M which diag-

onalizes A,
MlamMm:=na, - (5.24)

and the resulting eigenvalues Akk = )\rlrs can be found by standard but tedious
manipulations.. We will not describe this process in detail, but simply pro-
ceed to the results, |

The simplest case, of course, is that in which v = o, s.o that A is a‘
real symmetric matrix. Here, as expected, the result contains Eq.
(5.4) for Pl (x, ).

For th‘e general case (v'% o), several limiting cases have been cal-
culated and discussed by a number of authors.

As for longitudinal fields, extremely fast '"spin-flipping' of the elec-
tron (v >> Qo J1 +x2 ) gerves to weaken th.e coupling between the muon and

the electron, allowing the “+ to precess almost as if free. Nosov and-

Iakovleva (NY 63) showed that the muon polarization in this case evolves as

1

T

ol (x,t) = exp[(-iw -
M 1

b €l | (5.25)

where Ty is gi?en by Eq. (5.14). That is, as in 1ongitudinal field, the muon

polarization relaxes at a rate inversely proportional to .



When v ~ w_, neither p‘+ nor muonium preceésiop is experimentally
observable; the muon polarization is lost to the medium through the electron
in times shofter than the apparatus can resolve. It may prove necessary to
treat this most difficult case in detail if electron "spin-flipping'' is to be
studied in cases where w, is drastically reduced, lengthening the hyperfine

time scale to observable intervals.
‘ 2 “o 2 4
In the case of very mild relaxation {v~ << (7) x ], Gurevich et al.

(GI 71) have calculated the time dependence of the x-component of the p+

polarization, averaged over the unobservable hyperfine oscillations as for

Eq. (5.15). Their result is

_ ‘ ,-Vt/'r3 Rgin Q ¢t
P“(x,t)z—e (cos2 t + ————i) cos wt
x 2 2
379
3y
(5.26)
2 w, 92 |
+(-—-——.2—)sin9tsinwt ,
w £ Y -
oy
where the expected exponential damping factor is related to p as
—
Ty = 3 (5.27)
and the beat frequency is also relaxation dependent:
2 : :
Q2 =Q 1 - L . (5.28) -

As will be discussed in the next section, if chemical reactions grad-
ually eliminate free muonium atoms from the ensemble, the observed muon-
ium precession in low fields will be exponentially damp'ed' as _above, but fhei‘e
will be no shift in the beat frequency. In principle, an obsérvation of this

phenomenon, though difficult, would serve to identify the cause of such
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relaxation of muonium precession. Such a clue may prove vital to studies of
muonium chemistry in the gas phase, where one technique is to add a reactive
gas to an inert target gas in weak transverse field and watch the resultant de-

cay of the muonium precession signal.

D. Muonium in an r-f Field

We will briefly mentién the effect of one artificially induced perturba-
tion upon the evolution of the |.L+ spin in muonium: the application of a strong
r-f field at a frequency near one of the Am = +£1 transition frequencies of
nﬁuonium, usually @5 This technique has been used extensively for mea -
suring the muonium hyperfine interval to extreme _'p_recision,
and also for studying the chemical and spin-exchange reactions of muonium
in gases (MO 67). The analogy with electron spin res'ovnar.lce experiments is
nearly perfect, but several distinguishing features shouid_be noticed.

Thé r-f excitation is almost always superimposed upon a constant
longitudinal field. Thus an excitation of the transition |E1> - IEZ) destroys
the longitudinal p+ polarization in that half of the ensemble which forms in
the polarized triplet state. The average polarization is thereby reduced as
r-f pumping brings states IE1> and |E2> into equilibrium population. Since
the population of state IE2> in the original muonium formation is lower in
~ stronger longitudiﬁal fields [see.Eq. (4.5)], the effect of fhe r-f depolariza-
tioﬁ increases with field stl;ength. This dépol_arization is reflected in the

ratio of decay positrons detected in forward and backward directions, so that

the '""resonance signal'' is

N_(rf on)-N_(rf off) N, (rf on)-N, (rf off) o
f £ b b (5.29)

S = N (rfon)+N(rfoff) = N _(rfon)+N {rfoff) * . .
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By contrast, the resonance signal in ESR exper.iments is a bulk ab-
sorption of r-f power by the sample.

| When the muonium electron is strongly relaxed by the medium, the

depolarizing effect of an r-f fiéld is negligib'le in comparison, leading to a

""quenching'' of the resonance signal defined above. A fast chemical reaction,

‘placing the p+ in a diamagnetic environment before the r'—f perturbation can

have any effect, will also '"quench'' the resonant depolarization signal. Mea-

surements of the height and linewidth of S ( (‘)rf) as a function of impurity con-

centration can be analyzed to yield cross sections for spin exchange and chem-

_ical reaction of muonium (MO 67).
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VI. CHEMICAL REACTIONS OF MUONIUM AND
RESIDUAL MUON POLARIZATION: THEORY

If all thermalized muonium atoms were to preserve their chemical
state, most experiments on interactions of the p.+ spin with matter would in-
volve observation of the sort of phenomena described in the previous section.
However, that situation is rather exceptional, since muonium is a radical and
therefore has a strong propensity to react chemically. For the time being we
shall assume that all such reactions are of the form

Mu + X - D, ' (6.1)
where X is some reagent and D is an unspecified final étate in which the muon
is incorporated into a diamagnetic molecule. In most medié. these reactions
occur during ‘the p+ lifetime, leaving that particle in a diamagnetic environ-
ment, where the rapid spin evolution described in the previous section stops
abruptly. Other types of thermalized muonium reactions also occur, and we
will describe later the effects of different coriqurreht reaction channels. In
‘addition, as mentioned in Section IIl, a substantial fraction {(h) of muons usu-
ally reaches a diamagnetic environment through hot atom reaction channels,
bypassing the muonium stage of spin evolutioh completely.

Considerihg for the moment only that fraction (1-h) of the muons which

thermalizesas free muonium, there are two extreme situations in which chem-

ically meaningful measurements can be made in transverse field, ‘ If the Mu
atoms remain uncombined for bbservable times (~ 100 nsec or more), the

"muonium precession'' phenomena described in the previous Section can be

studied; chemical reactions of Mu atoms are manifested in an exponential de- -

cay of that precession. This technique is well suited to gas-phase studies
(MO 67), where reaction times are often many nsec. However, since p+ stop-.

ping density has historically been a severe experimental limitation, most
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studies of Mu chemistry have been in condenséd mafter,' espécially' in liquids,
where reaction times are usually much too short for direct observation of
muonium precession. In this situation, one looks for H% p.z"ecession as de-
scribed in Eq. (2.6). Muons still precessing in muonium ( ~103 times faster)
appear coxhplet‘ely depolarized on this time scale, vsbo that muonium is con-
sidered as a depolarizing influence upon the muon. In faqt, since each muon
“emerges' from the muonium stage of spin evolution at a different time (fol-
lowing a probability distribution), the |J,+ ensemble is depolarized (in a ther-
modynamic sense) by the resultant ""dephasing." If T’ the mean chemical
lifetime of free muonium, is much longer than the period of muonium preces- .
sion (2m/w ), this "fast depolarization' is complete, and the muon asymmetry
in Eq; (2.6) is zero. However, if 'rm<<1/w0, the p.+_ séin has little oppor-'.
tunity to evolve >in muonium before entéring a diamagnetic state, and the
"residual polarization' after its brief stay in muonium app.roaches unity. In
addition, when T~ 1/@_, the short-lived ﬁqonium precession rotates the _
polarizationv through an average ahglé A | ’\va_ T which is obse‘rved as a
shift of the apparent initial phase of the p+ preﬁession, é,s described in Sec-
tion II. |

When muonium lasts long enough to destroy the p.»Jr- precession, but not
long enough for Mu precession to be observed directly, no useful information
" can be obtained in transverse fiéld about the fate of the fraction (1-h) of muons
- which thermalize as muonium. This limitation does not apply to experiments
in longitudinal field, and in general the two techniques. are complementary.
However, the residual polarizations and apparent phase shifts in trahsversé
‘field, when observable, provide the fnost revealing eXperimental test of very.
fast chemical reactions. The emphasis in this section will therefore be upon

a precise theoretical prediction of these quantities in terms of the properties

of the medium.



40

A, Proper Muonium Mechanism -

Muonium reacts with the reagent X at a constant rate A. The prob-
ability m(t) that a given muonium atom is still free at time t therefore obeys
the rate equation

dm(t)
dt

= - Am (t), (6-2) )
so that the probability m(t) decays exponentially with a mean lifetime

Ty = 1/A; _ (6.3)
if the origin of time is chosen to be the instant of thermalization (approx-
imately when the |.L+ enters the target, since the stopping time can be neglected

in comparison with the time scale of p polarization evolution in muonium),

then m(t) is given by

(6.4) .

H
The probability dn that the reaction (6.1) occurs within an interval dt at
'
time t is given by
!
1 -t /"rm }
— e

- dt . - (6.5)
m

dn =

At the time of the reaction, the complex |.1+ polarization in the trans-.

- K
verse subsystem (defined as in the previous sections) is just PJ_ (x, t), the

first component of P in Eq. (5.17). Following reaction (6.1), the |J,+ will

precess at essentially the free Larmor frequency, @ Thus the polarization

!
of such a muon at any time t >t is

. 1
- . -iw {t-t )
PT (x,t ) e b

Such a fate befalls a fraction dn of all the muons in the ensemble.
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These muons thus contribute

. . -lw (t—t')
dP(t) = dn Pf (x,t )e M (6.6)

to the net ensemble muon polarization, P(t). Surhm’ing all such contributions

. ! ‘
leads to an integral over dt . By the same token, we must include in P(t) the

contribution from Mu atoms W}ﬁch have not yet reacted; this is given by the
-t/ ‘ '

product of the probability e ™ 5f Mu surviving reaction for a time t, and
~ the polarization of such muons, ﬁl“ (x,t). The global p.+ pblarization at time -
t is thus given by
1 ' .
| S P (T /T . -t/T
P(t)'zgpr‘(x,t )e M ?.dt-l- Pf(x, t) e m (6.7)
5 m .

For t >> T the second term vanishes and (6.7 can be written in the form

: -iw“t
P(t>> 'rm)z e R_L' | (6.8)
-where |
} )
0 _ it -t /7T
R :S' PF(x,t)e P {&— | at. (6.9)
1 1 T
0 m .

- That is, long after all muonium atoms have reacted, the muons precess just:

as if they had begun at t = 0 with an initial polai'iz'atior'lvR_L. This apparent
initial |J.+ polarization is called the ''residual polarization;" it is generally re-

duced and rotated with respect to the actual inital polariiation. RJ_ can be cal-

‘culated in several ways. If PT (x,t) is given by a manageable explicit formula

such as (5.4), the integral in (6.9) can be performed directly. Alternatively,
if the diagonalization of the matrix A as in Eq. (5.24) is known, the: time de-

pendence of ﬁf (x,t) can be written formally as
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: ikk t '
> _ , . (6.10)
Pl (x,t)_Zer -
T v
where
_ -1
Fk-M1k (M )k1° (6.11)

This formula can be substituted into Eq. (6.9) and integrated easily. The re-

sult is
R - —L Z k : (6.12)
1 Trn o, k
k
L. L m o
where Ay = - T + 1()\k + u.)’-L ). | (6.13)

This approach is useful in more complicated situatior;s,a._s we shall see later.
However, the most elegant approach to this problem 1s that used by Ivanter
and Smilga (IS 68), who noted that Eq‘. (6.9) simply expresses R_L in terms of
the Laplace transform of the first component of P. This.allows solution for
Rl by' transforming the differential equations (5.18) into a system of linear

equations:

(A =u]) X(u) = - B (0), (6.14)
where v ,_{ (u). = S.e_ut P (t) dt,

with u = 1/7m - in, agd I the identity matrix. Thus R_L is just 1/7’m times
the first component of the four-component transformed vector 96 (u). The
linear system is easily solved by matrix methods, giving the general result

R, = L ,  (6.15)
1 - iT(A+B)B/(AB” - A -B) '
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where | T = —(-029— T? (6.16)
A=-iaq, (6.47)
o =y+i/m, (6.18)
and - - B=A -2x (6.19)

The longitudinal subsystem of polarization components parallel to
the magnetic field is unaffected by p+ or Mu precession. Here the time de-
pendence of the |J.+ polarization in muonium generally eonsists of an expon_eh—
tial decay, either in Pﬁ (x,t)[as in Eq. (5.13)] or in its average over hyper -
fine osbcillatiens [as in Eq. (5.15)]. As muons react chemically, they are
spared from this depolarization; the ensemble time dependence thus has a
form analogous to Eq. (6.7). Such an integral is easily performed in the

simple case

’1/7‘m<< %«/1 —I-x2 << v, - : (6.20)

where P:T (x,t) is given by Eq. (5.13). The result is

T T : '
_ 1 m 1 1 : :
P(t) = — 5t T exp [ -(—T + = )t] - (6.21)
m 1 m 1 m 1

-

‘where T, is giveh by Eq. (5.14). The effective depolarization time

1

T — 4 —'1—.)'-1  is sometimes long enoﬁgh to be observed directly

_eff:('r T

m 1
(GM 68).

In the case of slow reactiqns and mild relaxation,

: 2 2 .
1/7‘m<<wo 1+x” and v << wom/ii-x R v (6.'22)

integration of T’H“ (x,t) from Eq. (5.15) yields
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= 'TZ 1Do | TmPo 1 1 :
P(t) = exp[ - (— + —)t], - (6.23)
Tm-+’l'2 'Tm+ 7'2 'T'm 7'2

“with Po from Eq. (4.6) and T, from Eq. (5.16). Con-
ditions (6.22)vare often fulfilled in gas phase reactiohs.

In general, however, we may only observe the residual p+ polarization
R, at times t>> T long after all Mu atoms have reacted. The expression

]
for R\I is analogous to that for Rl:

: '
0 -t /T
H ' e / m 1
R, :g P, t) & at, (6.24)

where Pﬁ (x,t) is just p3o(t) as in Eq. (5.12). After some manipulations:
with the Fourier transform (IS 68), one obtains the general result

2 2

1 2 2, .\’
x+1+v'rm+(0t/4)

where o is given by Eq. (6.18).
In the limiting case (6.20), the result is R” = 7'1/(Tm+ Ti)’ as evidént'
from Eq. (6.21).

In another simple limiting case

2. i '
v<< 1/7m'<<w0 1+ x°, o (6.26)

we have g - 0 and (6.25) reduces to

, |
lim R = X *+1/2 (6.27)

T2
l X +1+vT
m

o — 0

This result can also be obtained by integrating PM(x,t) from Eq. (’5.1 5)

H
(NY 65).
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The oblique field case can easily be handled as a superposition of
longitudinal and transverse subsystems: if the original p+ polarization is in

the x-z plane at an angle i to the z-axis, the net residual polarization is

R =% Re (p(0) R))4 §Im(p (0 R)) + 2 p30(0) R, (6.28)

where p10(0) = sin ¢ and p30(0) = cos .

The above description pertains to that fraétion (1-h) of muons which
thermalize as free muonium. In general there ié also a fraction h which re-
act through epithermal channels, essentially att = 0, and propagate througﬁ—
out their existence as quési—free muons. To obtain the experimentally ob--

-
served residual polarization, Pres’ one must combine these two components:

P, = hlp,,0 X+ P30(0) z] + (1-h) R. (6.29)

The pure transverse field case, where p30(0) = 0 and pio(O) = 1, can thus be

expressed as

P =h+ (- R . (6.30)

J‘res

If we then observe the positrons from |J,+ decay long after all Mu atoms have
reacted, the experimental asymmetry A and the phase shift A¢ in Eq. (2.6)

will be given by

A=a_|P o (6.31)
lres . '

. ) Im (P-Lres) o
Vandv tan Aq) = —R?P——).’ . : (6.32)
J‘res ' ' :

where AO is a constant factor equivalent to the effective asymmetry when no

polarization is lost in the target. This factor, like 90 in Eq. (2.6), depends
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upon beam polarization, counter geometry, and the details of the decay.
Both are usually fitted as empirical parameters. Figure 6.1 shows the de-

pendence of [P | and A¢ upon the average chemical lifetime T for a (
: res ' ‘ i
perpendicular field of 100 G, assuming v = 0. The dashed curves are for 5

the case without hot atom chemistry, where P_L = R, and the solid
res ’

curves show the results for h = 0.5. At very short chemical lifetime
('rm << 1/mo) the average muon's stay in muonium is so brief as to have no

effect on the polarization, leaving P =1 and A¢$ = 0. For T~ i/wo s ‘ .

lres
muons ''drop out'" of muonium over one or two hyperfine periods, causing R_L

to drop to ~ 0.5; this situation persists for T intermediate between 1/w0

il | in Fig. 6.1. When
res |

Tn ™~ '1/w_ , muons leave muonium during approximately the first quarter cycle :

énd 1/w_,, giving the '"plateau'’ effect seen in |P

of muonium precession, leading to a rotation of the residual polarization in
the opposite sense to p.+ precession as well as a net attenuation which is es-
sentially complete for T > 1/w_ . In this final lirhit, the phase of R_L goes
to - 90° (ppsitive Ad beiﬁg defined here in the sense bof free p+ precession)

while lR_L | - 0; P_L , however, contains the constant unrotated vector h,

and so its phase retll;:xsls to zero as the magnitude of the rotated component
vanishes.

As we .have seen, irreversible depola.'rizatic_)n of the muons is~.brought
about by the ''dephasing' of their spins due to chemical reaction of Mu atoms
é.t random tivmes.A This is referred to as the "proper muoniurﬁ mechanism" -
for fast p+‘depolarization.- The '"'plateau' in ,P.L | and the '"phase dip" in

. . res ) )
A¢ are particularly characteristic of this mechanism; these phenomena are -

¢

not predicted in oversimplified models such as that used by Firsov and Byakov ~
(FB 65).

- A convenient experimental method for testing these predictions can
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be used in dilute solutions of a highly reactive scavenger compound (X) in a
solvent (S) which is inert to thermal reactions with Mu, but in which epither -
mal reactions have a finite probability h. The reaction rate A = 1/Tm is as-

sumed to be proportional to the concentration [ X] of the reagent:

A =k([X], . | (6.3"3)

where k, the constant of proportionality, is called the chemical rate constant.
Thus, by varying the reagent concentration [ X], one can change the chemical
lifetime 7__ to produce curves of P vs [X] such as those shown in Fig.

qores
liter/mole-sec and a 'thot fraction'

6.2, where a rate constant k =10
h = 05 are assumed. The solid cﬁrves in Fig. 6.2 are for an external field
of 100 G, corresponding to the solid curves in Fig. 61 _The dotted curves
are for B = 10 G, and show that slowing down the muonium precession broad-
ens the plateau. The dashed curves are for B = Bo‘ = 1585 G, where w_ be- |
comes comparable to (;’o and the plateau disappears. Here the amplitude of
the phase dip is reduced and the positive excursion for very short reac;t.ion
timés is much more noticeable than in lower fields. The reversal of the sign
of A¢ can be understbod in tefms of Eq. (5.4) for 'lvi’f (x,t). For high fields,
6 ~ 1 and the first motion of the |J.+ spin includes a rotation in the normal
sense of p+ precession. The contrary precession of the electron moment

then carries the p.+ spin along with it. For fields stronger than Bo’ the dip

in the phase of P becomes too small to measure conveniently, especially

'I‘res

~when h is large. The pqsitive excursion increaSe's somewhat with field, but
is never large enough to observe easily. |

In Fig. 6.2 it is assurﬁed that v = 0; any sigﬁificaht relaxation rate
for "the'muonium electron would disrupt the muonium precession, as in:(Eq..
(5.25), causing the plateau effect and the phase dip, both results of coherent

Mu precession, to be more or less spoiled. Equation (6.15) gives the depen-
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dence of P upon y = 4v/<u0; one can envision a situation in which T is

1
res , _ :
constant while vy depends upon the concentration of a paramagnetic species
(SC 71). More generally, both T @0d v would vary with [X]. However,

there is no evidence for non-negligible spin-flipping in even strongly para-

magnetic solutions (SC 71). so we may assume that vy << w, in liquids.

B. Radicals and Two-Stage Mechanisms

It was assumed in the preceding description that .all.chemical reac-
tions of muonium leave the p+ in a diamagnetic environment. This is not
generally i:rue._ Since muonium is- itself a paramagnetic atom, at least one
of the products of its reaction with an ordinary diamagnetic molecule will be
a paramagnetic molecule, or radical, If the radical préduct incorporates the
muon, then a hyperfine interaction between the‘p+ and any unpaired electron
will lead to mofions of the coupled spins quite like those in muonium. The
simplest sort of radical contains one unpaired electron in.an s.-orbital; in
this case the spin system is identical to muonium except that ‘the strength of
the hyperfine coupling is greatly reduced. That is, the hyperfine frequency
in the radical, W, s is gene;ally much less than that in muonium, ;00.

Radi_cais_ created in epithermal reactions, if all of the same species,
could be observed directly by virtue of their muonium-1like behavior, d_-é—
~scribed most ge'nerally.by Eq. .(5.18), in which A is now Ar, the radical \}e'r—
sion of the matrix Am defined by Eq. (5.19); Ar differs frdm Am 1n t'he‘ sub-

- stitution of W, for w everywhere (including the definitioh of X). 'If a fraction
r of incoming muons enter identical radicals in this way, essentially at t = 0,
they can be detected only if they remain chemiéally 'fvree. for an obser{rable

time (~ 100 nsec or more); su>ch ""radical pfecession" has never yet been ob-

served.
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Fast thermal reaction of an epithermally formed muon-bearing radi-
ical R leads to a p+ depolarization mechanism perfectly analogous to the
proper muonium mechanism described earlier, provided that the thermal re-

action leaves the muon in a final diamagnetic environment D:
R +X— D. . (6.34)

However, if the radical itself arises from thermal reaction of muon-

ium, as in

Mu + X — R, - (6.35)

then the p+ spin has already evolved in muonium for an arbitrary time before
entering the radical environment. If the radical subsequently reacts és in
(6.34), and if both reactions occur swiftly enough, some g+ pélarization still
remains; but the simple Laplace transform technique déscribed above will not
suffice to solve for the residual polarization which here involves an integral
over two exponentially distributed reaction times.

’A flow diagram of this '"two-component ﬁlechani_Sm" along wifh other
competing m‘échanisms of p+ depolarization, is showh'ih Fig. 63 The pos-
sib'ilvity of reactions of Mu with the solvent S are also included in this picture;

these are assumed to be of the form

Mu+S-D ,‘ (6;36)

or Mu + S—- R. (6.37)

With the variety of reactions giveﬁ by (6.1) and (6.34-.6v.3’7) Y ‘an a;ssortnien_i: of
»cherlni‘,'cé.l rate constantsl;must be defined. Table VI.1 lists rate constants and
‘chemical lifetimes for the various reactions in Fig. 6.3, uéing an obvious
r'nnem.onic brescription for subscript labels. To maintain a semblance of sim-
plicity, the possibilities of more than one reagent or of multiple radical spe-

cies are not mentioned. In fact, Fig. 6.3 does not include more than a repre-



. 50

sentative selection of reaction channels. For instance, we have not men-
tioned the possibility of formation of unstable diamagnetic compounds which
decompose spontaneously, releasing free Mu atoms again. Ivanter and Smilga
(IS 71) showed that the process of multiple formations of unstable diamagnetic
compounds has the same effect upon the muon as the process of repeated ion-
ization and electron capture known as charge exchange. The effect of either
process is generally the same as for continuous depolarization of the muonium
electron by the médium, With an a'ppropriat‘e definition of v. We have also
negl'e.cted such three-stage depolarization mechanisms as Mu - R — R' -~ D.
The residual polarizavtion following the twov-co.mpo'nent depolarization

process Mu - R — D can be obtained by solving a set bf coupled integro-
differential equations which reduce to an equivalent set of Volterra in_tegralv
equat'ionsv. Fischer (F'I 73) found the solution for the case in Whiéh the. un-
paired electron in the radical is initially unpolarized. He also péinted out’
that the problem c'ou‘1d be> éolved simila!rlly for the case in which the radical
simply adopts the muonium electrén as its unpaired electron, so that the
electron polarization [componeﬁts poi(t)] is transfe‘rred” s.mool:vhly from Mu
to R. The advantage of the integro-differential method is that thev'residual- :
polarization ‘emerges as an explicit (if somewhat unﬁvieidy)v_ fun_ction of the
- applied field, the hyperfine coupling in the ;ra..dical, _thevel_éc_t_ro-n‘depol’afiza-
.tion ratés Vm and V. 1n muon'ium and -the ‘radical, aﬁd the chemical param-
eters listed in Table VIL.1. | |

. Another calculational techﬁique_is sometimeé convenienf when sev-
eral complicavted competitiv_e‘ reaction schemes are to be treated,. or when
Am and Ar can be diagonalized easily (e.g., by numerical techniques using
a computer). This approach, described in detail in Ref. (BG 73), is an ex-

tension of the derivation described in Eqs, (6.10) through (6.13). " The resid-

ual polarization is expressed as a generalized sum of contributions from
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all possible histories of p+ spin evolution, each contribution consisting of a
product of the probability of that history and the final p"+ polarizati.on rve‘sulting
from that history, as in Eq. (6.6). This leads fo integrals over react;lonk
times as in Eq. ('6.7). When formal solutions for time dependence such as
Eq. (6.10) are substituted into these integrals, they can be performed easily.
The residual pqlarization ig then expressed in terms of eigenvalues, revac—
tion rates, and diagonalizing matrices. |
Assuming that Ar is diagonalized by the matrix R [in analogy to

équa,tion (5.24)], so that

rR°1 A R=AT, (6.38)

kk

with Al = )\11;, the residual polarization in the transverse subsystem for
the model described by Fig. 6.3 and Table VI.1 can be expressed as

F
‘P_]_ :h_(1—h—r)z k‘
res "md k %
G ‘ ‘
r N k :
- : ' (6.39)
- Trd %{ Px |
: w
(41 -h-r) ik -
+ T Z ] ?

mr 'rd ik %% FdBi

where Fk is given by Eq. (6.19) , L by Eq. (6.13),

Mg (6.40)

G, = Ry, (R

Bre =~ 1/Teq 1Oy ta) N

and Wik is given by different expressions, depending upon whether the
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electron polarization is lost or transmitted as Mu - R; if the radical starts-
~over with a new unpolarized electron, then

Wik = Gi Fk. ' '(6.42)

If the radical picks up the muonium electron with no loss of polarization, then

1

-1
)ki )

Wik = Z R1i (R )ij Mjk (M (6.43)
j
This latter formulation is less elegant, in that the dependence of

Plres_ upon v ., v, @, and B remains implicit in the diagonalization of Am

and Ar' ‘"However, this approach has. certain practical advantages. To con-
struct a diagram such as that in Fig. 6.3 which incl_udés all conceivable re-
action schemes would be sheer folly, since the results are totally insensitive
to processes which only involve a minute fraction of the p+ ensemble. How-
ever, different situations call for different treatments; for instance, depdlar~
ization in solids‘vencompasses a wide range bbf mechahisms which are unim-
porta‘ht in liquids and completely ab.s;evnt in gasés. Thus a formaiism which
can be easily modified to include new ér exotic channels is sometimes more
convenient inj constructing ''made-to-order' models. |

To visualize the observabvle effects of radicali. formation, we fecall

the dependence of IP_L
res

muonium rhechanism (without radicals). In Fig. 6.2 we showed the charac-

| and A¢ upon reagent concentration for the proper

' 'teriétic ""plateau'' and phase dip for several magnetic _fieids. Radicals, with
‘substantially smalier hyperfine frequencies than muonium, produce these evf—
fects at proportionally lower fields, wﬁich are usually éxperimentally im-
practical. Thus a field which is 'low'" for inupni_um may be "high" fof .th'e :
radical, facilitafing an experimentai test for the bresence of radicals. Fig—

ure 6.4shows several examples of physical interest. " All are for B =100 G,
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h=0.5, and r = Vi T Vp S 0. The solid curves show the proper muonium
10

mechanism (no radicals) with kmxd = 10" " liter /mole-sec and all other

rate constants zero. These are the same as the solid curves in Fig. 6.2.

The other sets of curves show situations involving a radical with w, = 0.1 W, -
For the dashed curves, the radical is formed from reaction of Mu with X,

and the only nonzero rate constants are kmxd = 1010 liter /mole—sec,

11

k =10 1iter'/ mole-sec, and erd = 1010 liter / mole-sec. For the

mxr
dotted curves the radical is formed from reaction of Mu with the solvent, and

the nonzero rate constants are LS 1010 liter /mole-sec, [ S]k - 101

msr
sec_i, and erd = 1010 liter/ mole-sec. In all examples the muonium elec-
tron "is assumed to be transfer;‘ed ""gently'! to the radical with no loss of |
polarization [ see Eq. (6.43)]. The loss of the plateau effect with the a.ddi-v_
tion of radicals is apparent in both situations. This is due to the shifting of
the upper, "hyperfine'' part of the depolarization curve towards lower con-
centfations- (longer times).
_ It should be ﬁoted that while other phenomeﬁa c.’(‘)uld cause a curve of
'P_L - | with no plateau in low field, they would also destroy the phase devia-
tion,I»‘-e\:rhich péfsists in the situations depicted in Fig. 6.4. For instance, a
large value for Vi would disrupt the cohérent precession of the muonium
syétem, thereby destroying th-e plateau, but nve'c'ess.arily eliminatipg the phdsé
~deviation at the same time. Similarly, a mechanism ’consisting only of a
~ dependence of ~the hot fraction h upon [ X] could cause a plaﬁeau-free "repolar-
‘izatio,n" but could not result in any phase deviation. Observation of phase

- deviations without concomitant plateaus in |P | thus serves as a Specific

1

. . ) . res .
experimental test for the presence of radicals in the depolarization mechanism.
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VII. MEASUREMENTS OF REACTIONS OF MUONIUM

The VMu atom, being paramagnetic and highly reactive, interacts
chemically an_d/or magnetically in most media, as discussed in the preceding
section. The quantities T (mean chemical lifetime of free Mu) énd v (re-
laxﬁtion rate of the Mu eléctron) generally characterize thesé interactions;
for certain ranges of 7., and v, ﬁhenomena can be observed which provide
information about the reactions of Mu and the properties of tﬁe medium. In
this section we will give a brief survey of such experimental results.

In transverse field, Mu precession cannot be observed unless both Tm
and 1/v are larger than ;*1'0-8 sec, the smallest time interval over which
measurements are practical. These conditions have thﬁs far been satisﬂed
only for muonium in noble gases, insulators, and some semiconductors at low
temperature. When Mu precession is observable, its amplitude generally -
relaxes; measurements of the relaxation rate are reliable in’th‘e regiori from
about 105 sec-1 to- '108 sec-1. This method is thus convenient for measuring
rates of moderately slow chemical reaction and eléctron relaxation proéesses '
such as spin exchange. |

Free p+ precession at the muon Larmor frequency, at the other ex-
treme, is only visible if Mu reacts in very short times (7, 2 1/w) via epithermal
or fasf thvermal processes, or if the eleétrqn's relaxation rate is so high -
(v>>Qo) that it is effectively decoupled frqm the muon. The former si-tuétion
occurs in mény 1iqu\ids, while the latter is characteriétic of conduc:tor‘s.i As
mentioned in the preceding section, 7., can be n.'xa‘nipula'ted by varying reagent
coﬁcentration in solutions, and the residual polarizatiori fitted to determine.

chemical rate constants. Determinations of V by transverse field techniques

are apparently limited to gases in which v<<w, and solids with v > >wo,
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since Mu precession has not been observed in any liquid, and even the strongest
paramagnetic solutions do not show fast enought relaxation of muonium to sig-
nificantly effect the residual p+' polarization. (BC 74)

In longitudinal field, the dephasing effect of Mu precession is absent,

- and the presence of muonium is signalled by a reduced value of the apparent

initial polarizaﬁon R” and/or an exponential decay of the time-averaged
polarization, as in (5.13), (5.15), (6.21) or (6.23). Muonium formation alone
can never ''destroy' more than 50% of the x.nuon pola-rizati‘on in longitudinal
field_ [see Eq. (4.6)]. However, in gases or other media where muonium is
long-lived, relaxati‘on processes (e.g., spin-exchange collisions) can bring -
é.bout complete depolarization of the |.1+. Chemical r‘eac‘;ions can ohly_ser\)e
to reduce the amount of depolarization, but caﬁ speed up the apparent rate of
thaf depolarization which does occur, as is evident from Eq. (6.21). .The_se
phenomena can also be studied by virtue of their'quenching effect upon the '
resonant depolarization produced by an r-f field, as discussed in section V.

We turn now to a survey of experimental results.

- A. Reactions of Mu in Gases

Mobley g_t_i_i_. (MO 67, MB 66, MA 67) have conducted a series of exper-
iments on chemical and sp.in exchange reactions of muonium with impurity
gé.ses in high-pressure (40 atm) argon. To our knowledge these are the on.ly
studies of muonium chemiétry'in'.gaseé to date. They Iare of three types:

relaxation of Mu precession in transverse field, directly observed relaxation

‘in longitudinal field, and quenching of resonant r-f depolarization in longitud-

inal field.

1. Transverse Field

Mu precession was observed in a very weak transverse field (~2 G).
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The rate N\ of relaxation of the precession signal was measured and compared
with that observed in pure argon, A, = 0.2 psec'1, which was probably due to
minute Oz.impurities. Examples of Mu precession signals are shown in Fig.

\

7.1. The most reliable results were:

Added Gas Partial Pressure (mm Hg) X (psec™ )
o, 0.255 4.4+ 1.8
C,H, 10. 4 5.8+1.7
CH,Cl 705 ' 1.5+ 0.5

The relaxation rate due to interactions with reagent X is proportional to the
concentration {X], usually expressed in moles/liter‘ (at 300°K, 1 mm Hg

partial pressure is equivalent to a conce_ntration of 5.87 x 10-5 moles/liter):
N o=k [X). K (7. 1)

The constant of proportionality, k , is a second-order rate constant. Again
following the chemist's convention, we express k in liter / mole-sec.
Interpretation of Eq. (7.1) is not unambiguous.- 'fhe quantity \ is .th__e
rate of loss of polarized muoniufh; 'tlilis may regult from loés of muonium itéelf
by chemical reaction (k = kch) or from depolarvizatio'n df free muonit.m.qr (k = Kk
In general k = kch + kd. The mean chemical lifetir;rle and an effective spin=-

flip frequency in\t_ransverse field can be expressed in terms of these rate

_2k
eff 3

Depolarization of free muonium in gases is believed to proceed by

constants as 1/ d [X] -- see Eq. (5.27).

Tm = kch [X] and v

spin exchange: in a glancing collision between a Mu atom and a paramagnetié
fnole'cule, the wave function of the muonium electron b'riéfly overlaps that of.
the unpaired molecular electron(s), making possible an exchange of electrons

with opposite spins. The average depolarizing effect of a spin exchange

Q"
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process depends upon the vavailable molecular electron spin stétes (éxchange
of electroné with .l_ike' spins has no effect). In general we can write kd = fkse,
with f< 1. For spin %mo_lecules, f=1%; for spin 1 molecules,b f = %(32/27._).
(MA 67) By contrast, a "charge eixchange” process (Mu —* b’ = Mu) always
results in a 50% polarization loss (unless its rate c\orripéj:t'es with wg):

k,= %kce' These relations are somewhat m.odified' in-longitudin‘al field, as

d

will be seen.

Relaxation in C2H4‘and in CH3C1 is taken to be due only to chemical

reactions, k = kch' From Eq. (7.1) we obtain

~

k (Mu+ C,H,) = (0.95+0.28) x 1010 liter / mole-sec (7. 2)
and

k., (Mu + CH,Cl) = (3.6+1.2) x 107 liter /mole-sec. (7. 3)

I'n’OZ, both chemical reactions and spin exchange collisions are important.
The experimental result cannot be separated into chemical and spin exchange
parts on the basis of this measurement. Since O2 is'av spin 1 molecule, the

result can be written

k(MufOz) = kch(Mu+ 0,) + 3(32/27) k_ (Mu+0,) =

(2.9+1.2) x 101! liter / mole-sec. (7. 4)

2. Longitudinal Field

In longitudinal field, chemical reactions of Mu»db not cause relaxation
in any sense; it is easy, then, to make the mistake of equating the observed
relaxation rate with a depolarization rate. However, as can be seen clearly

from Eq. (6.21), the removal of muons from relaxing muonium causes an
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apparent increase in the relaxation rate for that part of the p+ ensemble which
does relax. Thus Eq. (7.1) is valid for longitudinal as well as transverse

field, with the more general prescription

k =k, +kp . (7. 5)

The longitudinal field depolarization rate constant kD is related to the trans-
verse or zero field depolarization rate constant kd as follows [recall Eq.

(5.16)] :

k.= kg (7. 6)

Mobley analyzed his long.itudina.l field fesults with the assumption k = kD. _
In the most important cases, O2 and NO, chemiéal reactions are 'éignificanf
and this assumption is not valid. |

The field dependence of the measured fate constants is not described
well by Eq. (7.6) in most cases, as can be_s'een from: Fig. 7.2. ‘The fit is
best for O2 and NO, where spin exchange is probablyvdominant.' Even in these
cases, however, the data are fitted to the de‘pendevnce (7.6), neglecting the
constant term propdrtionai to kch' | .Tudging from the..high'—field values of
)\/n (=k in cm3/sec), this term is relatively small. Its effect would be to‘
reduce the fitted values of kd slightly. Keeping in mind this questionable

~ extrapolation, we can express Mobley's results as follows:

lim k(Mu+0,) = k_, (Mu+t oZ)'+%(32/27) k  (Mu+O

)
x -0 2

(1.720.2) x 1011 liter /mole-sec; C(1.7)
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lim k(Mu+ NO)
x>0

It

. N ‘ |
kch(Mu +NO) + 3 kse(Mu+ NO)

(1.7 £ 0.25) x '.1011 liter'/,vrriOle—sec-. ' (7.8)

The result (7. 7) agrees with the transvers‘e‘ field result (7.4) within the errdrs.

Relaxation was also observed with NOZ’ C2H4, C2H6’ CH3C1,. COZ’

and Cl2 'impurities. As can be seen from Fig. 7.2, .thebfield dependence of

A/n does not fit the form (7.6) for NO, or for C,H,. Radical formation is

2 2774
likely in these cases, probably via Mu + NO2 - MuO - + NO and Mu + C2H4 -

MuC,H,- ;. however, since some depolarization mechanism is necessary if
relaxation is to be observed [Eq. '(6.21) shows this explicitly], the overall

mechanism is unclear in all these cases,

3. Signal Quenching

The quenching effect of impurities upon the resonant r-f depolarization
in longitudinal field was analyzed by Mobley to extract rate constants for

cheh‘licalA‘r‘eactic‘)n. (MO 67) We will not discuss the method in detail, but

- simply ligt' the. mo re interesting results:

k_(Mu+ 0,) = (2.6 0.6) x 10" liter /mole-sec , ‘ (7. 9)
o ; R 14 . e
k_p(Mu+ NO) = (4.45 % /) x 10 liter / mole-sec , : (7.10)
k_ch(Mu + C2H4) = (1.4 £ 0.4) x 1010 liter /mole-sec, (7.1
- | 122 ., o S o
: kch(Mu + NO,) > 1.1 x 10 liter /mole-—sec , o (7.12)

and

kch(Mu + HZ’_ NZ’ or SF6) < 5x 108 lij:er /mole-sec. ' (7. 13)
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‘The result (7.9) for kch(Mu + 02) is larger tha.n. the m_ost precise value (7.7)
for the total rate constant for 02, which was expected to be dominated by the
spin exchange rate. There is not yet a satisfactory explanation for
this discrepancy. ‘The results (7.10) and (7.8) for NO are consistent and can
be combined to yield a spin exchange rate constant of o

+2.3 14

kse(Mu + NO) + (1.1 ) x 10 liter /mole-sec, (7.14)

-0.9

but the uncertainties in this result are too large for: it to be very meaningful.

4. Comparison-with Hydrogen Atoms

Unlike positronium, which has no nucleus, muonium fits neatly into the
theoretical structures of physical chemistry as a light isotope of the hydrogen

atom (mMu =0.443 m Predictions of isotopic differences in reaction

H)' 7 _
rates, already tested with the trio (H, D, T'), can-thus be extended in a new.
direction with Mu. This may lead to a déeper dhderstanding of the most
basic types of reactions in physical chemistry.

For these studies the gas phase is ideal, since atoms and molecules

can legitimately be thought to "collide" in gases. The purely kinetic isotope

[

effect a.risinvg from the m 2 mass dependence of the mean thermal velocity

can thus be separated éasily from more ipteresting dynamic isotope e'ffeéts.

In liquids, corhparison of Mu and H reactio’ﬁ rates is generally more qualitative,
as we shall see 1ater. Even in gases, how.e{rer,_ some care must be taken in |
reducing rate constants to more fundamental quantities,

For quasi-elastic two-body collisions such as the spin exchange

process

spin exchange .
2 » Mu + 02,

Mu + O (7.15)
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or for two-body abstraction reactions such as
Mu +'NO2 - MuO- + NO, ' ’ v (7.16)

the rate constant can be reduced to a cross section by using the definition

k (liter /fnole-éec) = NO X 10—'3 Vv (cm/sec) © (cmz), (7. 17)

23

where N = 6.022 x 10°3 mole ! and 7 is the mean thermal velocity of Mu

atoms relative to impurity molecules, given by
7 =4 —B - L (7.18)

“where p = [(1/mMu) + (1/mX)]"1 is the rgldgced mass. In most cases

m,, << m, and p *m,, , sothat v @ m_2 . This gives the aforementioned
: » Mu Mu

Mu X - v
kinetic isotope difference between k(Mu) and k(H) attributable to

V(Mu) =~ 2.98 V(H). | | (7.19)

At room temperature, v (Mu) ~ 0.75 x 106 cm/sec_. Further differences
" must come from 0 in the form of 'dynamic" isotope effects.

In a formation reaction such as

Mu + CpH, ~ CpH Mu*, o B (7. 20)

the excited complex CZH4Mu*~is long-lived enough to be considered a stable
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reaction product, (TH 65) allowing definition of a cross section as in (7.17).
However, in highly exothermic formation reactions such as the chemical
reaction of Mu with NO, the intermediate excited complex MuNO* is so un-
stable that a third body must actually participate in the col.li.sion to absorb the
kinetic energy released. Otherwise there is simply a resohant scattering.
Rate constants for these reactions cannot legitimately be expressed in terms

of cross sections. For such 3-body processes as
Mu + NO + Ar - MuNO + Ar , ' (7.21)

the more basic quantity is the third-order rate constant « (given in literz/ '

mole®:sec), defined by

k_,(Mu+ NO) = «(Mu + NO + Ar ) [Ar]. B '(7’.'22)
At 40 atm and room temperature, [Ar ] = 1.7 moles,/liter. Although the

. pressure dependence (7.22) was not che;cked experimentally, the H atom reac-
tion analogous to (7.21) is known to be a 3-body process, (TH 65) so we must
assume that (7.21) is the correct reaction. Naturally, .x will s.till-be propor -
..tional to Vv, so we expect the same kinetic isotope effect inv3-body reactions
as in the binary collisions.

Those of Mobley's results which can be compared with measured H
atom cross sections and rate constants are summarized in Table VII, 1. F‘rom
these limited data we can only remark on two qualitative trends: the cross
sections for spin exchange reactions seem to be significantly smaller for Mu
than for H while chemical reaction cross sections and 3-body rate constants

are larger for Mu than for H. This information shows clearly that one can
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practically measure reaction rates of Mu in gases and compare them with ana-
logous reaction rates of H, D, and T, il_luminating the fele of ‘iso_tope effects
in the theory of absolute reaction rates. _However,‘. Mobley"s results were
defived from data with very low statistics, making the uncertainties too large
to allow critical quantltatlve comparison of Mu and H rates. |

With the advent of p beams of higher stopplng denSLty, (KE 72) gas
phese studies of miuonium chemistry are bound to'become more popular, and
'high_-statis’tics.determinations of rate constants, eross sections, and their
pressi;re and temperature dependences will probably be made. Reactiens

suchas Mu+ H, - MuH + H or Mu + Cl, - MuCl + Cl, perhaps the most

2
'1nterest1ng for comparison of (Mu, H, D, T), may soon be observed and

studied. These reactions were too slow at room temperature to have been

detectable in Mobley's apparatus.
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B, Reactions of Mu in Liquids

Most studies of muonium chemistry have been made in the liquid phase.

Here, as explained in Section VI, ohe varies acces_sible. pararnetefs such as
the magnetic field and the reagent concentration [X], and compares the be-
havior of the residual p+ polarization gres with theory to determine rate
constants and other physical quantities. For thes_e studives, longitudinal field
measurements are often v‘ery'useful; fbr instance, when radical formatidn 1s

important, the field dependence of P" can be fitted to a form similar 'to‘

» ’ |res
(6.2?) to determine the hyperfine frequency @ . (GF.71) However, rate
constants for diverse processes are best determined from the concentration
dependence of A and 4 ¢ in transverse field [see Eq. (6.31) and (6.32)].

Ina lseries of experiments performed'at.the 184-inch Cyclotron iﬁ
Berkeley, muons were stopped in solutions in a unifbrm.transverse field, and
time histograms of the p+ stop - e+ emission inter;\ral fitted to the form (2.6),
as described in Section II. The resultant values for A and A% as- functions

is given

of [X] were fitted to the theory [Eq. (6.31) and (6.32)], where P res

by Eq. (6.39).

Several simplifying restrictions were imposed upon the general theory
(6.39) in these fits. First, '"hot" reactio‘ns were presumed to lead only to dia-
magnetic compounds incorporé.ting muons (r = 0); radicals were assumed to
form only in therfnal chemical reactions. Second, rela'xa;tio‘n'ofvthe spin of
the muonium electrén was assumed t_é_be slow by comparison with f_he electron
Larmor frequeﬁcy, and was therefore neglected (Vi = 0),v This assumption
is supported by ESR data on hydrogen atoms in solution. (NF 71) ‘Relaxation .‘
of the unpaired electron in radicals was likewise presumed to be negligible

(vr = 0). As noted by Fischer, (FI 73) this assumption is questionable in the
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case of radicals whose unpaired electron may havevhyperfiné couplings with
several nuclei; however, in most cases the effects-of Vi. < w,. would be diffi-
cnlt to detect except in very weak fields. Third, it was assumed that only
one species of radical incorporating the muon is present in a given type of
solution and that it is formed by chemical reaction with either the reagent
(kmsr = 0) or the solvent (kmxr = 0), but never both in the same solution.
Fourth, the form (6.43) was chosen for wik’ assuming "gentle" transfer of
the Mu electron to the unpaired electron in the radical. The .results are actually
rather insensitive to the choice of (6.42) or (6.43). Finally, neither r’nnoniurn
nor the radical was presumed to react thermally w1th the solvent to form a
diamagnetic species incorporating the muon, except at negligible rates

(< 10’7_ liters/mole—sec). These as_sundptions gave the éimple_st form of the

' theory which permitted a good fit to all the data. .J'ustifications and pos sible
exceptions will be discussed below.

When the radical species '"R" was assumed to be known, the hyperfine

frequency w

r in the radical was obtained by'multiply'ing the ratio pp/pé = 3.18

of muon and proton magnetio moments into the measuredvvalue of the hyperfine
.'frequency for the analogous radical in Which the rntion‘ is'roplaced by a proton;
these Qaiues were obtained frrom Landolt and Bornstein. (LB 65) W_hen the
radical species was unknown, w. was fitted by trial _and efror, ana the optimal
‘value used to make the best detorminations of the pa'rameters‘described above.
In such cases, the choice of @, 'dramat.i'ca'lly affects the fitted v"alues of the
rate ‘constants. Tnis is because @, sets the time scé.le for depolnrizavtion in
.the :a’dical,- \&hilo the rate constants de.termine the duration of that.oh_ernical
state. In general, when fitting data in which the radical stage plays an impor-

tant role, if one changes «_ by some factor, the resultant change in the fitted

value of a given rate constant is never more than a similar multiplicative
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value. In the cases where @, was chosen by trial and error, the specified
uncertainties in the rate constants shown below represent only the toleranoe

of the fits for the specified choice of Qr. An additional uncertainty, which
could in some cases be as large as an order of magnitude, is implicit in the
crude determination of w.. However, this degree of accuracy is still suffi-
cient to allow many interesting comparisons with H atom chemistry, as will

be seen later. Mo'st importantly, the qualitative conclusion that a radical
depolarization mechanism is involved remains unaffected by these uncertainties.
Further experiments may allow positive identification of the radical species or

direct measurement of wr; ‘thereby eliminating these ambiguities. o

1. Results _ | '
-a. Example of the Proper Muonium Mechanism: I, in CH3OH

Figure 7.3 shows the observed dependence of IP l and A¢ upon the

Lres
concentration of iodine in methanol solution in a field of 102 G. The leftmost
pomt in this and all such graphs corresponds to the result for the pure solvent
due to the log scale of the concentratlon, the pomt is actually infinitely far off
scale to the left. The curve throﬁgh the points is the best fit to Eq. (6.30)
wherevRJ_ is given by (6.12), the case of (6.39) in which the muons are depol-
‘a.rized by the proper muonium mechanism (i. e., when no radical formation is

involved). The chemical reaction involved is presumed to be

(kmxd) A

Mu + I Mul + 1. : (7.23)

2 -

The fraction of muonium atoms reacting epithermally with CH OH is h ~ 3.

The phase variation is str1k1ng, and the "'plateau'’ in IP ([12] , is noticeable.

Lres

Both of these phenomena are due to the coherent precessi_on of free muonium
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'étoms in the magnetic field, as explained in Sectioﬁ VI, and constitute proof
.Of the central role of muonium in the depolarization mechanism. If a substan-
tial number of muons were placed in radicals, the effect [see Fig., 6.4 ] would
be to decrease the amplitude of the phase dip and to destroy the plateau.
There does in fact seem to be a slight lessening 6f. th'é p.la'teau effect, and
this may be due to a small but finite probability of reaction of muonium with
CH3OH tp forni a radical containing the muon, probably in epithermal collisi.ons°
This would constitute an exception to bib:he assumptio‘ri that r = 0. The quality
of the fit is improved slightly by allowing some radical forrnatibn’, but the
correction is so small that the result is insensitive to the source, type, and
fate of the radicals involved. Thus, since.the mechanism is clearly dominated
by reaction (_7.23)-, this case may be practically considered to bé an example |
of the proper .muonium me‘cha'nism. _

Similar results were obtained (BC 71) for 12 in CH3OH at fields of
1000 and 4500G. The 100 G results are consistent with these, But avre much
. more ccv>nc1usive', since. the phase dip and plateau are most evident at low fields
[see Fig. 6.2 }. .Tbhe numerical ;esulté of these and. oth__er fits are listed in

Tables VII. 2 and VII. 3.

b. Evidence for Radical Formation in Benzene

The muon asymmetry in benzene (C6H6) has long 'bgen known {(SW 58) to

be exceptionally low, implying a hot fraction h= 1/8, as compared to h = 3 for
methanol or water. This property makes benzene an _at_tbrac‘.tiv'e solvent for.

studi’evs of muonium che'mistry, since the range (1—h)bthrough which IPJ_ I

res

can be varied by chemical means is near maximum, and the amplitude of the
) . , : .

phase dip is increased accordingly. Bromine was chosen as a muonium scaven- .

ger because of its virtually unlimited solubility in benzene and because of the
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analogy with iodine; the expected reaction in this case is

(kmxd)
Mu + Br2 - MuBr + Br. (7.24)

Data were taken in a 200 G magnetic field so that tﬁe v"plateau'f would be
visible. |

However, as can be seen vin Fig. 7.4, the results were in strong dis-
agreement with the predictions of the proper muonium mechanism, the best
fit for which is indicated by the dashed lines. Thére is no discernible‘pl‘ateau,
and the phase-vavriation is much’ le‘s's sharp than predicted by the simple theofy.
This behavior resembl_esb the predictions of the vproper muonium mechanism
in a s‘tronger magnetic field. Since the criterion for a ".stro'n.g" field is that
it be comparable with the"effective'hyperfirie field, it was this observation |
which led to consideration of enﬁronr_nents similar to muoniﬁm but with l'o.wer
vaiues of the effective hype.‘rfinevfield (i.e., radicals).

Qn the bv_asis of other chemical studies, (SW 67,‘MH 70) the following
asSumptiohs were made about the chemical proc._esses involved: first, that

. the reaction

(kms 1‘)

Mu{rc()H6 -~  CgHMu, : (7. 25)

forming the muonium analog of the radical cyclohexadieﬁyl (C6H7~), is in .com-

petition with reaction (7.24) for mgonium. Second, that bthe radical reactsA sub -

: seqlieh_tly with bromiﬁe to place tile muon in a diamagnetic. corhpohnd, éccofding
to

' . v (erd)
C6H6Mu' + Brz - D (unidentified) - B ’ (7.26)
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The isotropic average effective hyperfine field at the unpaired electron
due to the extra proton in cyclohexadienyl is 47.71G, (LB 65) as compared
with 1593 G in muonium; thus the ratio of the hyperfine frequency @ in

C6H6Mu' to the hyperfine frequency w, in muonium was taken to be

@ (47. 71X 1 /p) |
— = B P =0.095. (7.27)
° 1593 S

This value waé used to obtain the best fit to the data [solid lines in Fig. 7.4 ]
corresponding to the best values for the fitted parameters, as listed in Tables
VII.2 and VIIL 3; a trial and error search for the best empirical value for
wr/wo gave a minimum X 2 for wr/wo ~ 003-'_-883 A study of the field depen-
dence of the rééidual polarization in benzene in longitddinal field (GF 71)
yielded an estimate ‘of wrv/wo = 0.054 = 0.004. A new fit to the data using this
value gives estimates for the rate constants {k(7.24) = 5.5, k(7.25) = 0.10,

0

and k(7.26) = 0.57} X 1010 liter /mole-sec.

Although it was not possible to dissolve enough iodine in benzene to.
achieve full "repolarization", it was possible to study the dependence of P,
o : res

upon [IZ] in C6H6 over a large ‘enough region to determine that the results

were consistent wit_h those observed for Br2 in C6H6' These results are

also listed in Tables VII, 2 and VII. 3.

c. Mu Chemistry in Aqueous Solutions
In spite of its rather large hot fraction (h~ %), water has proved to be»
- a nearly optimal solvent for muonium chemistry. Most importantly, these
A .
results show that HZO is more or less inert with respect to thermal chemical

reactions with-Mu -- that is, any reaction of Mu + HZO has a rate constant

< 107 liter /mole-sec. Thus all significant thermal reactions of muonium are
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with the reagent. This situation would be expected to favor many examples
of the proper muonium mechanism, but instead we have found a number of

more complicated mechanisms, all involving radicals. -

(1) Hydrogen Peroxide

- Perhaps the most elegant system studied was Mu with HZOZ in HZO'
The experirhental dependence P'Lres([HZOZ]) at a fiéld of 100G is shown in
"Fig. 7.5 along with the best fits to the dat:;;. Again, the dashed curve is the
best fit with the proper muonium mechanism, and the solid curve is the best.
fit with the general inechanism, including radicals. .k Clearly radicals-are
present. In this case the muonium is presumed to re‘act‘ with hydrogen peré-
xide to form a diamagnetic compound containing the mﬁbn, presumably |
according to -

(kmxd)
Mu + HZOZ - HO® + MuHO, . ' S (7.28)

and (competitively) to form a muonic radical, presun_dably according to-

(kmxr)

Mu + HZQZ - MuO’ + H,O . - - (7.29)

The radical MuO’ subsequently reacts with HZOZ to leave the muon in a final

diamagnetic environment:

(erd)

MuO' + H O2 - D' (unidentified). (7.30)

2

These assumptions are consistent with most interpretations of H atom reac-

tions with HZOZ’ as described 1ater'. Nevertheless, it is possible that the
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radical species has been misidentified. If, for instance, the predorﬁinant
radical species were MuO'2 ‘rather than MuO", the value as'sumedvfor W,
would be incorrect, possibly introducing errors of as much as an order of
magnitude in the rate constants, as discussed previously. However, bregard-
less of possible ambiguities in the identificatioﬁ of chemical species, the
conclusion that the presence of radicals is essential to the overall depolari-
zation mechanism is inescapable.

- The effective hyperfine field at the unpaired electfon dué to the proton
in the hydroxyl radical HO® is known (LB 65) to be 4’1.3(3 (isotropic average),
wh.ich would imply w./w_ = 0.0825 .for MuO® [recall Eq. (7. 27)]. This value
was used to obtain the results listed in Tables VIL. 2 and VII. 3. The empirical

value giving a minimum XZ was wr/wo = 0.175 + 0.1, consistent with the

predicted value.

(2) Strong Acids

Preliminary re;sults show a great deal of Variety_ih the reactions of:
muonium with various acids. In HCl,.as noted earlier by Swanson, (SW 5'8)
there seems to be no '"repolarizing" effect at any concentration. The muén
precession in 10M HCl is virtually indis.tinguishable from that in pure water. '
Therefore, no combination of reaétions between Mu,_ H+_, and Cl~ leads to a
diamagnet_ic compound containing the muon in times shorter than about 10 nsec.
Similar results in concentrated MnCl2 solutions indicate that.these conclt;sioﬁs
are rel_étively independent of pH.

However, addition of nitric acid to water causes marked "repolar,i- _
zation", with a maximal asymmetry reached at 'av.boutv‘10_l\£.. Experimental
results for P-'-r%s ([HN03])_ at 100G are.l shown in Fig. 7.6 . It was assumed

that HNO, dissociates sufficiently that fh_e Mu reacts predominantly with the
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anion, No;. Again, the proper fnuonium mechanism (dashed curve) is a poor

fit, but an excellent fit (solid curve) can be obtained if one assumes the follow-
ing reactions to be significant: First, the usual direct reaction leading to a

diamagnetic compound:

(kmxd)

Mu + No; - D (unidentified); : (7. 31)

in addition, the competitive reaction leading to a muonic radical:

(k_ oy

mxr

Mu + NO; ~ R (unidentified), (7. 32)

followed by the final reaction of the radical to place the muon in a diamagnetic

environment:

: (erd) ‘
R + NO., — D' (unidentified). | (7. 33)

3
Here there has been no attempt to identify any of the product species, but
-only the types of processes taking place; all the fitted results listéd in Table
VII. 3, inclu.dingb wr/wo, were obtained by minimizing )(2. -Rgsulté for p;Lres_
‘ ([HNO3]) at a field of 4500 G are consistent with these, but are much leés
sensitive to the presence of radicals. | A |
Similar ;esults were seen for solutions of HC104_iﬁ‘water at 4‘400 G;

~However, no one has yet undertaken a study of HClO4 at low field, wh'ere‘.’d.le
results are sensitive to radical formation, so the existing data are interpreted

only in terms of the proper muonium mechanism. Such interpretation predicts

a rate constant k(Mu + HClO4) = 109 liter /mole-sec.
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>(3) Ferric Salts

The quenching effect of ferric ions on -p+ depolarization in _Fe(NO3)3 V

solutions at 11kG were first interpreted strictly in terms of a strong relax-
ation of the muonium electron by 13‘033+ ions, assuming the rate Vv of that

relaxation to be proportional to the square of Fe3+ concentration (SC 70).

Although this mechanism may be present, the model considered in Ref. (NY 65) _
included the additional assumption that the mean chemical lifetime of muonium
was independent of reagent concentration, which is now know to be incorrect.

and Fe(ClO at 4500 G were later treated as evidence

Results fqr FeCl 4)3

for the proper muonium mechanism, (BC 71) with the assumption that the only

3

important reaction was

(k |
34 mxd 2+

Mu + Fe>' o ut 4 Fet, | (7. 34)

where either the free muon itself or the product of its subsequent reaction
with anions iﬁ thé solution co’nétitutes a d.i.amagrie.tic environment for the muon.
In light of the lack of reaction of muonium with HCl, one might expect the
‘system Mu + FeCl3 in HZO to providé a good e‘xaniple éf the proper muonium
mechanism.' Results at 4500 G are consistent with this assumption, but low-
vfiel.d measurements must be made to test for the pfesenc'e of radicals in the
depolarizing fnechanism.

- Result_s for Fe(NO$)3 and 1-7_‘e(C104)3 at high field should not be inter-
prete.d strictly in terms of the prdper muonium mechanism. The evidence for
radical formation in nitric acid suggests that ﬁuonium might form radicé.ls

in Fe(NO solutions as well; again, low-field data may resolve this quesfion.

3)3

For Fe(ClO there is no doubt that radical formation is involved. Figure

43
7.7 shows the experimental dependence P, ([Fe(ClO4)3] at 100G. The
‘ v res
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best fit without radicals (dashed curve) is very poor; only by assuming that
muonium reacts with dissolved Fe(ClO4)3 to form a muonic radical can one

obtain an acceptable fit (solid curve). The situation here is formally the

3

process (7.34) for Fe3+; ‘Again, no attempt was made to identify chemical

same as in rea;:fions (7.31), (7.32), and (7.33) for NO,, with the additional
species. The results listed in Tables VII. 2 and VIL. 3 are obtained by mini-
mizing X 2. The existence of muonic radicals in Fe(vCIO4)3 solutions leads
one to expect that radical formation will be found td play an important role in
HClO4 as weli; low-field measurements should confirm this. |

It should be mentioned here again that the mu_.o‘hiu.m "spin-flip" fréquenéy,
Vp» may not be negligib’l_e in solutions of paramagnetic ions. Althougﬁ the
absence of any significant "repolarization' in concentrated Mn?" solutions
(BC 71) demonstrates that the repolarizing effect of other paramagnetic rea-
gent$ are due fnaihly to the types of chemical mechanisms described above,
some concentration-dependent muonium relaxation [as postulated in Ref‘, (SC 70)]
could serve to partially quench the phase variations and generally mimic the
effe;cts of radicals shown in Fig. 7.7 . Consequently, estimates of the contri-
bution of radicals to the depolafigation mechanism in paramagnetic éolut_ions

are to be regarded as tentative, pending further clarifying experiments.

d. Conclusions Regarding the Modei
| Several of the ab‘OVe results are particularly important in resolving
certa_in controversies about the theory; First, the results fof I2 in CH3OH
at 102 G firmly establish that the residual polarization in pure methdnol is
due solely to hot atom chemistry. If, as claimed by _Babaebv et al., (BB 66)

P_L (CH3OH).were nonzero due to thermal chemical reaction of the type
“+res - .

L]
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(k_sq) N
Mu + CH,OH - D (unidentified), (7. 35)

3
muonium atoms would never remain uncombined long enough to precess, and
there could be no phase dip. In fact, such rea-ctions must be totally unimi)or-
tant to the mechanism in order to explain the return of the phase to zero as.
[12] —+ 0, Therefore, we cavn be sure that k(7.35) < 107 liter / mole-sec and
thaf the fraction of muonium reacting epithermally with methanol at room
temperature is h(CH3OH) =.0.53 £ 0.04. Similarly, the 'rresults for benzene:
indicate h (C6H6) = 0.13 0.01, but are not as conclusive regarding kmsd(céHé)’
due to the small phase dip. However since the asymmetry in pure benzene is
so small, it is still fairly certain that kmsd(C()Hé) < 108 liter /molé-sec.
The incomplete depolarizationviﬁ water is aléé exclusively due to hot

atom chemistry, as is especialiy clear from the curves of Plres vs hydrogen
peroxide concgntrafion in water. The best value for h(HZO) is 0.55 = 0.03;
the anomalously high value (0.59 # 0.01) of h(H,0) obtained in the fit of the
HZOZ results is probably a reflection of the low value for A, in the same
inStaﬁce, which_ in turn could be due to. the low density of concentrated HZOZ
solutions comp'é..red to other concentrated aqueous solutions. A higher-density
target gives a slightly increased A,; such variations of A, with density are |
not allowed for in the fits. This introduces a sYstem;tic érror'of ~5% in the
numerical results for Ao .and h, but does not signiﬁcantly.distort the other
results. | |

| The second general conclusion to be drawn from these results ivs that
fo‘rmatiori of fast-reacting radicals plays a central role in many (if not most)
examples of p+v depoiarization in quuids. If the radica,l's. formed by re‘acvtivons‘

of Mu were relativély stable, or if radicals were rarely formed at all (proper
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muonium mechanism), the model formulated by Ivanter and Smilga in Ref,
(IS 69) would be completely adequate for analysis of muonium chemistry. It
is clear, however, that the more.general case derived in Section VI is neces-

sary for most practical applications.

2. Comparison with Hydrogen Atom Chemistry

Absolute rates of reaction in solution are difficult to estimate reliably
from first principles; due to the complexity of the 'pi'ocesses involved. It is.
possible, however, to mlake some qualitative predictions of how rates will
depend upon the mass of one reactant when all other physical parameters are
held constant.’

_As mentioned earlier, rate constants of Mu and H in gases are expected
to differ by a factor of 3 due to the kinetic isotope vefféct in the mean thermal
velocity [see Eq. (7.19)]. Additional factors may arise f.rom "dynamic" iso-
tope effects. | Unfortunafely, such a tréatment is onlyl appropriate for gases,
where the mean free path is many molecular radii and the concept of a
"collision rate' is well defined. In liquids, each feage_ﬁt molecule is con-

!

tinually surrounded by a ""cage'" of solvent molecules which severely restrict

its thermal motion. (BE 71) The r/eé.ctants must diffuse through this crowded
environment to fiﬂd each other, anci when they do appfoach‘ they are apt.to
stay in gach other's presence for some time: the proba;Sility of reaction in
such a prolonged "'encounter" is ofteri close to unity. Suc‘h réﬁactio#s are
célle‘d "diffusion controlled" (DC), since the rate of reaction depends only
.upon how fast the reactants diffuse through the solvenf to meet each other.’
Since ‘diffusion in liquids proceeds primarily by ""squeezing'' and "tumbling",
such rates are largely determined by the geometrical -properties of solvent

and reactant molecules, and the mass dependence is generally weaker than
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in gases.

A rough estimate of the diffusion controlled rate for reactions of Mu
atoms in water or methanol is kDC(Mu)z‘lo11 liter /mole--sec. Most of the
measured rate constants for Mu in liquids are near this limiting vélue. Rate
constants less the k. usually reflect an "activation energy" E_ required
to form the activated complex HX¢ in the reaction H + X ., HX — products.
(GL.'72) The rate constant then acquires an exponen_tial_tempe rature depen-
dence via the Boltzmann distribution: k « exp(-Ea/kBT). The quantity Ea
may depend upon factors such as the vibrational freqﬁencies of bonds formeid
'in the activated complex, which fna_y in turn dependll.lpon the mass of thé tht
atom. Even in the case of diffusion-controlled reactions, -1.:he diffusioﬁ pro-
cess itself requires an activation energy (GL 41, WO 72, LO 67)which maydepend
upon mass. In addition, quantum mechanical tunneling, which méy be irﬁpdr-
tant for many reactions qf H, (LR 68) can be expected to be quite significant
vfor_"r.ri'qén‘i'ufn.‘ .'.S_uch ""dynamic" isotope effects can éa_use dramatic differences
between k(Mu +-"X)' and bk(H + X). |

~'T'a'bl__e-"_VII. 4 shows a com‘pariéon between Mu and H rate constants

for some of the more unambiguous reactions studied.

Ca. Rates Near the Diffusion-Controlled Limif _

_The rate constant k(7.23) = (1.33+ 0.1) X 101'1 liter /mole-sec for
reactidn (7.2'3.) of Mu with I, in CH3OH is near the DC limit for muéni:urn‘ in
methénol. The corrésponding H aton‘q‘rate has been méééured in aqueous

10 liter / mole-sec, in qualitative agreement with

" solution (AN 67) to be 4 X 10
’ 10

this result. The rate constant (5.7 £ 1) X 10" " liter / mole-sec for Mu + I2
in C6H6 indicates that diffusion of Mu through benzene is about one-half as

fast as through methanol, if reaction (7.23) is truly diffusion-.c'ontrolled. ‘Such
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an assumption is supported by the fact that the rate constant k(7.24) = (9.4

0.3) X "1019 liter /fnole-sec for reaction of Mu with Br, in C6H6 is nearly
the same as with 12. This value agrees well with the measured (FA 67) rate
(12 £ 6) X 1010 liter / mole-sec for H + Br, in water.

b. Reacti‘ons with Solvents
‘The rate constant for H + CH;OH in aqueous solution is (AN 67)
(1.6 £ 0. 1) X 106 liter / mole-sec. While this result cannot rigorously be
compared with the rate for Mu in pure CH3OH, whefe ‘dviffusion is ifrelevant,

it does qualitatively corroborate the value k(7.35 < 107 liter / mole-sec for

Mu + CH3OH. The reaction rate of thermalized H atoms with benzene to
form cyclohexadienyl_[analogous to reaction (7.25)] was measured'by pulsed
| 8

radiolysis in-aqueous solution (SW 58, SW 67) to be about‘v(7 + 3) X 10
8

liter /mole;sec,' whereas for muonium k(7.25) = (8t§)>( 10" liter / mole-sec
in the pure solvent. Again, fhese two rates in diffefent véolvents cannot
legl;.tirriately be comparéd in an absollute sense;v neQertheless, the fact that
they agree constitutes some justification for the assumption that the radical
is formed by 'thefrnal, rather than '"hot atom'!, reactions. In water, the

results are consistent with k(Mu + H20)< 107 liter /mole-sec. We are not

" aware of any evidence for fast reactions of H with HZO' |
c. Reactions of Muonium in Aqueous Solution

(1) Hydrogen Peroxide

The basic reaction of H with hydrogen peroxide is thought to be (ST 68I)v

2

H + H,0, - HO' + H,O. . S (7.36)

The rate constant for this reaction has been measured (ST 68) over a range
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of pH to be k(7.36) = (9 = 5) X 107 liter /mole sec. The reaction is presumed
to involve a cleavage of the O-O single bond, but from (7..36) it is impossible
‘to tell whether the original H atom emerges in the HZO as in ‘reactron (7.28),
(';OH abstraction'') or in the HO® as in reaction (7.29), ("o abstraction”). For
muonium k(7.29) is nearly 4 times higher than k(7.2'8).

One would expe‘ct k(7.28) + k(7. 29) to be the Mu rate analogous to k(7.36);
instead, k(7.28) + k(7.29) = (1.09 £ 0.15) X 10 liter /mole-sec, roughly a
factor of 100 higher than the corresponding H atom rate. Such a large anomaly
is probably attributable to dynamic isott)pe effects.. Even a gross error in
the assumed value of wr (caused, for instance, by misidentification of the '
‘radical) would not explain such a discrepaney _betwe'en tne two rate constants.

(2) "S'trong‘Acids" o

Sivnce vHCl, v‘HNO3, and HClO4 are all highly_dis'sociated in aqueous
selutions, their reactions with Mu ean be considered primarily in terms of
the 1on1c species H Cl NO3, and ClO4 :As mentioned earlier, HC1
solutlons up to 10 M do not repolarize the muon; we must conclude that no
combination of reactions with H' and/or Cl” leads to a stable diamagnetic '
env1ronment for the muon in t1mes less than about 10 -8 sec.

In nitric acid, on the other hand, one fmds a net reaction rate

11

k(7.31) + k(7.32) = (1.3 % 0.6) X 10

k(Mu + NO liter /mo_le-sec, an essen-

3) =
tially diffusion-controlled rate. This result is a factor ‘of 104 higher than the
measured (NS 65) H atom rate constant k(H + NO3) - (9 £ 5) X 106 liter /

‘ mole-sec.- Assuming .that the rates of the same reactions have been mea-
- 'snred, such a dramatic isotopic effect probabiy reflects a tunneling process.

(LR 68) As in the case of HZOZ’ such a large dlscrepancy cannot be explamed

s1mp1y by postulatlng an error in ..

A solution of concentrated _NaNO3 was studied as a test of pH depen-



dence; complete repolarization was observed, as for concentrated HNO3.
While a full curve of P-‘-res([NaNO3:_|) 'wbuld be gecesséry-to clarify thé -
details of the chemical processes involved, this single fneasurement was
sufficient to indicate that Mu;'reacts with NO; at approximately the same rate,

independent of the presence of ut, Also, highly reactive species such as

2’
in the freshly prepared NaNO3 solution.

NO 02’ and NOE should not have been present in signficant concentrations

The repolarization of muons by HCIO4 in high magnetic field was

also studied. A fast reaction is suggested, k(Mu_+vC104 -~ D) = 109

liter /
mole-sec, for the corﬁplete process leaving the muons in diamagnetic cbrn-
pounds. Until studies are made in low field, the debtails of the prvocess are
uncertain. However, one can predict that radical formation will be impor -
tant oﬁ the basis of reéults at 10.0G with Fe(ClO4)3, ‘which show a rate o

constant k. '= (3.8 + 0.8)x 101°
mxr

liter / mole-sec. Here Fe3+ is unlikely
to react w'ith Mu to produce a radical, so we expect that this rate represents

k(7.37) for the reaction

(k)

_ ' mxr : ‘
4 -+ . (muonium-containing radical) . - (7.37)

Mu + CI1O
 Since reactions of H atoms with CIO; are regarded'a's virtually nil, (AN 67)
there is again dramatic disagr_eément between Mu and H rates,
(3) Ferric Salts

The data for Fe(ClO4)3 at 100 G provide detailed information about
‘the rates and qualitative features of several reactions, but the large number
of species involved complicates the extraction of rates of specific reactions
of Mu with Fe>' and/or CIO; to produce both diamagnetic and paramagnetic

products. In strong fields, even less detail is available from the data [see
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Fig. 6.2 ], and in the case of Fe(NO:,’)3 we can only be sure that a fast

reaction does take place.

The situation with FeCl3 solutions should be much simpler, since Mu
does not appear to react significantly with C1~. Interpreting the high-field
data on Mu + FeCl3 strictly in terms of reaction (7 .-34),. one obtains a rate
constant k(7.34) = (2.1 % 0.2) X 1'07 liter /mole-sec.. The H atome rate. constant
for the direct oxidation-reduction reaction analogous to (7.37) has been measu-
red to be (9f 1) x 107 1iter /mole-sec (AN 67) in.sin.qilarly mild acidic
solutions.‘ Taken at face value, the muonium rate is 200 times that for hydro-
gen. However, vit is unlikely that the process iﬁvolved is as simple as r;eéction
(7..34). Ferric ions are known (CW 66) to form complexes in solut-ién, in
particular FeClZ-f and FeClz, whose rate constants for reaction with H atoms
are respectively 4.5 and 9.0 X 109 liter /mole—_sec (seé Ref., AN 67). It is

possible that reactions of Mu with one or both of these species was actually

observed.

d. Reactions of Radicals

The p+ depolarization technique also allows measurement of rate
constants for reactions of various radicals incorporating muonium.

In cofnparing these rate constants with the corres.po'nding rates for
analogous radicals in whibh‘the muon is re_plaéed by a proton, the difference
in ma‘sse's’ of Mu and H should affect only the "dynamics' of the processes.
Even MuO’, the lightest muonic radical envisioned, should diffuse through
'liquids at the ,sarﬁe rate as HO , its prdtbnic analog. Cvcvmdpaxv'isons. of reac-
tién rates of muonic and_protonic‘vevrsions of these radiéals should there‘fo‘re
.-admit of straightforward interprétation in terms of :the dynafnics of the
activated cémplex. |

The mo st'sérious diffiéulty with this ihtefpretafion is the uncertainty‘
as to.which radical ié actuaily being produced. ‘In the cases of VHNQ3'and

Fc—:(ClO4)3 solutions, for ,insfance, no attémpt was made to identify the
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" radical species. The fitted value for wr/wo, while imprecise, does provide
a hint as to likely candidates, suggesting MuO® in the case of HNO3 and»so.rne
s.peciesvwith a weaker hyperfine coupling in the céSe .of .Fe(ClO4)3. ‘ Howéve-r,
this cannot be regarded as conclusive evidence', and th’e products of reactions
(7.32) and (7.37) must be fegarded as unknown, A lbngitudinal field technique
has given an experimental estimate of @, in C6H6Mu' [reference (GF 71)]., _ -
and it may prove possible to determine other hyperfine couplings in this way
Such studies would be very helpful. |

In some cases it is possible to deduce the identity of the radical, if
there is only one species of ''reagent' and the prdducts of its reaction with H
are well known. In hydrogen peroxide éolutions, for instance, it seems most
probabie that reactions (7.28) and (7.29) should dominate,’ \(ST 68) making
MuO° the most likely radical spe'ciesv. The value for"th,e rate constant for
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reaction of MuO’ with H._ O, is k(7.30) = (1.4 % 0.2)><_1'09_ liter /mole-sec.
The corresponding rate for HO" + H,O, is (AN 67) about (3  2) X 10 liter/

m_ole-éec, avf'actor of 50 slov{z.er. .Unle.ss the‘ra.dicall‘l.has beén'misidentified,
this difference is almost certainly due to dynamic isotope effecfs in the
(MuOH202)¢ complex. |

. The addition of H to benzené to form cyclohexadiényl is also a well .
established rea.c.t_ionv, (MH 70) a facf which lends crgdence té th¢ assumption
that IC6H6M1;' is the radic_al involved ip feactic')ns (7.25) and (7.26). We are
unaware of any mea_sure‘ment of the reaction rates for C6H7‘ with Brz- or I,;
thesg measurements of k(CéHéMu‘ + Br2) = V(3.6.':!: 1.0) X ‘109 liter /moie-se?
and k(CéHéMuf + 12) =(2x1) X 107 liter /mole-sec may fepi‘esent the only
information available on these reéctions.. In view of the ié.rge size of the
C6H6Mu' molecule and the svimilarity of the ratevs with Br, and 12, the reac-

tion is probably diffusion-controlled in liquids.




e. Prospects for Muonium Chemistry in Liquids
In summary, there are evidently a number of startling exceptions to

the naive expectation (FB 65, BC 71) that Mu and H should react at similar
rates in analogous processes in liquids. The present results, far from
settling the issue, call for further investigations, both experimental and
theoretical. The accuracy of H atom measurements may also need critical
examination'.’ Although experimentally difficult, moi'e attempts should be
made to meaéure radical hyperﬁne frequencies directly. Such méasurements
would be quite interesting in their own right, for comparison with hyperfine
couplings in protonic versions of the same radicals. _It_.is clear from theée '
results that comparisons of Mu and H atom solution ¢herﬁistry are feé.sible,'
and that one may expect to encounter large differenéés in rates. The inter-‘
pretation and fiﬁal understanding of these differences, ‘p‘i'es_umably in terms of
dynamic isoto’pé effects, may be 6f'gréat significance to the chemical physicé

community.

3. Muonium Hot Atom Chemistry’

The "hot fraction" kh has been a source of annoiranc'e in the history of
muonium chemisﬂtry, largely due to the analysis of many exper‘i‘mental results
with the assumption that it was negligible. (GF 71) Now that epithérmal reac-
:tions.-have been showu to be important (and their efficiencies easily measur - )
‘able), this topic becomes a new a.réa of study. |

Unambiguous measurements of h are available ivri only a few s_tibstances:

h(H,O at 300°K) = '0.55 % 0,03 |
h(CH3OH at 300°K) = 0.53 % 0.01..
h(C6H6 at 300°K} = 0.13 = 0. 04,

In addition, a preliminary analysis of unpublished P, ([Brz]) results in
_ . - es o

T
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C82 at 300°K indicates a hot fraction in CS2 similar to that in C6H6‘ These

numbers tell us only the efficiency for epithermal for_mAation of stable dia-

magnetic compounds containing muonium; paramagnétié prodﬁcts (radicals)
may also form, and at this stage we can only put weak‘ upper limits on the
efficiency of such reactions. Furthermore, we cannot tell which diamagnetic
products are formed; howe‘ver, studies of hot tritium chemistry (.R'O 70} can
help us make intelligent guesses. These guesses Cé,n sometimes be complé-
mented by measurement of ''chemical shifts'" in the |J.+ precession frequency -
due to diamagnetic shielding by mollecula‘r.electrons. Each molecular
species will have a characteristic chemical shift which can be estimated
from theory and/or proton NMR measurements on analogous species.
However, these shifts are very small (~ 1 ppm) and their measurement

» requires extr_emely precise frequency determinations. Furthermore,

when more than one molecular species is present in significant numbers,'

it is impossible to separate the different frequencies .'Whiél'.l. result. So

far the 6n1y attempts to sort out such chemical shifts have beevn.in precise
measurements of the muon m.a.gnet'i'c‘moment (HM 63, CH 72).

The specificati(')lﬁ'éf temperature is not sﬁpeffluoﬁs; although’oﬁe
might naively expect h to be independent of temperature, this is not the case.
In water h is a uz;ifor,mly iﬁcreasing f‘unction of tern_p_eréfure, shoWihg a spec-
tacular rise as the phase changes from ice at 0°C to water at 0°C (MY 67).
[See Fig. 7.8 ] ‘Not éufprisingly, these results wéré first interpreted in
- terms of thermal reactioné. We are now bound to séek an explanation for thé
phase dependence of hot atom processes. One possibility is that hydrogen-
‘bonded ice is much more efficient than water at sl'o§vibng_dOWn the epithermal
Mu va.ltom, which then has ferer collisions in the energy‘range_ where reactions

are likely.
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Very high asyrﬁmetries are seen in -halogen-s.ﬁb‘stituted methanes (see
Table IL. 3). To test for a '"thermal contribution' to the residual polarization
in CHC13, a series of mixtures of CHCl; and CH;OH (known to be thermally
inert) were examinéd; a thermal procéss would be reflected in'a character-
istic dip in A¢. The (unpublished) results, shown in Fig. 7.§ , are taken
to be good evidenée for a purely epithermal reaction with CHC.13.. It will a;so
be noticed that the dependence of the asymmetry upon the mole fraction of
CHCl3 is not linear. This must be a consequence of fhe dy‘naymics of the hot
atom processes: the cross section for epithermal reaction will have a peak
at a different energy for each molecular Vari-ety, and the different molecules
will have cvliffe_rent’.efficiencies at each energy for slowﬁng down the Mu atoms
without reaction. The resultant‘dependencebof the epithermal rea_c‘ti.on
probability upbn mixture can have a variety of shapes.

In Table 11.3 we..list the muon asymmetries in a »v.ariety of pure sub-
stances. On‘the basis of a single measurement, one cannot determine whether
the residual as'ymmetx;y'is strictly dﬁe to hot atom chemistry 01_; partially due
to thermal reactions; however, a good indication of theidomi:nant mechanism
‘can sometimes be obtained by vé.‘ryi'ng the strength of the transverse magnetic
field;-for a purely»epithermal reaction, the asymmetry_.s_‘hould be independent
of field st:e‘ngth {(except for apparatus veffecfs). _In the case of purely thermal
reactions, more than 50% depolarization in low fields réfiects the brief
coherént precession of muonivum‘atoms [see Fig. 6.2 ]; this def)olarizing
process can be s.lowed. down (increasing the residual as&rﬁmetry) by reducing
the field strength. Thus a ﬁ’el?i-aindependent asymmetry in 10W"fields (20-500
G) can be‘taken as .an indication of predominantly ebithermal processes, (GM
Z1) In this light, Table II. 3 repreéents a tremendous amount of info;mation :

about hot atom reactions of Mu, none of which has yet been satisfactorily
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analyzed.

To summarize, we feel that muonium ""hot atom'' chemistry is a field
of great promise (for example, in comparisons with_ hot _tritium reactions to
help illuminate the dynamics of epithermal processes) \:vhich has suffered from

profound theoretical neglect.

C. Reactions of Mu in Solids

Mﬁons exhibit a much more varied behavior in solids t_han in gasesv or
liquids. The p+ may replacé a proton constituent (as in gypsum), (SC 71) or
the Mu atom fnay occupy.a large interstitial vacancy (as in quartz), (MO 68) |
or the p+ may acquire a screening cloud of conduction electrons (as in most
metéls) which has an average charge density similar to that of the e~ in the -
Mu atom, but in which there is no coherently coupled p+-e— spin system in
the sense of muoni.urn'. A 'descripti.on appropriate to one case is generé.lly

‘a poor way -of freating another, ar_1_d the c.oncept of chefnical reactions takes

on a rather broad inte'rpreta_tion,' restricted to those media in which ‘quasi—fi"ee
Mu'avtoms cé.n be séid'to ev-ii'st in the familiar sense. Inv solids, then, we may
define a '"chemical reaction' as any process which removes the p+ from
quasi-free muonium and places it in a diamagnetic environment. Any such

reaction ié assumed to také place at a constant rate i/’rm.
Because of this diversity, we will leave mo‘st.of 't.he "chemical" reac-
tions of Mu in solids to be discussed along with‘,other. phenomena under the
subject headings of the partichlar media in the last two Sections; hovs}ever-,.
there are several cases which are appropriately fnentioned here.
Epithermal reactions of Mu in frozen liquids (ei:g. , water) have alfeady

been discussed. Thermal reactions of Mu in certain amorphous solids could

be studied by ''freezing in' varying amounts of a reagent, exactly as in the
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liquid phase technique. This sort of investigation involves no new concepts
(except perhaps in the interpretation of the results)'., but has no£ yet been
undertaken.

-In sulfui', some very unusua,l'p+ behavior has been observed. (GM 68)
 Since yellow sulfur is an excellent insulator, one might expect to see free Mu
. precession in crystalline sulfur. On the'dther hand, Mu .might.be expected
-to react rapidly with sulfur, causving Mu precession to be replaced by |J.+
precession with some residual polarization. One m fact observes p,+ pre-
cession, but there seems to be two components to the signal, one long-lived,
with an asymmetry of 0.05, and one répidly relaxing, with an initia.l ésyrrime’try
of 0.16 and a relaxation time of 30 * 5 nsec. | |

Gurevich et al. (GM 68) interpreted this as a case of chemical reaction
of Mu with v>>w \/1 + x2 , in which PH(t) = P;L(t)e-i.@pt, where P;L(t) is
given by Eq. (6.21). They extracted a chemical lifetime of 7,,, = 130nsec .a1;1d
an eléctron relaxation rate v = 270w@,, This intérpretation’ is entirely con-
sistent with the data, but ié subject to many reservations. First, the poséible
presence of hot atom processes weakens the necessary assumption that the
pola.rization of the non-reléxing component is equal to Ti/(T{I + T,,). Second,
one is hard-pressed to imagine a mechanism for sucﬁ rapid relaxation of
the Mu eiectron in so good an insulator.

An alternate model for p.+ in sulfur,car; be proposed: mu(onium reacts
epithermally with the 58 ring structure to form both diamé.gheﬁc (constant
polafization) and radical products. For the radical (e. g., .MuSS' )»one can
easily imagine v, > w_ due to multiple hyperfine couplings. Thus thé p+ '
polarization in the radical fraction could well have the time dependencé' (5.13).
In this model no thermal chemical r.eactionsv need tofposfulated. "

Longitudinal field studies of P

I in sulfur (EP 66) [see Fig. 7.10 ]
res
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indicate a lvow -temperature field dependehce vaguel_y':like that described by

Eq. (4.6) if an "effe(?tive hyperfiﬁe field" of ~75G is.“assumed in the definition
of x. This suggests a depolarizing process including a radical with @ ~0.05
W5 At room temperature, the residual polarizatibn is not completely re-
stored even by strong fields; this is consistent with the hypothesis of a relaxing
radical.

Neither of the above models is supported by éonclusive evidence and
‘the behaviorv of }J.+ and/or Mu in sulfur must still be ‘r’e‘ga‘rded as an unre-
solved mystery.

A somewhat similar behavior is obsefved for muonium in a number of
ionic crystals; in addition, the process by which positive muons replace pro-
., tbng in CaSO4 : ZHZO crystals rhust be in some senvs-e a hot atom reactibn.'
However, the ‘mechanis'rns acting in these cases are so unclear that we
cannot pretend to have understood the "chem‘ist.ry" invbl?ed, and so we will
reserve discussion for the Sections dealing more genérally with Mu and p.+'

in solids.
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VIII. MUONIUM IN SOLIDS

In manj.r solids, the p+captures a single electron to form a muonium
atom in some vacancy or interstitial site. The coupled |J.+ ande” spins then evolve as
described in Section V, subject to a variety of interactions causing depolar-
ization or destruction of the muonium spin system. There are also a number
of situation in which the p+ does not form muonium in this sense; these cases
will be discussed in the next section.

We can separate the behavior of Mu in solids into four general cat--
egories correlated with the physical characteristics of the solid. In pure
nonmagnetic insulators, Mu finds a spacious enough interstitial site that its
 behavior resembles that of a free muonium atom in vacuum. In other insula-
tors with high densities of paramagnetic impurities, or in fefromagnetic in-
sulators, Mu majr find a spacious site, but is éubject to rapid '"chemical |
| reactions :and depélar,izing magnetic perturbations which de'strof the Mu pre-
~.cession signal and'méke d.ir'e;f:‘: 'idbe'r-it'i'fiéa...tion ‘(.)f Mu difficult. In pure semi-
conductors at low temp‘-e,ra_ture,’ Mu may-be confined to a crampea interstitial
site or may have a delogalized electron wave funcvtionv ‘s'pav.nning many lattice
sites; in each case it is strongly perturbed by the crystalv fiel.d and the avail-
able conduction electrons. And in warm n-type semiconductors or semimetalé
with high densities of conduvctioﬁ electrons, muonium suffers such severe
' pertﬁz"bati‘onsv that it exists only by a marginal definition.

Each of these categories will be treated moré_ or le.ss separately in

the following discussion.
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A. Muonium in Solid Insulators

Muonium precession is directly observable in many pure insulators
(MO 68, G169, BC 73). In quartz, ice aﬁd solid .CO2 the ”two—frequéncy pre-
cession' described by Eq. (5.5) has be;en observed in'moder'ate fields (see,
for example, Fig. 5.1). In each case the value of w extracted from the
""beat frequency ‘is consistent with the hyperfine frequency of muonium in

vacuum. Since the hyperfine coupling is given by

_ 8_11» e M 2 . .
ha) =3 8ok, gp}ﬂ)|¢s(0)l,_ _ (8.1)
where
2
W o= 5, (8.2)
wrg ,

one can say that the mean radius T of the Mu atom is f;he same in these in-
sulators as in vacuum. Thus the interstitial sites in su_ch media are both
""spacious" (dimenéions > ZrO) and "empty'' (negligible valence electron den-
sities). This is nf)t the case for somé Semiconductor_s',-as_ will be seen later.
Whenéver Mu precession has been observed, é. fairly rapid damping
of the oscillat.ions has been noted. This re.laxation may be due to "chemical"
"reaction of Mu (" Tm effects"'), depolarization of thé Mu electron (".v .effe;:ts"),
or random local magnetic fields (RLMF') which ""smear out' the Mu prebcession
frequen’cy. Mu precession is ~100 t_ime_é more sensitive fo_ R_LvMF _th_én is
free p+ precession.v In quarti (SiOZ), which should be ‘cl‘iemic.ally inert, the
damping. may be dﬁe to RLMF from the 2981 nuclei (p = »'-'0.5:5 n.m.) com-
prising 4.7% of the Si atoms (MM 70). This hypothesis. 1s supported by the
fact that the damping is more rapid at 77°K than at 3OOOK, as shown in Fig.v
8.1 (MO 68); this suggests a ''motional narrowing' effect: the enhanced dif-

- fusion at higher temperature decreases the time of influence of a given local
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field. It was also observed that the damping is faster in crystalline quartz
than in fused qﬁartz at the same temperature (3OOOK),_ ‘as can be seen from
Fig. 8.2.

In corundum (A.lZO no Mu precession can be seen, presumably

5
(MM 70) due to the action of RLMF .from the 27A1 nuclei (pL = +3.64 n.m.).
The field dependence of the polarization in 10ngitudina1vfie1d, shown in Fig,
8.3, is consistent with Eq. (4.6) for muonium_with a "normal' (vacuum-like)
size, except for very low fields, where the polarization drops suddenly to
zero. | This is taken as evidence that the strengéh of the RLMF is about 50G.
In each of these insulators, a significanf free p+ﬂ pr’eceésion signal
is observed along with the Mu precession. In view of th‘e..‘relatively stable
~ state of muonium, this cannot be due to a fast thermal chemical reaction of
Mu. No satisfa;:tory explanation has yet been offered for the general simul-
taneous presence of stable Mu and p+, but there are two attractive conjectures.
Th’ep+ signal may be due to muons placed in a diamagnetic environment by |
epithermal processes of an unknown nature, or to a phé.n‘omenon_ analogous to
the '"Ore gap" .for positrons: in some I.nedia,v a positron must captu}'e an elec-
tron while ep_ithermal in ofder to form positronium; once thermalized, it
lacks sufficient ionization pof;entiai to steal an electron away from the medium.
For muonium, with t:w_ice the ionization potential of positronium, such effects
cou]'.d.only occﬁr in highly electrophilic media.
Aé discussed in the previc;us section,-: there is no':direct evidénCe_fdr
~quasi-free Mu in sulfur. Chemical reactions may be ekpected to play én im-
portani role, but the behav_ior” of Mu in sulfur is still an've‘nigma.

1. Alkali Halides -

The alkali halides have also proved to be a very interesting environ-
ment for muonium. No Mu precession signal can be seen in any of these ionic

crystals, but longitudinal field measurements show evidence for muonium. '
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Perhaps the best-studied (IM 72) example is KCI. Here {as ih most cases)
a small H+ precession signal is seen in transverse field. This component of
the polarization is présumably due to some epithermal process, and has been
subtracted out of the residual polarization in longitudinal field, which is shown
in Fig. 8.4 as a function of the f1e1d strength. The reSLdual polar1zatlon R|
is zero at zero field, but is restored in fields of 1OOG when a second crystal
with higher purity and fewer dislocations was used, this critical field dropped
to ~20G. It is concluded (IM 72) that the behavior in weak field is due to RLMF
from paramagnetic lattice defects. If the high-field behavior is extrapolafed
. back to zero field, a residual polarization Ril(O) < 0.5 is obtained. Muonium
formation along can never cause R“.(O) <0.5, so th'e field dependence cannot
be fitted to the form (4.6) as could the A1203 data. However, the shape of
R”(B) is clearly that of a hyperfine-coupled spin syst_erfi, presumably muon-
ium, soit was assumed that muonium itself was being depolarized (v>0).
This depolarization would always go to completion if it were not cut short
by some quasichemical reaction of Mu (1/7'm > 0), éo t_h‘e.v data must obey
the geheral form (6.25). -_'-fvéﬁtef ég_ﬂ." IM 72)‘ found an excellent fitv to
this model for a wide range of values of Wr Vs and TI%&'; given the addi-
tic_mal assumption t_hat conditions (6.26) hold in KCi, it was possible to ex-

tract from the resultant dependence (6.27) the following values:

w, (KCD = (0.97 % 0.04) ¢ (vac) (8.3)

1.81 £ 0.10. ‘ | (8.4)

<
<
H

This fit, subject to the conditions (6.26), is indicated by the solid line in
Fig. 8.4. Unfortunately one cannot obtain separate determinations of v and
Tm from this fit, since the trade-off between the two is very sensitive to

the exact value of W, in the region woz.wo(vac). The fitted value of the
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hyperfine frequency (and thus the size of the Mu atom) is consistent with
the vacuum.'value, asg in othef insulators.

The hydrogen analogue of muonium in ionic crystals is the Uzcenter'.
The ESR measurements on U, centers in KCl (SP 66) one obtains a hyper-
fine frequency for the hydrogen ground state which is 3% smaller than the
vacuum value. If we assume this value for muonium also, we obtain a
rough estimate of the separate values of v and Tm

v = _'rL ~ 109 sec™ 1,

m
Measurements were also made in low field on a sample of KCl1
with fewer dislocations (IM 72). The extrapolated value of the residual po-
larization at zero field was the same (within errors) as for the earlier sam-

ple. Whenever conditions (6.26) apply,

1

Rji(©)= 517% _);

it is concluded that v.T o is independent of the co'ncéntration of lattice de-
fects., There are two plé.uéible explahatio‘ns for this. In the first picture
both v and '1/'rm are proportional to the d‘lefect dénsit‘y;, since Mu interacts
with the paramagnetic defects both by spiﬁ-exéhange collisions and by ""chem-
ical'" reactions, in which Mu becomes bound to a dislécation. In the.sec_ond
pictgre neither v nor T, i.s. felated to defects at all.

If v is unrelated to defects then it must be ‘s‘imply the inverse of
the spin-lattice relaxétion time of the muonium electron. As such, it would
be surprisingly large. If muonium were in a pure .sl.-state, no coupling of the
electron spin to the diamagnetic lattice should occﬁr;_. that is, there would be
no cdﬁpling to phonons, and ‘c.ons.equently no relaxation. If the electron spin .

is coupled to some orbital angular momentum (LS coupling) which in turn is
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~sensitive to the electric crystal field, then a spin—laftice interaction is pos- -
sible, due to the time modulation of the crystal field by phonon modes.
Hence, for a spin-lattice relaxation to occur, the gro@nd' state of Mu in the
crystal must contain some admixtures of excited vacuum states sucﬁ as the
2p staté. Such mixihg is facilitated by the sta’ﬁc part pf the electric field.
The 3% reduction of the hyperfine frequency of hydr.ogen atoms (U2 centers)
in KCl1 is an indication of such a mechanism. o

In the original work of Ivanter and Smilga (IS 6.8) v is always taciﬂy
assﬁmed to be' field independent. This assumption is by no means obvious.
Table VIII.1 listé formulas for the vrelé.xation' times of paramagnetic impuri-
ties in ionic crystals as derived (MA 66) for different phonon processes:
1) the direct process, a one-phonbn process; .2) the Raman process, in-
volving two phonons;v and 3) the Orbach process, which involves an excited
electronic level. Onl& the Orbacvh process is field independent. Future |.1+
dépolarization rﬁeasurements promisel'to shed some light on which phénomeéna
actually occur.

Clearly these processes are not an isolated property of the muon but
are relevant to many other solid ét‘ate phenomena. |

Other alkali halides have also been studies With. muonium (see Table
I1.3), with similar but not identical results. The residuél asymmetry in

transverse field, b'ostulated to be due to hot atom prov'cesses, is much

largef for LiF than for KCl. This might be expected, since Liand F ar}e’soA
much lighter than K or Cl; however., ‘the ""hot fraction' (if sucH it is) is
smaller iﬁ NaCl than in KCl. In LiF, one observes a 'fa;iljly short tra.r.lsv‘ersre
felaxation time TZ’ which decreases with decreasing l:'emvaeratvur.e. A ”mo-‘
tional narrowing'" effect may be suggested. Unc.erl_:'ainties' as té the muon's

whereabouts following epithermal processes in these crystals may be alle-
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.viated by the fact that similar transverse field results are seen in LiF and
LiH, which we may regard as an alkali halide of sorts. The anaiogy is es-
pecially good since the magnetic properties of ]H and lgF nuclei are nearly
identical. Since the p+ surely replaces protons in LiH, one is tempted to con-
jecture that the epithermal process in LiF is a substitution of p+ for Li' or
Mu~ for F at a lattice site. It is expected that further experiments, in-
cluding new 1ongitudina1 field studies, will greatly clarify the processes at
work in these crystals.

It is evident that a careful analysis of p+’depolarization in the alké.li
halides leads one to ask important questions about the interactions of impu'l;i—
ties with the crystal field. Perhaps, as further rriéasurements provide
answers to these questions, muonium will hélp ﬁs ﬁnd_erstand more about the

properties of the crystal itself.

2. Ferromagnetic and Antiferromagnetic Insulators

So far, we have only considered muonium in a nonmagnetic insulator,
Some particularly nice éffects can be expected for muohium in a ferromag-
netic or ,antiferromaghetic insulator (SS '71,. IV 73). The muonium electron .
will be coupled by an exchange interaction to ferroma‘gﬁetically ordered
spi'ns.‘ of the sample; not sc;, however, the muon. The relevant Hamiltonian
would thus be of the form | | |
H=A sp.se+ .(gep,o‘:'BloC t Z J;5) S, +¢g uo“ g .s . - (8.9

: :

with Ji bein‘g an exchangé in'tegralv of the muonium electron with a neighbor
electron, labéled i, whose spin is Si' The electron may then see an effec-
tive magnetic field which differs dramatically from the field that ‘acvts on the
muon. An interesting mechanism for relaxation of the muon“ium electron ié
also possible in ferromagnetic insulators--the absorption or emission of

magnons, the quanta of ferromagnetic spin waves. The measurement of
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relaxation times in these substances might lead, for instance, to avdeter-
‘mination of magnon scattering cross sections with muonium (SS 71). Further,
the presence of a majority spin on a ferroma;gnet may :.lead to unequal initial
populatién_of the 1So and 351 states of muvoniurﬁ. The resultant time de-
pendence of the p;+ polarization could be very exotic.

So far, very little data exist for mqonium in fe'r_fo- or antiferrbmag-
netic insulators. It has been noted that both the residual polavrization and the
transverse relaxation time of the quasi-free p.+ prece.s'sior_l signal in CerO3
drop dramatically when the powdered sample is‘ cooled below its Néel tem-
perature (307°K). Precession at frequencies other than the free p-+ Larmor
frequency is e'vidently'absen‘f\; in Cr203 in'.a_ finite exte.rnal field; but the
ava.ilable data is very limited, and the observation of p.+ precessionv in co-
herent internal fields in Ni and Fe (FH 73, PC 74) encé)urva;ges further inves-

tigation.

B. Muonium in Semiconductors

The study of muons and muonium in semiconductors .has been a long,
interesting, and fruitful undertaking, which still has oniy just begun. Much
elegant experimental and theoretical work has Been done in the last 15 years
in an attempt to undel;s't‘and the 'generalv features of the ,b'ehaivior. of Mu in
silicon and germanium, to which most of our discussion will be 1imitéd.
However, recent results have relieved much of the confusion and ambiguify
.which plagued the early work, and we will present the data in the.co'r;telzxt of
what is now known to occur, at the r.isk of some injustice to those who opéned
up this frontier.

1. Deep Donor Muonium in Germanium and Silicon

Perhaps the most illuminating recent advance in this field has been
the detection of '"two-frequency Mu precession'' in germanium (GI 71) and

p-type silicon (CJ 72, BC 73) at 77°K. These observations not only firmly
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establishéd the existence of long-lived interstitial muonium atoms in these -
crystals, but also provided measurements of the hyperfine frequency of the

Mu atom in the interstitial site [recall Eq. (5.5)]. The results were

wO(Ge)/wo(vac) = 0.56+0.01 | (8.6)

and »
wo(Si)/wo(vac) = 0.45+0.02. (8.7)

The latter result is in agreement with that qf Andrianov et al. (AM 70) who -
studied the quenching of the depolarization in longitudinal field for a mildly
p-type singlevcrystal of silicon at 300°K. Fitting the field dependence to

Eq. (4.6), they found _
wo(Si)/wo(vac) = 0.405+£0.026. - ©(8.8)

This technique is comparable in accuracy with the two-frequency p’recess'.ion
method, but is not nearly as unambiguous. In an earlier longitudinal field |
study by Eisenstein et al. (EP 66), the field dependence of the polarization in
a rhildly p-type Si crystal at 300°K was consistent with th.at observed by
Andrianov et al., but at temperatures =< 77°K a completely different behavior
was seen. The field dependence in n-tSrpe Si was also quite different. We will
return to this point later. |

Recalling Eq. (8.2), we see that these Mu atoms have a radius about
1.2 times that of muonium in vacuum, ro(vac) = 0.532 Z\; their dimensions‘varé
still much smaller than one 1atti¢e parameter (~ 5 A). Interstitial muonium
 is therefore concluded to be a ''deep donor' in Si and ‘Ge ‘.—that is, _the whole
atom fits into one inters’titié.l site and has a bihding energy of several eV.
Wapg and Kittel (WK 73) have explained the magnitude .of the reduction of w.o,r
as weli'as the small difference between silicon and germanium, in‘ terms of
known properties of the crystals. In their model, the potential function for.

the bound electron is cut off at large radii due to .screening by the valence band

electrons of the neighboring silicon atoms.
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2. Anomalous Muon Precession in Silicon

A further clarification hae resulted from the ‘observation of a secoed
type of two-frequency precession in silicon, corresp’ondiﬁg to a much weaker
hyperfine coupling. This phenomenon has been labell.ed ""anomalous muon
precession' for lack of a positive identification of its source; like deep—donoi'
Mu precession, it is observed only in cold p-type silicon crystals.

The square of the Fourier transform of an experimental time histogram
(corrected for background and | decay) yields a power ‘spect‘rum of precessioh
frequencies, in which two-frequency precession is manifested as a pair of lines.
Figure 8.5 shows a comparison between such Fourier speetra for silicon and
fused quartz in the same field, demonstrating the absence of anomalous pre-
cession in quartz. Whereas the deep-donor muonium frequencies rise _approgiF
mately line.arly with field up to a few hundred gauss, and are independent of
the orientation of the crystal in the field, the anomalous -frequehcies were
found to have the field dependence shown in Fig. 8.6, and are vsli‘ghtly anisotropic,
as indicated. Deep-donor Mu precession and anomalous precession have life-
times of about 500 nsec.

The field dependenc‘:e of the anomalous :frequencies is rhuch'strornlger‘
than that of the free u+ precession frequency in weak fields. The muon must
therefore be coupled, as in muonium, to a particle or system with a larger
magnetic moment than its.own. The field dependence .ef the anomalous fre-
quencies can in fact be fitted to that of transition frequene‘ies Wy and w34 in
a modified version of the Breit-Rabi energy levels (4_.2.‘),_1if the different cryetal
orientations are treated as separate cases. This can be seen qualifatively
from Fig. 4.1. [ As is implicit in the transverse field selection rules (4.8)
and explicif in the equation of motion (5.4), fré_queneie's w5 aﬁd W34 should be
dominant when B >> Bo. ] However, it is necessary to ailow both the hyperfine

coupling strength and the g-factor of the electron to vary in order to obtain a fit.
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For the case of the [111] crystalk axis parallel to the field, the best value for
wo/wo (vac) is 0.0198+0.0002; for [100] parallel to the field, the best value is
wo/wo (vac) = 0.0205%£0.0003. In both cases the best value for g, is 13 +3.
Clearly, the spin g-factor of an electron cannot be much different from 2, nor
can a pure contact interaction be anisotropic; this modified Breit-Rabi |
'description ié meant only as a phenomenological characterization of the data.
These results can be interpreted in terms of a number of physical |
models (BC 73). Perhaps the most attractive is shallow-donor muonium.
"Here the electron wavefunction is spread over many lattice sites, whereas
the entire deep-donor muonium atom fits into one interstitial site. An s-state
éannot produce the observed behavior, due to the relatively invariable spin
ig—facto'r of the electron. HoWeVer, in an 1# 0 state t-he‘ orbital g-factor can.
be iarge and anisotropic: the electron wavefunction for a shalléw donor must
be a superpos’itién of conduction band states, which may have small anis.otropic
effective masses. If the spin-orbit coupling for the eleptron is‘large, je be -
.‘c‘omes a good quantum number, and. ;e fbrma.lly ;'eplaces 1/2 Oe = ge in
" the Breit-Rabi Hamiltonian. For je'__= 1/2 the observed fi’eld dependence can
'eé.sily be reproduced. [It should be noted that other components could be
formed w’}th je > 1/2 which might precess at unobserved fr.eqvuenciés or b'e.
quickly relaxed (e. g., by transitions to the je =1/2 level). ] We conclude that
the postulated shallow-donor muqnium state must contain sﬁbstantial admix-
tures of £ =0 excited vacuum states. The stability of this state (lifetimev
~ 500 nsec) against radiative transitions to thé'deep-dbnbr.is state can be ex-
plained by the small overlap between shallow-donor and deep-donor electron
wavefunctions. |
| | A conventional phenomendlogical description for such behavior is

provided by the " effective spin Hamiltonian' formalism often used in ESR

work on paramagnetic impurities:
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- . . —r e—». .—-> + M u—” 8.
H i’e A S +ucBrg T ”ogpgp B (8.9)

o

where A and g, are mow tensors and —fe 1s an effective spin. By adopting this
phenomenolog;":al Hamiltonian, one can consistently describe quite complicated
ESR patterns and their dependence upon the orientation of the crystal in the field.
A good fit to the data is obtained assuming a scalar 8o and a minimal anis otropy
with symmetry about the [111] axis for A, which ha::hen only two indépendent
nonzero elements: A33 = A, and A11 = A22 = A_L . Postulating je =1/2,

we can express the results as follows:

(5(3«)ij = 8 X (13 %3), | (8.10)

A, =(0.0198%0.0002) A_(vac), o (8.11)
and

Al =(1.035£0.02) A , | » (8.12)

where AO(Vac) is the hype.rﬁne co_upling 6f muonium in vacuum.

Whether the '""anomalous precession"' in silicon is actually due to .
shalléw-donor fnuonium or to some other s.p'in system>(BC 73) is not known;
however, its behavior is precisély that of ; fmionium—li_ke object with g, = 13
and @ = wo(vac)/S'O, so we will hénceforth re‘ferv to " shallow-donor Mu

o

precession' for practical and mnemonic reasons.

3. Tenative Model

In all the silicon and germéniurﬁ samples studied,' a quaéi-free |J.+
precession signal was obser.ved in transv"er‘se field. The asymmetry and re-
laxation time of this signal vary dramatically with temperature and doping con-
centratién. In thev.case of cold mildiy p-type Si, all three signals (Q+, deeé-
donor Mu, and shallow-donor Mu) are presént sirﬁultaneously, Since all these
motions are out of .phase with each other within a few ns'.ec, they must eaéh

represent an independent component of the muon ensemble, starting out

Al
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simultaneously (within ~ 10—10 sec) as distinct products of the thermalization
‘process. The measured asymrnetries in these signals only eccount for about
2/3 of the muon polarization; the missing 1/3 must represent a fraction of the
ensemble which relaxes within a few nsec of thermalization or precesses at
frequencies'too high to be resolved.. An unpuhlished’ observation of a short-
lived (T2 ~ 30 nsec) component in the p.+ precession signal at 4400 G (p-type

Si at 77°K) suggests‘ the following hypothesis: some fourth fraction of the muon
ensemble thermalizes as a free p.+, which soon (but not immediately) captures
an electron to form some muonium state. The resultant Mu atoms are out of
phase in their subsequent precession and appear depolarized. The long-lived
}L+ signal must represent a fraction of muons which thermalize into fundamentally
different circumstances and are immune to the process nostulated above.

If we allow ourselves these conjectures, the situation in p-type Si at
77°K can be summarized as follows: a fraction f+ of the muons thermalize as
free |J.+ and wait in inte;stitial sites for free electrons tov come by, which they
promptly capture to form some Mu states. Another fraction fdd thermelizes
as deep-donor Mu, and a third fraction fsd thermalizes 'ashshallow-donobr. Mu.
The remaining muons (excluding‘any channels we may have n_eglected) undergo
some unknown epithermal or otherwise very fast process which places them in
a stable diamagnetic en\'rironment;' we retain the sthol h for this fr.action,
although a "chemical” interaction is n'ot necessarily i_n_diéatedQ This situation
is pictured diagrammatioally in Fig. 8. 7'0 | |

Such a model is consistent with observations for p;type Siat 77°K,
but how does it work for other Si and Ge crystals at differ-ent-temperatures and
with different dopings? Let us for instance consider the longitudinal-field date_
on p-type Si at 300°K (AM 70):Andrienov et al. found that the relationship he-

tween the zero-field polarization PII (0) and the polarization P.L of the long-lived
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l~L+_precession component in transverse field was PII (0) =. P.I. +1/2 (1 -Pl )
within about 2%. Assuming that the f+ fraction is not much more stable at
300°K than at 77°K, we may equate P.L with h. Thﬁs the fraction (1 - h) which
thermalizes in states other than stable quasi-free p.+ has a polarization of 1/2
in zero field {averaged over a.ny.hy-perfin-e §scillation$);consistent with the
assumption that it all forms muonium. The fraction f, should be included in
this component, since its 6riginal_1y free interstitial'rﬁuoné should quickly
capture electroné; (In longitudinal field there are no problems with ' dephasing"
due to statistically distributed formation times. ) All of the polarization is thus
accounted for: Pl' =h and_h + f+ + fsd + fdd = 1,

When a weak lghgitudinal field is applied, any stable fraction fq ,

"repolarized' ; no such

with its weak hyperfine coupling, should be quickly
phenomenon is observed experimentally. In fact, as mentioned earlier, thé
field dependence is entirely consistent with the assumption that muonium ends
up only in the deep-donor state'at 300°K. One might then expect to seé a large
deep-donor Mu precession.signal in tra.nsvers—év field; in fact, no such signﬂal
has been detected, nor is any shallow-donor Mu signal visible at 300°K. It
has been fashionable to explain this absence in terms of a rapid relaxation

(v 5% 0) or charge exchange (MuZlZ p.+) Process; however, in .this case such a
hypothesis is not‘ plausibie, due to the behavior in lonéitudinél field, As dié—
cussed for the case of aik_ali halidé_s, relaxation or cha_rge exchange will lead to
complete depolarization even in_lqngifudinal field uniess a " chen'lical';‘ process
permanently removes the muon to a ciiamagnetic eﬁvironfneﬁt at a rate

‘1/Tm~ v. Because no such ""extra' depolarizationis obser.ved, we are forcevd_
to co‘nclude that"i/'rm,>> v; the disappearance of any transverse-field Mu pre-

cession signal must then be due to '"chemical' reactions within a few nsec,

and not to relaxation or charge exchange at all. It seems much more plausible
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in this case to assume that nearly all of the fraction (1 - h) forms initially
in the free H+ and shallow-donor Mu states, whichthen undergo transitions to
the deep-donor Mu ground state within a few nsec.

Obviously, these arguments cannot be carried much further into the
realm of conjecture until more experimental evidence is available. The de-
sirability of an in-depth study of mildly p-type siiicon is 6bvious, for not until
one case is thoroughly understood can credibie extensions be made to other
cases. However, we are compelled to mention some of these other cases in
an attempt to put this field in perspective.

Feher, E'isenst'ein? et al. (FP 60, EP 66) studied a variety of silicon
crystals with various.dopings in longitudinal field at 300, 77, and ~ 10°K.
They also studied the muon polarization in transverse field, but did not watch
the precession iﬁ the sense of Section II. In both cé.ses a gated scaling technique
was used whiéh effectively yielded’t}‘le average polarization over 1 - 4 Msec.
Their polarization measurements are thus subject to serious underestimation
when evé_n slow relaxation is p;’esent. Nevertheless, a few interesting con-
clusions can be drawn from their data.

In each of their céld (< 77°K) weakly doped silicon samples,
Eisenstein et al. measured a zero-field polarization P‘l (0) < Q.5, considgrably
sm'a.ller:than that obbserve.d in the same sample at 300°K. The missing polari-
zation was restored by weak longitudinal fields (~ 50 G). The low-field
'""quenching'' effect would be expected in p-type Si due to the formation of
shallow—donor Mu (B~o = 32+1 G), but a value of P“v (0)< 0.5 w(ould not. This

29

is probably due to RLMF from ~ “Si nuclei (recall the relaxation of Mu pre- V
cession in quartz): if the measured ~ 500 nsec lifetime of Mu precession
in p-type Si at 77°K is due to local fields of about 1G, the same relaxation rate

would be seen in zero field; such a relaxing signal is averaged over 4 psec in

Eisenstein's technique, yielding a misleading value for P” (0). Thus the iow-ﬁeld

i



~-104-

quenching effect in cold n-type samples is not necessafily evidence fox" shallow4
donor muonium.

For increasingly n-type Si samples, more and more polarization is
lost, even in stfong longitudinal fields, up to the point at which electron wave-
functions from adjacent donors bégin to overlap, producing an impuri_ty cén-
duction band. These silicon samples are effectively metallic, and the muons
are not depolarized significantly. This behavior is entirely consistent with a
model in which muonium electrons spin-exchange with conduction band electrons,
producing a relaxation rate v which increases slowly with the dehsity of con-
duction band electrons until the silicon goes metallic, at which point v >> @
and the muonium electron is effectively'decoupléd fron"l_ the muon. One may
ask whether muonium can be said to exist a.njr more at this stage; the distinction
is not entirely academic. In some rﬁétals’, for instance, long-r.ange screening
of the‘p.+ by condﬁction electrons will prevent formétioh of .an atom-like charge
.density about the muon; in others, the interstitial p+ may ha{re >a very localized
screening charge distribution similaf to a Mu afomj aﬁd in some céses, the |
muon may acquire a screening charge distribution rathervlike that of a Mu~
ion (FR 58). In any case one may think of the |J.+ with the screening charge as
a sort of " collec_tive muonium atom, ' whether deep- or shallow-donor, in
which v >$ w . |

- With highly p-type Si, not much pola'rizétion is lost even in zero field;
most is accounted fér in thé fraction (h + f+) observed as p.+ precession iﬁ |
transverse field. Here one might expect that the deplef:idn of available con-
duction band electrons would make the fraction f, nioré stable and perhaps even
If this is'lthe 'case., then virtually -

inhibit formation of the fractions f,, and f_

dd a’

all the variety ewdept in B behavior in silicon could be expressed as a function

of conduction electron concentration.
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The transverse-field results of Feher et al. for"p+ in silicon samples
at room temperature with various dopings are summariZed in Fig.8.8. Additional

data of Eisenstein et al. are given in.Table VIII.Z.

4, Germanium

The behavior of muons in‘germanium crystals appears to be very simi-
llar to that lobserved in silicon. As fnentioned earlier,. deep-donor Mu precession
has been studied in Ge at 77°K, and has nearly the same properties as that observed
in Si. Attempts to detect shallow-donor Mu precession in Ge crystals have so far

been unsuccessful.

Andrianov et al. (AM 69) made a very nice study of the u+-precession
signal in Ge over a range of temperatures from 77 to 360°K, and found that
both the initial asymmetry and the rela.xation. rate were smooth functions of
temperé.ture, as éan be seen in Fig. 8.9. .In ‘a metallic n-type Ge ‘crystal,
virtually no depqlariZation was seen, either in the initial polarization or in
its time dependence, at any temperature. In a moderately p-type Ge crystal
at177 °K, all the polarization can be accounted for in the p.+ précéssion
asymmetry and the Mu precession asymfnetry measured in iow field (7 G);
the p.+ precession'has no detectable relaxation. As the temperature is raised
past ~ 200° K, the asymmetry and‘ relaxation rate of the |J.+ signal begin to
rise simultaneou'sly, until at 360° K it accounts for all éf the polarization, and
relaxe.s with a lifétime T2 = 3.5 usec. . | | .

This behavior is consistent with that obser&ed in vsimilarly_ doped
_ silicon, aﬁd suggests ba grthh of fractions f, and h at the expense of fractions |
fdd and' fsd' Andria::nov et al. suggest that the scatte;‘ingv of g’lectrons by phonons
'_mz.a.y inhibit muoniurﬁ formation, or that thermal iénization of  Mu may become
impoftant at high terﬁperaturés. The latter hypothes‘isv is que,'s.tiona,ble, since
even temporary ¢ > '10—10 sec) muonium formation leads to deﬁpo.larization. of

the |.L+ precession signal in transverse field, and if repeated formation and
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ionization (i. é., , charge exchange) takes place, all of the polarization will Be
quickly lost. It seems unlikely that the p.+ signal is due to an enhanced frac-
tion f+’ since we have already postulated a rapid relaxation of free intérstitial
]J.+ precession in cold p-type Si due to capture of conduction electrons; at the
saﬁte temperature, conduction electrons might be expected to be much more
available in Ge, with its smaller band gap. The increaso of the relakation
rate with temperature could be due to so many different {and contradictory)
mechanisms that we must concludé that it is.not understood.

5. Summary |

We can only reiterate that the study of Mu and |¢_+ in semiconductors
is by no means finished. Enough evidence has been gatﬁe_red to ouggest’ that
most of the differentiafion of the‘muon ensemble into various compon‘ents. takes
place during therrhalization; as pictured in Fig. 8.7, but this model is still
subject to great confusion. Some fairly straightforward experimehts should
suffice tbo clear up many uncertainties.

The eventual value of a more complete understanding of the behavior
of muons in semiconductors vcannot be assessed in advance, but the general
problem of impority states is of obvious ‘interesta The most elementary
natural impurity is hydrogen, of course, but searches for atomic hydrogen in
Si and Ge have yielded negative results, even though H is known to diffuse
freely through t»hese'crystals‘. Observations of deep-donor Mu hé.ve thus
helped to clarify the status of hydrogen—liké interstitié‘l'impurities in Si and
Ge; Wang and Kittél.(WK 73) concluded that more is known about muonium
th;_tn about H or H2 in these crysté,ls upon which most of:m_odern solid stafe

electronics technology depends.
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IX. QUASI-FREE MUON PRECESSION AND SLOW DEPOLARIZATION

In this section we will discuss processes involving muons‘ whioh end up
in diamagnetic environments with their initial polarizo.tion unaffected by co-
herent hyperfihe inferactions. Examples are the quasi-free p.+ component h
produced in hot-atom reactions, and muons in metals, where the screening
of the p+ charge is accomplished by the collective mofion of conduction elec-
trons rather than by a single muonium electron. In the{_‘ ‘former case the muon
vis actually part of a diamagnetic molecule, while in the latter case one rhay
think of the |J.+ asbeiing in a muonium atom with v > > w(; so that the hyperfine
coupling is '"broken. " In either case, the }L+ loses no polarization in reaching
its ultimate 'onvironment, and any subsequent relaxation can be obseryed di-
rectly. | |

The behavior of quasi-free muons in condensed matter has been studied

principally by means of their precession in a transverse magnetic field.
Therefore only this case will be consi_c.l.ered here. We‘will deal vfirst with
quasi-froe muon'o— in éoiids and then w1th moons in paramagnetic solutions.

A. Muons in Solids

1. Muon Precession Local Fields

.

In.a. field B, the precession frequencym” of a free p.+ is given by Eq. (2.5),

which can be written

-~ lg, [ut | | - -
w“‘ = - ng, where Y“' = —-&ﬁ—-e— = 0.85X 1.05 rad/seC-G. 7 (9-1) :

We consider several cases in which B is not homogeneous throughout the
stopping target:

a) Assume that‘: the field B seeﬁ by a given muon is constant in ’cime,'_
parallel to the external field (ﬁ = B_%),' and has a limited number of discrete
magn-itudes Bi' One must then replace the cosine in the rate distributioo

formula (2.6) by a sum over cosines with different discrete fféquencies
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cos(wp't + 90) Z Picos(wi“'t + 90 ) _ (9.2)
i ' '

vvhere_Pi is the fraction of muons which precess at frequency w?. This will
obviously result in complicated beat phenbmena in the pr.ecession pattern.

b) Next let us assume that the fields seen by individual muons are still
constant.in time and parallel to the external field, but have a continuous dis-

tribution of magnitudes £ (B), implying a frequency distribution

flw)= 37 &£ (B). The cosine in Eq. (2.6) must then be replaced by an integral:

v

o
cos(wt + 6 ) —»/ duf(w)cos(wt +6 ). (9.3)
0

The frequency spectrum f(w) is a distribution function of the probability
density for finding muons precessing with frequency w; in an NMR experiment
it would be directly observable as the NMR line shape. Thus the p.+ pre-
cession pattern is simply the Fourier transform of the Iin_é shape'which would
be measured if one could perform a conventional (macroscopic power absorp.—
tion) NMR experiment with stopped rﬁuons (AB 70). A muon technique—effec-
tively '"trigger'' detection of magnetic resonaﬁée—uéed b& Coffin et al.
(CG 58) in measuring the muon's magnetic moment actually yielded the line
shape directly. | |

The integral in Eq. (9.3) can be expressed in the form

0

] duf(w)cos(wt + 6_) = F(t)cos(@™t +6_). (9.4)
0

When the variance AB of the local field is small compared with the average
local field Bp = wp'/y“, the envelope function F(t) can often be approximated
by a Gaussian or exponential decay with relaxation time T2 Thus F(t) des-

cribes a slow relaxation and can be identified with A(t)/A(0) as introduced in

Eq. (2.6).
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The field distribution £(B) often represents an average over a spatial

field distribution (B, ;'b) weighted according to the spatial muon distribution

. o . . -

r):
P, () ; |

- -
HB) = d”r p (r)D(B, r).
target vol. K ‘

In the case where the field strength is a simple function of position, B(r), one
can write B(B,_I:) = 6[B-B(;.)] (Dirac delta function); if, in addition, the
muons are uniformly distributed throughout the target volume, pu(_f) =1 and

one can rewrite the substitution (9.3) as

p - 3 >
cos‘(w t‘+‘ Go)v dr cos[yuB(r)t + 0_0] ©

target vol.
This description is expected to apply in the case of the "fiuxoid lattice'" in
type II superconductors (IV 69). Since the observed time dependence is just
the Fourier transform of the field distribution, a p.+ precession experiment
can be used in much the same way as y-y angular correiation measurements
(AG .68) to study the fluxoid lattice. |

c) If the direction §f the constant local field seen.by 'a.‘g.ivén p.+ is not
fixed, the situat.ion can become quite c'oinplicated. However, some qualitative
feafqres are evident: ‘tl;xe frequency of 'precession.does.not depend upon the
orientatibn. but only upon the strength of the local field; the apparent amElitude
and the initial phase do, ho_wever, depend critically 'upon. the relati§e orienta-
tionsv of the field, the initial muon polarization, aﬁd the ‘observatioh direction.
(the axis of symfngtry of the positron counter telescope). Thus the net effect
of a distribution of field directions will be to reduce the amplitudes and chahge :

the phases of different frequency components. If we note that
o e et e ) ' ‘
/ dwf(w)cos(wt + 6_) = Rej dwf(w)e >, (9.5)
Jo : o 3 |
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we can express these effects as follows: distributions of field orientations

contribute an imaginary part to f(w) and reduce the net amplitude:

o0

dw l f(w) l =1.
0

In the simplest case, an isotropic distribution of field directions, the effect is
simply to reduce f(w) to 2/3 [cos Ooe -100] times its corresponding value when
B = BS.

d) Finally, we relax the assufnption that the field seen by an individual
muon is constant in time. This is most often the resuit of diffusion of the
muons in a medium Where the local field varies with position. We will not
attempt a quantitative derivation of the consequences of such behavior, .but '
the main qualitative features are obvious: if the muon moves from a position
with one local field to a position with a different local field in a time much -

shorter than the difference between its precession periods in the two fields,

it will ""see'" an adiabatic average field

B - fﬂ(B)rBdB.
B JH(B)B.

For somewhat slower diffusion, the behavior is mo;'é complicated, but can
generally be approximated by Eq. (9.4), wheré the damping described by thé
énvelope functioﬁ F(t) is slower for faster rates of diffusion’ (generaliy the con-
sequence of higher temperatufe)_. This effect, known in NMR work as motional
narrowing (AB 70), has been observed for mﬁons in copper, where the trans-
verse relaxation time T2 has a marked température dependence (GM 72). -

2. The Magnetic Field Measured via p.+ Precession |

The magnetic field BH = w“/yp' determined by a measurement of the mean

precession ffequency is the average local field experienced by the muon at its
site. This local field need not be identical with the applied external field; in

ferromagnetic materials, for instance, the external field vmay have very little
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net effect. In general, the local field at some position in the crystal can be

broken down into the following contributions (SR 68):

B, = B+ Bpy T Bt B’dip + B, . (9.6)

where B . = external applied field,
ext :
BDM = demagflet1zat1on field,
BL = Lorentz field,
“ _édipv = field due to nearby magnetic dipoles,
and -
Bhf = corrected hyperfine field."

The external field _Bex' é,nd the demagnetization fieid _éDM (determinéd_

t
by the geometry and bulk permeability of the sample) describe the familiar
macroscopic features of the field inside a sample. The microscopic featufes
of the magnetic field are accounted for in the other terms, which describe the
contributions from the immediate neighborhood of fhe field probe. Following
standard practice, we consider for magﬁetic ﬁedia a spherical " Lorentz
cavity' centered about the probe (muon), and calculate the effects of its sur-
face and volume field sources upon that probe. The ima‘gined sphere should
have a diameter of at least several lattice spacings, in order to include all

of the important dipole sources in the volume _contributionf but should fit'withini
a single domain. The surface contribution is the Loz_'entz field, BL_— (411'/3)_1\71,
Where 1\71 is 'tﬁe sample magne’ciz'ation.. The volume c'Qnt'r;lbut_ion gdip is just
the net field due to avll the local magnetic dipoles within the Lorentz cavity. .
Finally’, the corrected hyperfine field Ehf is the effective field due to contact -

interactions with polarized electrons.

Let us now examine the various contributions to B for a few specific cases.
B E
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a. Insulators
In a diamagnetic crystal _EDM + -ﬁL is vanishingly small; contributions

-

to B,. arise only from nuclear moments. (see the example below). In a

dip
paramagnetic crystal —ﬁDM +—I§L is still very small and may‘ in many cases be
neglected; —ﬁdip will consist of contributions from the various paramagnetic
ions inside the cavity. In some cases these contributioﬁs will cancel due to
| the symmetry of the site, leaving _édip = 0. For m‘ore“det‘ails see Ref. NA 67.
b. Nonmagnetic Metals

In a metal there is a contribution to _éhf from the. contact interaction with

conduction electrons which are polarized by an external magnetic field; this.

field causes the Knight shift (AB 70, NA 67). In this case ghf is given by the

expression

Bhf - gcep - KBext’ (9'7_)
"where K is the Knight shift parameter (or tensor)
8 2 '
K= (|u0)]")x. - (9.8)

Here < lu(O) |2> is the conduction electron densivty at the muon site, averaged
over all stateé af the Fermi level, and x is the Pauli p_armagnétic suscepti-
bility (per atom).

Conventicnal fnéasurements of the Knight shift require the performénce
of NMR with a metal probe. Due to the skin effect, the rf field will only
penetrate into a thin surface region, and it ma.y sometin;es be que stionablg
whether one measures the bu..lk‘ Knight shift of the proi)e niaferial or 'sqme sur-
face properties. With the muon one can measure real bulk K_night shifts
(HM 63). However, such studies are tedious, requiring accurate measure-
ment of shifts of ¥ 100 ppm in the muon pre_cessioh freciuency. The only known
r_néasurements were made in conjunction with the first high-precis.ion deter-

mination of the magnetic moment of the muon (HM 63). The Knight shift at
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the muons was consistently an order of magnitude smaller than that measured
or predicted a.t thé lattice nuclei-;not surpvriSingly, since the p.+ is presumably
located at interstitial sites, where enhancement of conduction electron wave-
Afunctions is weak (HM 63).v Singlet annihilation rates of positrons stopped in"
.metals' (also proportional to the electron probability density) are consistent
" with this ex.ﬁlahation. An unexpectedly large positive frequency shift observed
in graphite is unéxpla.ir_xed; B~ precession measurements in the same sample
(HS 63) yielded the expected frequency.
c; Ferrom#gnetic and An'tiferromagnefic Metals
Here ﬁdip is the usual sum over the dipole fields of the magnetic ions.

This term will disappear if the muon occupies a site With_ cubic symrnetry,'
The hyperfine field seen by the rﬁuon is thought to be ‘decomposed as follows
(KO 73): :

ghf B I_3.cep +§Vep’ . 99

where Ece is thé- above-mentioned contribution due fof the conduction electron
pollariz'ation, and gvé‘p is a positive field prﬂodticed by the polarized valence
electrons shielding the probe charge in its ﬁcinity. The latter term (gvep)
should be s'méll for the muon. As the ferromagnetism bof transition eieménts
like Ni, Fe, Co originates mainly from the »conduction electrons, gcep may be
expected to account for most of _ﬁhfin these substances. |
d. Other Solids

Muons may be expected to provide a useful probe for .a nurriBef of hitherto
néglected or poorly understood solids. The p.+ i)recéssiqn signal in semicon-
dhctoré, for inst_é.nce, has been studied in detail, as disci).ssed earlier; ho@i
evez;, the s.tate c.>f‘ the qué.si-free muon in these crystals is not well enoughb

understood to warrant discussion in this section. The behavior of quasi-free

muons in ferromagnetic and antiferromagnetic insulators has not yet been
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systematically investigated, but preliminary studies of_CrZO3 show a marked
difference in the }.L+ signal above and below the Neel temperature (see the
previous section). Exceptionally small relaxation time'sv. of.the u+ precession
signal have been found in sulfur (see discussion at the end of Section VII),
silicon (see Section VIII), Gd NO3° 6H20, and Fe(NO3)3- 6.H20 (Table II.3).

None of these results are satisfactorily understood and further investigations

are needed,
3. Examples

We turn now to descriptions of various recent experiments which can be
understood or ahalyzed in terms of the framework outlined above.

a. Slow |J.+ Depolarization in a Single Crystal of Gyi)sum

This experiment in gypsurh (CaSO'4e ZHZO), Ref. SC v71, helped.to clarify
the mechanism fér slow p.+ depolarizaﬁion in solid crystals. It can be com-
pletely understood in terms of muon preéession in local fields as described
in Section IX. A. 1, in perfect analogy with NMR experimer}ts on the protons
of the water molecules in the hydrated form of CaSO4. The interpretation is
based on the assumption that the quasi-free p.+ precessioﬁ signal comes from
muons which replace protons in waters of hydration via i’lot atom reactions of
muonium. Each observable muon thus oécupies the lattice site of a proton in
one of the two water molecules in the unit cell of the crystal. - This assumption
draws support from the results in aquebus solutions. |

The neighbdring proton will create a magnetic dipoie field at the site of

the muon, given by the expression (SC 71)

M : ' .
6B =% -2 (3 cos?-1), : (9.10)
v r3 . :
where g = magnetic moment of proton, 6 = angle between the magnetic mo-

ment vector of the proton and the muon-proton radius vector, and r = the

muon-proton distance = 1.55 A,
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Depending on whether the proton spin is parallel or ;ntiparailel to an ex-
ternal field., the dipole field will either add to or subtract .from the externbal
field. Since there are two HZO molecules oriented differently with respect
to the crystal axes, one expects up to four different muon.‘precession fre-
quencies, as shown in Fig. 9.1. w, and Q3 belong to f‘he first pair; wy and w4
belong to the second pair. In addition, the muon will feel the field components
due to protons (and perhaps to mvagnetic impurities) farfher away, which will
lead to an inhomogeneous broadeﬁiﬁg of the frequency distfibution about each
. From NMR measurements it is inferred that tilis distribution is Gaussian
. in shape, with full.‘width Aw.
| Taking the Fourier transform of this field or frequénéy distributic;n, one

obtains the following expression for F(t) [defined as in Eq.- (9.4)] :
: ) 5

F(t) = exp.(—iz— ) c_:os(%— 6w1t) cos( %— 6w2t), (9.11)
T . .
2 .

with )

6(.01 =w2 -w1 =w4 -w3,

| 1

-6(»2—- z(_w4—w1)+2 (w3 wz),
and
' _ 4

TZ T Aw

The average frequency Wt (Eq. 9.4) is the central frequency

—p‘—.w1+w4 _w2+w3

©w T T2  TT=2

'I‘hére are actually 'two beat frequencie.s, 6w1 and 6w2, and a Gaussian damping
function with a relaxation time TZ' The values of the beat frequencies _6w1
and 89)2 depend.upon the crystal orientation in the external field and can.bé
calculated without difficuity (PA 48).

| Fqigure.s 9.2a and b show data for F(t) for two differeﬁt crystal orientations.

The solid lines are calculated curves, not fits. The beat behavior as well as

i
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the damping are clearly visible. In Fig. 9.2b the agreement between the data
and the calculated curve is rather poor; however, in this case the crystal
orientation in the external field was not accurately kﬁown;

The points in Fig. 9.2 were obtained by dividing fhe .experimental histo-

gram into 500 nsec sections and performing a Fourier analysis on each sec- .

tion. This leads to a determination of the amplitude and phase of the precession

signal at the central frequency o, For all crystal orientations the experi-

ment showed that Tp < 2/(6(»1 + 6w2)—that is, that the beating effect was not
important for the most statistically significant part of the histograms. Thus

the analysis could be simplified. Equation (9.11) can be written:

¢4 : '
F(t) =exp (- —5—), (9.12)
' . T ' ' .
2
with formally g
' 6w, s :
A L n[cos(—E t) cos(==t)]. (9.13)
*2 . 2. 2 2 2 :
T T2 t " .
For early times (t<< 2/6,(:91 or 2/6(»2),'
o 6w Sw
-—12—1n ['cos(let) co‘s(v-—zét)]

t
is approximately time independent. A value of T: is therefore obtained b.y
fitting Eq. (9.12) to the measured histogram. Table IX.1 shows the calculated
muon NMR spectra, the calculated T; values, and the corresponding values
obtained from the fits for thevcrystal orientations studied. The ‘line width

Aw = 4/T2 is extracted from the data for the third crystal orientation, where

e
xR

the spectrum effectively consists of only one line, implying Tzz TZ.' The

Yo

3k .
other calculated T2 values are in good agreement with the measured ones.
. . . +
The consistency of the results of this experiment shows that slow p de-

polarization in solids is often a consequence of the local field distribution
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-

~ (dipolar line broadening). In this spe‘cial case it is furt_her demonstrated that
quasi-free muons are indeed most likely to be found in proton sites.
b. Slow Depolarization-and Muon Difftision in Copper

In an experiment by Gurevich et al. (GM 72), slow p.+‘depola'rization in
copper was shown to be due to inhomogeneous local fields from the nuclear
magnetic moments. Natural copper consists of the two isotopes 63Cu and
65Cu with abundances of 69.1% and 30.9% respectively. Each has spiﬁ
I=3/2; the magnétic moments are +2.23 n. m and 2.38 n. m respectively.
Thus the two isotopes have almost identical effects upon the muon.

When the external field is much stronger than thé dipole field at the muon
site and when the rhuon's gyromagnetic ré.tio is much greater than that of the

nuclei (in this case, YH-/YI =11.7), F(t) is given by thé following expression

(GM 72):
F(t) = exp (—Q?‘_tz), , , , (9.14)
where @ =ty (9.15)
j=1 ~
and .
2 _ -3 2 ' ;
w.” = (h/r?7) ¥y 1-3 cos™0.). o o 9.16
S = 6/5) v, v A (9.16)
Here r, = |_1?Jl and GJ. are respectively the distance from the muon to the jth

nucleus and the angle which the vector ;J makes with respect t’o»the direction
of the external figld. For a polycrystalline sample this fofmula must bé
averaged over a.ll éfystal orientations.

In the derivatién of Eq.(9.14) it is assumed that the muon occupies a
fixed position. If the muon diffuses through the crystal af a significant rate, B
F(t) will be modified due to motional narrowing. If F(t)_has a Gaus sian shé.pe
in ,the. absence of diffusion [ as in Eq. (..9.,14)] s Athe.incluls}i'o'n_ of motional effec_ts

leads (AB 70) to the form
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F(t.7_) = exp{-20 %1% [exp(-t/7_)-1+t/7_]}, (9.17)

where O is the relaxation rate in the absence of diffusion, and can be
identified with @ [Eq. (9.15)] properly évera’.ged over all crystal orientations.
The correlation time T represents the average time the muon takes to cross
a unit cell by diffusion.
Gurevich et al. observed that at 77°K the damping of the muon precession

signal had an essentially Gaussian shape; 'fheir fit to the data yielded

= 0.219+0.008 }isec—i. This implies that diffusion of muoné at liquid nifro—
gen temperature is slow compared with the muon decay rate, and is of no
importance in the slow depolarization. The measured 0 thus gives a good
account of the ‘sta'tic field distribution from the magnetic moments of the Cu
nuclei. However, atrhigher temperatures the relaxation rate is considerably.
slower. Figure 9.3 shows the relaxation rate A = 1/'r_r;z_),s a function of
temperature ('rr is the time at which the muon polarization ﬁad decreased By
a factor_of e).' Only diffusion can account for these resuit’s, as the relaxation
rate for the spins of the copper nuclei is practically éonsf:é.nt over the temperé—
ture region investigated. By comparing the experimental damping curves for
different temperatures with Eq. (9.17), using 0 = 002.19: p.sec'1, the correla-
tion time T.asa function of'témperature was obtained. " Figure 9.4 showé
1n(1/’rcv) versus 1/T. The plotted data may be interpolated by a straight line.
This dependence is to be exp'ected if the diffusion mechanism is go§erned by -
an activation energy E representing the potential barrier between adjacent
sites for the muon: the muon is hqpping from one crystal'site to vanother..
The correlation tirﬁe should thus be described by

D

— - exp(- T) 5 | (9.18)
c - a B

L
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where Doexp(—E/kBT) is the diffusion coefficient and a is the lattice parameter
of copper. One may interpret Do as the vibration frequency of the muon in its
temporary interstitial site.

 From the slope of the straight line in Fig. 9.4 one can deduce an activation
energy corresponding to E/kB = 540°K. The deviation from the straight. line in
Fig. 9.4 may be due to a temperature dependence of the preexponential factor.

It would be very interesting to compare the diffusion coefficienté of protons,
deuterons, .and tritons with that of rhuons for the purpose of studying isotope
effects 1n diffusion processes. For instance, it is known that DT< DH < DD
for palladium (SI 72) but no study has yet been made of muons in Pd. The
study of positivé muons in metals should in fact be regarded as a vital new
part of the expanding field of hydrogen in metals (e. g. Ref. SI 72), with all the
concomitant implications for such teéhnological problems as corrosion and
embrittlerﬁent,
c. Muon Preéeséion in Nickel and Iron
Muon precession studies in fefromagnetic materials are particularly in-

teresting inasmuch as they promise to yield new information about the various
contributions to the local field. Ferromagnetism is not yet ;perf_’(ectly under -
stood on a microscopic level, vand it is likely that the use of the positivé muon
as a probe rﬁay help to clarify. some hitherto unanswered queétions. Kossler
~and collaborators (FHV 73) have observed muon precession 1n polycrystalline
- nickel and iron over a temperarture‘ region encompassing both ferromagnetic
and paramagnetic stafe s. The temperature aependenqé of the precession vfre-
quency and the’ relaxation rate were studied. Sifnila,r results were obtainéd
by Crowe et aJ. (PC 74) for a single cryvstal of nickel and over a larger range
of external fields. |

- The observed field in paramagnetic Ni is eSsentié.lly_equal to the applied

external field. No fast dépol'arization processes seem to affect P_L , but
o res
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slow depolarization with é relaxation time of 'I"2 ® 4 psec is evident. Plres and
B are essehtially independént of temperature in the paramagnetic region studied
(TC = 631°K< T < 705°K) (FH 73); however, preliminary studies of T2 jus't'above
"I‘c show evidence for critical phenomena. No meaéurern_ents were made in para-
magnetic iron (T > TC = 1043°K).

All the existing measured values of BH- for an unsaturated sample of

ferromagnetic Ni are shown as a function of temperature in the lower part of

Fig. 9.5. For each sample né more than a single BH valqe is observed at each
temperature. The solid line in the figure is the ma.g'.netization curve for

Ni (WF‘ 26), normalized to a satura@ion field of 1500 G at T = 0°K. Thus B|J.
has approximately the same temperature dependence aé the magnetization of the
material. The fne‘asured local field is in the same direci:ion as the external |
field. In order to interpret these results, one must first determine the most |
probable position of the muon in the unit cell of the crystal. Octahedral and |
tetrahedral interstitial sites are considered the only likely possibilities, with

some indication that the former type would be favored (FH 73).

For B
ex

t'too weak to saturate the sample, B“ is found to be essentially

independent of B . This is due to the high permeability of nickel: magnetic

¢
domain walls move in such a way as to screen out the external field, implying

that in Eq. (9.6) Eex + gD = 0. Since the dipole fields from Ni cores cancel

t M
by symmetry at both octahedral and tetrahedral sites (Bdip — 0), the only re-

maining contributions are B’p’ = §L + Ehf' The larger contribution in this case
is BL = (411'/3) Ms’ where Ms = IMSI is the saturation magnetization, which
has the same value inside every domain. One must, of course, choose the
size of the Lorentz cavity smaller than the dimensions of a magnetic domain
to preserve the above definition. Below saturation the orientation of I'?/IS is

obviously different from one domain to another, but EL and B’hf are always

essentially collinear (SR 68). Let us now consider the particular case of the
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single crystal at 77°K, where BH =+ 1.48 kG is measured ;nd BL:fZ.14 kG
is calculated. The difference Bhf = - 0.66 kG must be due to a conté.ct inter -
action with 4s and 3d conduction elect‘rons.' If the muon.charge were closely
screened by fully polarized 4s electrons we would expect a hyberfine field of
+16‘0 kG as in fhe Mu atom. The redgc_ed value of the_.mea_sufed field arises

partly becuase the screening electrons are only partially p‘olar_ize‘d.

Neutron diffraction studies yield an unperturbed interstitial magnetization of

M, = - 0.85 X 1022

p.B/cm3 (MO 66), i.e., Mi = - 0.079 kG. For a naivé

picture in which screening of the muon charge is completely ignorea (effectively
treating the |J.+ as an uncharged probe), one éan compute a contact field

| 81rMi/3 of exactly -0.66 kG. It would be unwise to cohsider this agreement to
be other thaﬁ _fOrtuitous until a detailed calculation of the screening of the
interétitial muon charge by the bémd electrons is avaiiable.

For Bex strong enough to saturate the samplé, no further domain wall

t

motion can occur and BDM stays at its maximum value, DMs’ where D is the

sample -demagneti.zing factor. In this case BH rises,linéarly with Bext with
unit slope. This is demonstrated in Fig. 9.6. The ' knee'" in the experjmental
curve occurs at the calculated saturation field of the sample.

The tempera£ure dependence of the re_sidual polarization is of some in-
terest. Figure 9.7 shows results of Kossler et al. (FH 73) for nickel. Since
the Ni specimen actually consists of a large number of magnetic domain_s', the
value of Pl depends upon the alignment of domains transverse to the initial |
muon polarization.. Whenever the directions of ﬁlagnetization of the domains
differ from the initial muon polarization direction, the muon spins will pfecess :
on "cones' with different axes and ape:i'ture angles. As discussed iﬁ Section
IX.A. 1. c, the overall amplitude of the precession is réduced by 2/3 when the

magnetization directions are isotropically distributed.
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The solid line in Fig. 9.7 is a measure of this domain alignment; it is
extracted by dividing the permeability by the macroscopic mag\netization and
normalizing to the residual polarization. As can be seen, this line accurately
represents most of the data. The drop _in P.L ‘near the Curie temperature is
somewhat artificially introduced by assuming a sudden randomization of
orientation near this temperature. This assumption, however, needs experi-
mental confirmation. Sucﬁ measurements may make poésiblé a study of the
formation of domains and clusters around the Curie temperature in the absence
of an external field (KO 73). |

Slow depolarization rates in Ni were also measured by the LBL and SREL
groups. Essentially no slow 'relaxatioﬁ was observed. in the single crystal, |
even at 77°K (PC 74). By contrast, a very fast rela.xation;is observed in
polycrystalline éample‘s, especially at lower temperatures (FH 73, PO 74).

The absence of this relaxation in single-crystal nickel rules out the péssibility
that slow depolarization is caused primarily by S,uCh dynamical mechanisms
‘as creation or destruction of single magnons or multiple rr;agnon processes,
such as suggesbted b..y Kossler (KO 73). Other rel.axation mechanisms,

such as electron scattering from the u+, lead to very lbng relaxation times,
invisible on the scale of the muon lifetime.

The disappearance of precession in a polycrYstalline sample at low tempera-
ture must arise from an extremely s_h_ort depolarization time caﬁéed by a large
inhomogeneous line width AB. 'Iv‘2 and AB are related by AB = vZ/YpTZ' (A
depolarization time of 0.1 psec implies a AB of about 200 gauss. ) Fig\ire 9.5
sh‘ows values of AB calculated from muon T2 measurements, compared with
61Ni NMR line widths in polycrystalline nickel from Ref. SB 63. The line
widths inferred from ]J.+ precession signals in the single-crystal sample. at

300 and 77°K (AB77 < 18G, -AB3OO < 10G) are an order of magnitude‘ smaller

than the narrowest absolute line widths pfeviously obseérved in nickel (PC 74).
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The approximate equality of AB as measured with muons and NMR is
significant .considering that the field at the nickel nucl.ei is larger than that at
the p.+ by a factor of 50. If the broadening were due to strains in the sample,
one would expect the line width to scale approximately with the field measured.
It is well known that considerable line -.broaderiing oc_c:ﬁré in polycrystalline
ferromagnets because of the inhomogeneous fields of réndomly oriented crys-
tallites. The general trend of AB in Fig. 9.5 toward larger values at lower
temperatures may be Qualitatively understood in terms of an increase‘ in the
anisotropy energy with decreasing temperature (AU 68), causing an increase
in magnetization inhomogeneity.

Kossler's AB data show a shar\p rise about 550°.K._ Since BH(T) bé_cor.neAs
\}ery steep near the Curie temperature TC = 631°K, bimperfe.ct temperature
regulation and/or homogeneity would produce an effective internal field in- .
homogeneity which gets \%/orse closer to T‘C. Kossler's AB data near TC can

be explained if one assumes an experimental temperature spread ~10°K.

In ferromagnetic iron, ‘Kossler et al. (FH 73) havé measured Bp‘ at a
number of tempe‘r'atu_rés between 300 and 675°K. Iron ha;s a bcc.crystal struc-
ture, so the |J.+ may be found at‘ the interstitial face-centered sites. There, .
unlike in the case of Ni, Bdip would héve one of the _values. +18.8 or -9.4 kG,
dépending updn whether the nearest iron coreé are situated on a line perpendic-
ular or parallel to the magnetization directions iﬁ the dorr.lai‘nv (ST 73). Itis

known that hydrogen in Fe has a diffusion (hopping) time of about 10—9

séc_: at
300°K (CH 70). The p.+ will probably diffuse even faster from one face-centered
site to another. Since there are twice as many of the s_eéond‘ type of site as of

~ _the first, the muon will feel an average dipolar field which exactly cancelé, |
providéd that the '"hopping time' is very small compareci with the period éf

precessioh -~ 10_8 sec) in the local fields. For the temperature range studied,

a unique B is always observed, as in nickel. No detailed information on slow
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depolarization in Fe is presently available. Low-tempbell'ature studies of -
single-cvrystal Fe may thus be expected to greatly clarify the situation, and
perhaps reveal exciting new phenomena.

The interstitial magnetization in iron is known to be a highly structured
function of position (SM 66). Thus the value B, .

hf
=0 and BL =+ 7.1 kG cannot be interpreted very meanirig- -

= - 3.0 kG ext_racted from

the Fe data using Bdip

fully until a great deal more is understood about the muon's screening charge

‘and position distribution in iron. However, the result is still qualitatively con-
sistent with the naive picture of contact interactions with unperturbed electron
bands.
A . + .
It seems very likely that a great variety of 4 precession phenomena
await discovery and study in iron; one can imagine a similar wealth of infor -
mation available from many other such metals. The future seems rich indeed

for this latest application of the positive muon as a probe of matter.

B. Slow Depolarization in Paramagnetic Liquids
The NMR line in liquids generally has a Lorentzian shape, the Fourier
transform of which.is an eprnentia_l decay function describing the relaxation
éf spin components perpendicular to the external magnetic field. Slow muon
depolarization in transverse fields is thus expected to Qbey. an exponential de- i
cay law:

-t/T i :
F () =e 2 O (9.19)

where T2 is the transverse or spin-spin relaxation time. Relaxation in this oo

case means the loss of phase coherence among the spins of the precessing

muons. Slow depolarization in a longitudinal field arrangement is also

described by an exponential decay law: , E o
o -t/T,

F"(f) = e ' (9.20) |

with T1 = the longitudinal or spin-lattice relaxation time. Relaxation in this
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case consists of transitions between the Zeeman states of the muons, caused
by interactions with the lattice, which provides or absorbs the energy qﬁanta
involved. No longittidinal slow d»e'po.lariza'tion has&etv been measured in
paramagnetic solutions.

As emphasi‘zed before, the muons which precess at the free muon Larmor
frequency must be in a diamagnetic environment—placed there either by hot -
atom reactions or by thermal reactions of muohiﬁm, From results on hot-
tritium chemistry in aqueous solutions it is known thét the molecule THO is '
formed preferentially (WO 65). It can be assumed that the same mechanism
dominates in hot-afom reactions of muonium, so that most of the ''hot fraction"
in water [h(HZO) = 0.55+0.03] represents formation _'of MuHO molecules—that
is, about half of the muons replace protons in watér molecules during epithermal
collisions. In solutions where thermal Mu does not react rapidly, fhese are
the only muons observed in a precession experiment. .

Since the muon takes the place of a proton, it can be as sumed that the muon
spin will be rela)ﬁed in the same way as the proton spin. Pfoton spin relaxation
-phénomena in a.queous'. solutions have been investigated quite éxtensively, using
NMR (AB 70). Particularly s.usceptible to s‘_tudy witiu muons are slow relaxation
phenomena in paramagnetic aqueous solutions, in which T'2 is usually short
enough to be detected within the muon lifetime (PH 62). From the theory of

relaxation (AB 70) one expects that

L o _
__T—z- = (u) . (9.21)

where p is the magnetic moment of the particle involved. When comparing

proton and muon relaxation times in the same solution -under the same com-

ditions, one thus expects the ratio

T,p) n

T,() "

2
£~ 10. - (9.22)

2
p
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Figure 9.8 shows T2 data for muons in paramagnetic.‘Fe.3+ solutions (SC 70);
T2 is plotted versus paramagnetic ion concentration. The lower data points,
connected by a solid straight line, were obtained from solutions of Fe(NO3)3.
The upper solid line 'repres.ents proton NMR results in the same solution. .
The experimental ratio of proton to muon relaxation times is indeed about 10.
No NMR data are available for comparison with the results obtained for muons
in FeC13 and Fe(C104)3 solutions. Differences between the data from Fe(NO3)F3 '
solutions and data from Fe(C1O4)3 and FeC13 solutions is not ’fully,unde‘rstoodv
and needs further investigation.

The T, results for muons in Gd(NO3)3 solutions of varying concentration
were similarly consistent with proton measurements in the same solutibons°

As is well known, Fe3+ ions usually form Fe(HZO)2+' compiexes in water,
and protons (muons) incorporated into the sphere of hydration are relaxed by
the paramagnetic ion. However, the exchange rate for water molecules in

3 -1)

the sphere of hydration is slow (~ 3X10~ sec (HU 63) compared with the

relaxation rate for muons (""105 sec_i), yet all of the muons appear to relax—
not just those ' stuck'’ in the complexes. Furthermore, 1n coﬁcentrated Fe3+‘
solutions a significarﬁ: fraction of polarized muons reach diamagnetic environ-
ments throvugh thermal reactions [ recall reaction (7.34)] . The su_bsequent
state of these muons is unknown, and so part of the depelarization mechanism
in concentrated_'Fe3-+ solutions is not understood. In an attempt -to‘clax;ify
.some of these uncertainties, "mt‘lon precession h‘as been studied ih aqueous . -
solutions of K:,’Fe(CN)6 (FB' 7'3'). In this case the tightly bound 'cornplex"
Fe(CN)Z- pre‘vents water molecules from c_:losely 'approa‘ching the Fe3+ ion.
At the same time, the strong ligand fields eause vHund"‘s rule to be broken,
reducing the spin state of Fe3+ from d(5/2) to d(1/2); thus, in Fe(CN)Z- the

Fe3+ ion has only ~ 1/5 as large a magnetic moment as in Fe(H20)3’6+, In
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keeping with expectations, thé resultant muon rélaxatién rate in up to 0.8 M
K;Fe (CN)6. solutions is undetectable in experimental’his’tograms with modest
statistics (TZ“Z 20 psec). A fast thermal reaction Qf Mu apparently occurs in
these solutions, so we can conclude that the ligand fields prevent depolarization
of muons both in the epithermally formed MuHO molecules 'and‘ in the diamagnetic
products of the thermal reaction. Further investigations may help to clarify
the basic mechanisms involved‘. | |

It ié importé.nt to note that NMR measurements were generally c_ione in:
solutions with coﬁcentrations of < 1021 paramagnetic ions/cm3, because of
problems regarding line width, signal strength, rf power, and other experi-
mental considerafions. Proton NMR measurements are thus effectively limited
to cases with relaxation times T2 2 10_5 sec. Howevef, it is easy to measure
much shorter relaxation times with muons, and so to study much more concen-
trated solutions. In principle, transverse or longitudinai relaxation times can
be measured down to ~ 1(l)-8> sec.

_ In very concentrated solutions new effects may show up. This is demon-
strated by measufements of T2 for muoﬁs in MnClZ s_glutions with Mn2+ con-
centration of up to 5 M (= 3.><1021 ions/cm3) (Sw 72). These studies also
provide a good example of the sorts of effects involved arid'the variety of in-
formation which may be extracted from experimental results. At lower con-

" centrations, I\’/InCI2 solutions have been extensively studied with pr.oton NMR_
'by'many authors, particularly Bloembergen et al. (BM 61).

Paramé.gnetic Mn2+ idns; like Fe3+ ions, are surrounded by six water
mole‘cules forming a hydration sphere. In this case the water exchange rate
is fast (~ 3)(10'7 sec—i)'(HU 63), .allowing a straightforward trea.vtmentA of the
relaxation proceAss for the entire quési-free p.+ enéemble. -Proton.s (or muons)
in this hydrétioh sphére are subject to two ‘time—dependent magnetic inter-

actions: the dipole-dipole interaction between the magneti¢ moments of the
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paramagnetic ion and the proton (or muon), and a scalar coupling or spin-
exchange interaction caused by the nonvanishing electronic wévefuncfion of the
ion at the site of the proton (or muon) in the hydration sphere. These inter-
actions lead to fhe following expression for the transVefse relaxation time

T, (BM 61, BB 59):

1 2 2 2 2 2.-14
;g S(S+1)'Yp(p‘) Yion B [7'TC+13'TC(1+OOS T) P

2

1
T,
(9.23)

1 2 -2 L2 2.1
+ 3 S(s+1)Ap(M)h [T +7 (1 + o T.) 1P,

2+

where S = ion spin (5/2) for Mn ),_

internuclear distance between ion and proton {(muon),

r
yp (YH) and Yion - gyromagnetic ratios,

A“ = 3.18 Ap = coupling constant for the exchange interaction,
w, = Larmbr precession frequency of the ion,

7T and Te = respective correlation times for dipole-dipole and exchange

interactions,
and P = probability of finding a proton (muon) in a hydration sphere, given
by
P = (number of water molecules in hydration spheres)
" {total number of water molecules)
or P = 0.108X (molal concentration of Mn?').

The first term on the right-hand side of Eq. (9.23) is vth'e contribution due to
the dipole-dipole interaction; the second term accounts for the spin-exchange
interaction..

The correlafion times T, ‘and T, are a measure of thé time dependeﬁce of
the respective interactions; each may be thought of as the duration of the co-
herent effects of the interactién involved. The time dependence of the dipolé— .

dipole interaction may be caused by rotational diffusion of the Mn2+ complex,
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by chemical exchange of the HZO (MuHO) molecules, and by spin relaxation

of the paramagnetic ion, parametriied by the respective correlation times

T T and T :
r’ 'h’ s

1 _ 1 B 1 ‘ |
':7':—' = = + 'T— +_ ;_—- . (9.24)
c r h s ‘
and
...1_: -1-'— + —1— . (9.25)
T T, . T
e h 5 :

(The scalar coupling is not influenced by rotational diffusion. )

The temperature dependence of the correlation times 'r'r aﬁd Th is described
by a type of Arrhenius law: .
B TET, exp(V/RT), ' » : - (9.26)
where V is the activation energy for rotafional diffusion or chemical e#change.
. The temperature dependenc.e.a. of T is more complicated and involves the
mechanisms leading to eleétronic relaxation. (BM 61).

The information contained in Eqs. (9.23 - 26) is typical of what can be ob-
tained from relaxation studies in paramagnetic -solutions.

Figure 9.9a shbws the experimental data for Tz(u+5 as a function of Mn2+
concentration aiong with the overall TZ (solid curve), the dipole-dipole term -
(top dashed curve), and the spin-exchénge term (lower dashed curve), obtained
from Eq. (9.23) by using reasonable values for the réspective 'éorrela;fion tirfies
‘and correcting for the larger magnetic fnoment ofvv the muon. For concentra-
tiéns bélow 1020 anJr/cm3 there is good agrevement between the data and
predictions scaled for muons. At higher concentrations the data break éharply
alway from the predicted curve, and there seems to be a qtienching of the re- |
laxation mechanism. These deviations from Eq. (9.23) can be understoéd if |
we assume that sbme of the correlation times become concentration-dependent

. L . PR . 2+ :
at higher concentrations, due to intermolecular interactions of Mn~ complexes.

In particular, spin-spin interactions among an ions might lead to concentra-
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tion-dependent correlation times. Indeed, ESR measurements by Garstens
and Liebson, and Hinckley and Morgan (HM 66), show a concentration-de-
pendent line width in concentrated Mn2+ solutions. Their data (Fig. 9.9b)

can be approximated by (solid line in the figure):

% 1,24X 10'9
Ts -7 2
N

where T, is now used as an additional effective correlation time in the proton

+1.27X 10_'“ sec,

(muon)-ion interactions. Here N = ion concentration in moles/liter. The

%k .
temperature dependence of T, can also be obtained from Ref. HM 66. For a
3 M solution, one finds

3

A o 176x107 [710 - 2.8X10> exp(- 1:28X10° ). (9.27)
7_*' ~ RT : v
S

The total correlation time T for the spin-exchange interaction is thus .
e

given by
_L:i.}._i*_.;._i_. , ' : (9.28)
T T T
e s T h

where T is the usual electron spin relaxation time and 'fh is the mean time
for the muon to remain in the hydration sphere. Similarly, the total correlation

time Te for the di'pole-dipole interaction is given by

[~

i:1_+_1_+_1_+
T T T T
c r h s

, (9.29)
T : :

w3

where 7. is the rotational correlation time. At room temperature

T, ® 3 X 10‘9, T, 2 X 10‘8, T %3 X 10”11 sec (BM 61'),

In Fig. 9.10a the data from Fig. 9.9a are shown With the linear concentra-
tion dependence (P) divided out. If the correlation times were concentration-
independent, 1/T'2P would.be constant. By inserting the toj:al. correlation |
times 'Té ;nd 7. [Eqs., (9.28) and (9.29)] into the gene_ral'éxpression

[Eq. (9.23)] with the other parameters taken from Ref. BB 59, one obtains



-131-

the solid line in F1g 9.10a, which is an excellent fit to the data. The dashed
lines in Fig. 9.10a represent spin-exchange and dii)ole -dipole contributions
separately. N

However, using Eq. (9.23) together with Eqs. (9.2_6) and (9.27) aﬁd the
temperature dependence of T and ™h from Ref. BM 61, éne obtains the dotted
curve in Fig. 9.10b for 11 kG, which—as is clearly eyident—does'not adequately
describe the measured tempebrature dependence of T2 in a 3 M solution.

If Eq. (9.27) correctly describes the femperature dependence of 'r:, and
if Th behaves normally, we are forced to adopt paramete'rs. different fl.'om.b _
the ones in Ref. BM 61 in the expression

T = -r.‘r’ exp(V_(RT) , ' (9.30)

where Vr is the activation energy of the rotational motion of the Mn2+ com-

17

plex. Using Vr = 8.5 kcal/mole and 'rg = 1.73)(10— sec, we obtain for

1/T

2P versus terhperature the lower solid curve at 1‘1 kG and the upper one
at 4.5 kG external field strength (GM 66). - |

-The large value for the activation énergy at 3 M concentrations (as com-
pared with Vr = 45 kcal/mole at low concentrations) seem reasonable in view .
of the greatly increased viscosity of a3 M MnCl, solution GYE M) ~ 3.2
centipoises]. It wbould be of great interest to establish more detailed experi-
mental relationships between these observations and t_he-dynamiés of this
liquid (GM 66).

There are ﬁnfortunately several questionable assum}‘)tibns‘ in the fore-
gbing analysis, which we will now discuss. |

1) The results of Ref. HM 66 for ESR linev widths were obtained in an external

field of 3 kG. We have neglected any possible' field depe’ndenée of the ESR line
widths and assumed thé same values in fields of 4.5 and 11 kG. This is justified

only if the relevant correlation time 70w (41 kG) < 1 — th_ét is, T< 5 ><1O—‘12 sec.
S .
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solutions, whereas

2) The results of Ref. HM 66 were obtained in Mn(C104)2

the muon relaxation studies were made in MnCl2 solutions.

3) Altho;.lgh it was necessary to change Vr and 'rg in ordér to fit the te\rnper’a-
ture dependeﬁce of a 3 M solution, we had to assume that T . Temains relatively
independent of conce{ntration at 295°K in order to obtain the fit in Fig. 9.10a.

4) In view of the quality of thev fit shown in Fig. 9.10‘a, Th has been assuméd
to be concentration-independent. This assumptfon needs further justification.
In particular, a concentratidn-dependent activation enevrgy for chemical ex-
change might reduce the value of Vr to less than 8>.5 kcal/mole.

5) The whole énalysislﬁ'depends upon the basic assumption that Mn(HZO)Z+
formation continues almost unchanged up to the strongesf concentrations.

The testing of these assumptions in further muon-depolarization studies
may contribute to our knowledge of the structure and dynamics of fluids. The
v experimental program\in Mn2+ solutions should include measurements of re-
laxation times in longitudinal as well as transverse fields, as a function of

varying field strength and temperature, and finally in solution with different

anions.
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X. CONCLUDING REMARKS

A. uSR—A "Trigger'" Detection Technique for Magnetic Interactions
Studies of the precession and depol.arization of posifiire muons and muonium
in matter share rﬁany characteristics with the associated techniques of NMR
and ESR. The important difference 1s that the more standard resonance
techniques in\}olve absorptidn of macroscopic amounts of power by macroscopic
spin ensembles ( 2 1015 nuclei or > 1012 eleétrons), while as.few as 10
muons imbe’dded in the medium can be used to passivély-detect coherent local
fields (through the precessibn .fréquency) and random locai fields (through
the relaxation time). This is possible‘becaﬁse the asymmetric decay so |
efficiently converts information about the muon pol;rizafion into an easily de-
tectable external phenomenon (the positron directioh). These special features
are also shared by a variéfy of ”triggér" detection techniques (AB 70) such
as M8ssbauer _effe‘ct; pertur‘bed angular correlations, PAC (SH 72); oriented
nuclei; and others. The ”coining of age' of such techni‘ques is often marked
by the adoption of a suggestive mnemonic acronym; in this context, the appli-
cations of muons outlined in this chapter might be referred to as " USR" studies,
where the acronym stands for Muon (or Muonium) Spin Re_laxatibn, Rotation, |
Resonance, etc., and is intended to suggest the analogy with NMR and ESR.
While other ”tri-gger'; detection techniques have advantages similar to those
of uSR (e. g., seﬁéitivity), each has its own set of difficulties. Many, for
instance, can or_11yv be used to study certain substances intqbwhich the probe
nuclei can be incorporated; ion implantation can sometimes help in this re-
gard, but generates new prdblems such as radiation damage. Furthermofe,a
in NMR studies involving nuclei other_thé,n hydrogen i_.sotopés, the electron
core of the probé caﬁses dis"turbin.g effects, suc‘h as core pdlarizatio'n, §vhich

mask or even change the local fields to be measured. Many nuclei also have
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electric quadrupole moments, whose interactions complicate measurements

of local magnetic fields and contact interactions. The muon, on the other
hand, is a bare Dirac particle interacting only through its electric charge and
magnetic moment. Thus its " feedback' effects upon local field properties are
often small and calculable. The general problems of implanted ion techniques
are shared to some extent by the pSR method: the Q+ or Mu atom may not
spo‘ntane'ously occupy the position one wants to investigate; and radiation damage
on a local scale (at the end of a givén muon's range) may cause observable
effects—although the small number of muons used (~ 106) and their distribuﬁon
throughout an extended bulk sample make cumulative radiation damage a |
negligible problem.

" The uSR technique éan be used to study réiaxation phenomena over a
rather broad range of time scales. In |J.+ precession studies it is possible to
directly observe relaxation rates from ~ 104 to ~ 108 secfi, while the relaxa-
tion rates v of the muoﬁium electron can b.e”observed or inferred (with varying
degrees of difficulty) over a range from ~ 106 sec-1 (v << wo) to ~1014 sec_1
(v>>w_), and in principle even higher [see Eq. (5.13)]. In Fig. 10.1, a
comparison (from Ref. ‘WI 68) of time scales accessible to different techniques
is supplemented by an indication of the range available Qith MSR methods.. ‘Ob—
viously, the main shortcoming of the pSR technique is cauéed.by the 2.2-usec
muon lifetime, \;;/hich makes measurement of relaxation times longer_thé.n a
few lifetimes progressively difficult. {It should be emphasized that this limi- -
tation is merely a problem of counting statistics, since the exponential decay
in the experimental histogram [ see Eq. (2.6)] can be exacfly divided éut. } In

this aspect, NMR and ESR have a tremendous advantage. With NMR one can

measure relaxation times on a scale of minutes.
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B. The State of the Art

The use of pSR techniques in the study of " ordinary" matfef has pro-
gressed to that tantalizivng stage w‘here its potential in rhany fieldé is becoming
clear, but where each field of application still suffers from serious gaps of
understanding or measurement. We have attempted to survey the current .
situation in many of these fields; we conclude with brief summaries of a few
of them.

1. Muonium Chemistry

Recent advances in theory (IS 72, BG 73, FI 73) and experimental techniql;e
(BC 74) have opened up the field of muoniﬁm chemistry to extensive and productive
vstudy. In the liquid phase, spectacular and unpredictedl differénces between
reaction rates of Mu and H have ali-eady been observed (BC74); it is hoped
that further study will generate a deeper uhderétanding in terms of dynamic
isotope effects. These studies have also revealed the important roles played
by hot-atom’reactions of muonium, as well as formation and subsequent reac-
tion of radicals containing muonium, in the '.'fast" depolarization of positive
mﬁon's'"in liquids. | Two more fields of chemical research have thus become
accessible to p.SR techniques. | |

New techniques (KE 72) also make the study of Mu chemi‘stry in.gases a
practical reality. In the gas phase, absolute rateé of chemical reactions can
be treated theoretically (GL 41, WO 72) with much more confidence than in
liéuids. This nearly untouchéd field may be expected to bioom with defihitive
experiments 1n the next few years. |

2. Muons in Solids

The applications of KSR to solid state physi'cs are growing at a nearly ex-
'plosive rate. Muons have been fruitfully implanted in insulators, semiconductors,
metals, and superconductors; in glasses, powders, and crystals; in diamag-

netic, paramagnetic, and ferromagnetic media. In each case somewhat different
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phenomena are accessible to study, and in each case a slightly different
analysis technique must be applied. We have allowed oﬁrselyeé a good deal

of conjecture fhroughout the text regarding new directioﬁs in which solid-state
KSR studies are likely to expand; but it is most likely that the next turn in this

field will be just as unexpected as those which preceded it, and just as exciting.
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Table II.3 - Precession of positive muons and muonium atoms in pure
substances in transverse magnetic fields.

Measured asymmetries and relaxation times are arranged loosely
according to the type of medium in which thée muons are stopped. In each
case, the asymmetry is the product of the muon's residual polarization
and the maximum effective asymmetry A , which is measured when no depolar-
ization occurs in the target. The value of A is determined by various
experimental characteristics, and generally'vgries by v 207 from experiment
to experiment. Care should therefore be taken in comparing asymmetries,
especially when measured by different groups. Convenient 'reference
asymmetries'" are carbon, various metals, and bromoform or carbon tetra
chloride, in which very little depolarization occurs, orswatervat 300°K, in
which the residual polarization is known to be 0.5520.03. 'In some references,
residual polarizations are quoted without specifying the experimental value
of A . 1In these cases the data are listed as (polarization) A. When no
relafation time is given, or when the field strength is.not specified, it
is because the value was not mentioned in the reference. In the case of
muonium precession at fields of more than 10G, two frequencies are observed.
The asymmetry quoted here is the sum of the asymmetries in the two "beating"
precession patterns. The final entry, labelled (M’ ), represents the asym-
metry and relaxation time for "anomalous U precession' in silicon, thought
to be shallow-donor muonium precession. :

METALS AND. SEMIMETALS

Y2(MICROSEC) REF

TARGET SUBSTANCE TEMP(K) FIELD(G) ASYMMETRY

ALUMINUM 300 35 0,27 /= 0,01 con EP66
ALUMINUM 300 S0 0,209 +/= 0,010 emn SW58
BERYLLIUM 300 50 0,222 ¢/~ 0,012 cen SW58
CARBON (GRAPHITE) - 300 €9 0,229 +/= 0,00R cen SW58
CARHBON (LAMPBLACK) 300 50 0,253 ¢/= 0,02¢ coa SW58
CARBON 300 800 0,219 +/= 0,008 eew cM68
CARBON 300 1300 0,225 ¢/= 0,004 v GM68
CARBON 300 3500 0,203 ¢/= 0,008 L) 5o GM68
Sﬁ}ﬁ%ﬁ f?g 8.80 +/- 0.20 eM72
COPPER 77 _ R 60 +/- 0. 30 GM72
LITHIUM 300 S0 0,201 ¢/~ 0,014 . ran 'SW58
MAGNESIUM 300 50 0,254 +/= 0,013 coe SW58
MOLYBDENUM 300 50 0,086 #/= 0,009 - ree - BB66
IRON (PowDER.SPHERE)‘SOO 50 0,015 ¢/= 0,003 > 20, - 'LBL

LEAD 300 350 0,020 +/= 0,006 > 20, LBL

LEAD S 350 < 0401 ees  1BL

SEMICONDUCTORS

TARGFT SURBRSTANCE TEMP (K) FIELD(G) ASYMMETRY T2(MICROSEL) REF

SILICON 300 S0 0,253 ¢/« 0,012 cow SW58
'SI CRYSTAL (P DOPED) 300 35 0,082 ¢/= 0,020 cua EP66
SI CRYSTAL (B DOPED) 300 3s 0,14 ¢/= 0,014° nee= ' EP66
SI CRYSTAL (B DOPED) 300 100 0,094 +/= 0,002 . > 20, LBL

S1 CRYSTAL (B DCPED) 77 S0 0,012 +/= 0,002 = > 20, LBL

81 CRYSTAL (B DUPED)Y 77 100 0,046 ¢/= 0,005 10,26 ¢/= S,11 LBL

8I CRYSTAL (B DOPED) 77 150 0,014 +/= 0,008 - > 20, LBL

GE CRYSTAL (P DOPED) 300 35 0,25 ¢/= 0,02 - cen EP66
GE CRYSTAL(AS DOPED) 300 'S0 0,269 +/= 0,068 cma AM69
GE CRYSTAL (IMPURE) 300 S0 0,172 ¢/=» 0,012 Te ¥/ 2, AM69
SI ¢ - 300 - 50 0,213 ¢/= 0,011 woo ' SW58

o ————a



TARGET SUBSTANCE

CARBON (DIAMOND)
SULFUR

SULFUR

SULFUR

SULFUR

SULFUR

QUARTZ

FUSED QUARTZ
FUSED GUARTZ
FUSED QUARTZ
QUARTZ CRYSTAL
QUARTZ CRYSTAL
GUARTZ POWDER
AL2 03

AL2 03

~AL2 03

AL2 03
AL2 03 PNWDER
82 03 (FUSED)

LITHIUM HYDRIDE

LI W

LITHIUM FLUORIDE
LI F

Ll
L1
L1
L1 (FUSED)
1 CRYSTAL
LI CRYSTAL
K CL CRYSTAL

SODIUM CHLORIDE -

NA CL POWDER
NA CL POWDER

INSULATORS

TEMP (K)

300
300
300
300
~300
300
. 300
- 300
300
300
300
300
300
300
300
300
300
300
300
300
300
300 -
300
300
300 .
77
300
300
300
. 300
300
300
300

NA CL (CRYSTALLXNE) 300

NA CL CRYSTAL
NA CL CRYSTAL
MG O

MG O

MG F2

cyU S04 (ANHYDROUS).

CyU so04

CY S04«5(H20)
CU S04s5(H20)
NA OW (SOLID)

CA(OH)2 (SOLID) j

GYPSUM
GYPSUM (AVG)
GYPS™M

K H2 PO4

K H2 PO4

GD (N 03)3 * 6(H20)
FE (N 03)3 * 6(H20)

FE CL2 » 4(H20)
FE CL3 » 6(H20)
FE F3

FE 803

FE. 803

FE 803

CR2 03

CR2 03

SILICONE DC-ZOO

300
300
300
300
300
300 -
300
300
300

300
300
300
300
300
300
300
300
300

300
300
300
300
300
423
300
310
300

FIELD(G)
50
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ASYMMETRY

0,045

0,014
0,056
0.008
0,046
0.0“3

‘0,038
" 0,050

0.037

0,056

0,110

0,022
0,137
0,108
0,111
0,127

0,127
0,14

0,169
0,191

' 0,184

0,163
0,203
0,148

0,001
0,023

0,099
0,084
0,12 -
0,079
0,136
0,156
0,275
0,261
0,257
0,191
0,177
0,157
0,166
0,167

0,135

0,122

0,159
0,224
0,007
0,068
0,010
0,096
0,037
0,222
0,139

/-

<
¢/m
¢/»
¢/~
o/ -

/=

+/=»
¢/
t/"
¢/=-

<
/-

‘.

/-
*/-

/-

¢/-
/-
/=
/-
/=
/-
/=
+/-
/=
¢/-
/-
/-

<
/"
*/-
/-

<

/-
/-
¢ /-
/-
/-
/-
¢/ =
*/=
/-
/-
¢/
/=
¢ /»
¢/=-
/=

+/-

/-
/=
/-
/=
¢ /-
/=
/-
/-
¢/

0,008 .
0,005
0,011

0,008

0,009 .
0,007
0,003

0.0006

0,006

0,003
0,006
0,03

0,005 :

0,07

0,009

0,007

0,007 .
0,007
0,006

0,011

0,002

04,03

0,009 -
0,004 .
0,009

0,018
0,009

0,008 .
0,006

0,017

0,009

0,007
0,007

0,073

0,014

0,005

0.03
0,012

0,009 -

0,002

0,007 - - -

0,002

0,002°
0,002
0,003
0,002

0,002

0,004
0,002

0,003

0,003

0,002

0,004
0,008
0,002
0,007
0,003

0,010

0,03

2,55
17,65

" T2(MICROSEC)

+/=0, 005

*/-
/-
¢/ =
/-
/-
/-
¢/=
+/=-
¢/~
/=

20, .

O -
* »
-0
[ o

OO O OO,
0 WOUWNWO
O W

15,
1S,

0. 04 +/- 0.01
0.04 +/- 0.01

2,88
1,99

4,67

5,13
1,14
5,10
0,81

11,64

/=

*/ -

/=
*/-
¢/-
¢/
¢/
/-

0,08
0,04
1,02
0,86
1,02
0.30
0,17
0,70

REF

SW58
EP66
SW58

. GM68

GM68
cM68
MR70
SW58
MO68

"LBL

MO68
SW58
MO68
EP66
SW58
GM68
GM68
M068
MO68
MR70
LBL
EP66
MR70
LBL
LBL
MR70
MO69
MO69
MO69
MS67
sw58
GM68
GM68
MS67
™72
IM72
EP66
SW58
SW58
LBL
LBL
LBL
LBL
LBL
LBL
LBL
LBL
LBL
LBL
LBL
LBL
LBL

LBL
LBL
LBL
LBL
LBL
LBL
LBL
LBL
SW58



ASSORTED ELEMENTS AND INORGANIC COMPOUNDS

TARGET SUBSTANCE

BORON

BORON

BORON CARBIDE (B4C)
B4C -

B4C

84C

84C

84C

B4C

B4C

B4C

B84C

84C ‘
PHOSPHORUS

RED PHOSPHORUS
RED PHOSPHORUS
BLACK PHOSPHORUS
LIGUIDO NITROGEN
LIOUID NITROGEN
LIRUIO NITROGEN
H20 (KATER)

H20 (WATER)

H20 (WATER)

H20 (wATER)

H20 (WATER)

H20 (WATER)

MO0 (WNATERY

H20 (wWATER)

H20 (wWATER)

H20 (ICE)

H20 (1CE)

H20 (ICE)

H20 (ICE)

H20 (ICE)

D20 (HEAVY WATER)
C02 (ORY 1CE)
C02 (DRY ICE)
C02 (DRY ICE)
€02 (DRY ICE)
FE2 (S04)3

€cs 1 _

SILVER NITRATE
TITANIUM HYDRIDE
NICKEL OXIDE POWDER

TEMP(K) -

300
300
300
300
300
300
300
300
300
300
373
173

77
300
300
300
3oo0

300

FIELD(G)

1000
11000
50
S0
100
400
800
1000
3500
4500

146

ASYMMETRY

0,274
0,312
0,23
0,295
0,286
0,295
0,225
0,286
0,190
0,264
0,274
0,266
0,025
0,019
0,022
0,19
0,037
0,028
0,114
0,146
0,15%
0,160
0,176
0,147
0,160
0,165
0,130
0,040
0,066
0,060
0,066
0,139
0,038

‘0,081

0,058
0,046
0,253

0,031

6,237
0,316
0,004

¢/~
/-
/-
4/ -
¢/
/-
/-
¢ />
¢/=
v/
¢/»
/-
/=
¢/ =
/-
/-
¢/ -
/-
*/=
t/~
*/=
/-
*/-
t/=
*/-
¢/ =
¢ /-
¢/m
/-
/-
+/=
¢/ =
¢/ -
/-
/-
4/ -
t/=
¢/=-
/-
/=
/-
¢/-
/=
¢/

0,005
0,004

0,02

0,009
0,009
0,009
0,007
0,02
0,007
0,003
0,003
0,005
0,009
0,017
0,038
0,008
0,04

0,006

0,002

0,003
0,003
0,001
0,005
0,002
0,011
0,005
0.001
0,001
0,001
0,003

0,009

0,004
0,006
0,004
0,004
0,013
0,001
0,009
0,009
0,003
0,013
0,003
0,006
0,004

T2(MICROSEC)

3,02 ¢/= 0,10
3.13 /= 0.09
b.s L XY
S, ¢/= 0,5
S.3 +/~ 0,5
Se6 ¢/= 0,7
4,5 +/= 0,06
3,94 ¢/ 0,10
4,25 ¢/ 0,10
3,13 ¢/= 0,11
3,6 +/= 0,4
LR X ]
> 20,
9,01 ¢/= 1,20
> 20,
> 20,
> 20,
LLY ]
> 20,
> 20,
> 20,
S,04 ¢/« 0,33
. >on
L X XY
> S,
> 20,
> 20,
oy
Q4 87 ¢/ 0,13
> 20,
5,09 ¢/~ 0,26
> 20,

REF

LBL
LBL
SW58
MR70
MR70
MR70
GM68
LBL
GM68
LBL
LBL
LBL
MR70
SW58
EP66
GM68
EP66
M068
LBL
LBL
BB66
LBL
LBL
LBL
cM68
MY67
LBL

~ LBL

LBL
LBL
GI71
M068
MR70
MY67
LBL
M068
LBL |
GM68
cM68
LBL
SW58
LBL
LBL
LBL



" SATURATED ORGANIC COMPOUNDS

TARGET SUBSTANCE

" TEMP(K)

CARBON TFTRACHLORIDE 300

CARBON TETRACHLORIDE
BROMOFORM -
BROMOFORM
BROMOFORM
BROMOFORM
CHLOROFORM
CHLOROFORM
CHLNROFORM
C H2 12
CH2 CL?2
CHINO2(NITROMETHANE)
METHANOL

METHANOL

METHANOL

METHANOL

METHANOL

METHANOL

METHANOL

METHANOL

METHANOL (LIQUID)
METHANDOL (SOLID)
CH3ICH20H (ETHANOL)
NePROPYL ALCOHOL
€2 H4 CL2

CH3 CHZ OH

C2 HS 0 C2 HS(LIG)
C2 H5 0 C2 HS(SOLID)
LIBUID PRDOPANE
GLYCEROL (C3H803)
HEXANE

HEXANE

MIXED MEXANES
HEXANE

HEXANE

HEXENE

2=HEXENE

HEXYNE (C6H10)
1eHEXYNE

HEPTANE

OCTANE

OCTANE

CYCLOHEXANE
CYCLOMEXANE
CYCLOHEXANE

CYCLOHKE XANE

C6 HiIL F

C6 Hit CL

C6 Hi{l BR’

ce MYy 1

300
300
300

© 300

300
300
300
300
300
300
300

157

300
300
300
300
300
300
300
300
300
300
300
300
300

"300

300

77
300
300
300
300
300

CYCLOHEXANOL (C&H110H)300
CYCLOHEXANONE (C6H1001300

FIELD(G)

50
100
50
271

S0
50
100
50
100
100
50
S0
50
90
- 100
1000

147

ASYMMETRY

0,237
0,271
0,223
0,219
0,286
0,190
0,229
0,227
0,176
0,144
0,137

€0,60

0,133
(0,61
0,140
0,136
(0.62
0,140
0,203
0,154
0,148
0,151
0,152
0,149
0.180
0,111
0,170
0,179
(0,62
(0,57
0,146
(0,67

0,119
0,140
0,103
0,119

(0,57

0,142
0,147
0,160
0,196
0,080
0,20
0,197
0,203
0,248
0,275
0,200
0,181

/=
/=
¢/~
’v/-

.‘/-

¢/~
¢/~
+/»~
/=
¢/-
/-
+/-
+/-
¢/
+/-
¢/m
¢/-
+/”
+/=
/-
*/
/=
/-
+/=
/-
*/-
/-
+/=
+/e
/>
/=
¢/-
*/m
/"
+/»
/-
*/ =
¢/
v/
+/=-
/-
*/=
/-
/-
¢/
/-
*/~

/=

/-
/=
*/-
/-

0,012
0,001
0,008
0,009
0,006
0,004
0,015
0,009
0,010
0,009
0,003
0,002
0,009
0,02 )A
0,002

0,03 )4

0,002
0,008
0,05 )A
0,003
0,006
0,009
0,002
0,001
0,010
0.003
0,009
0,011
0,020
0,003

0,03 YA -

0,06 )A
0,002
0,08 )A
0,001
0,001
0,001
0,002
0,001

0,054
0,008
0,004
0,007
0,005
0,005
0,005
0,005
0,005 .
0,005
0,004
0,004

4,5

o9

>
LA 2 4
L L 3 J
L A
[ 2 K ]
> w
L A 4 4

>
o=

e

T2(MICROSEC)

20,

20,
20,

20. |

20,

20,
20,

20,
20,
1,4
20,
20,

20,
20,
3,3

zo'

20,
20,
20,

20,

20,

20,

REF

BB66
LBL
BB66
BB66
MY67
MY69
SWS8
BB66
LBL
BB66
LBL
LBL
BB66
cM71
LBL
GM71
LBL
LBL
GM71
LBL
MR70
MR70
LBL
LBL
BB66
LBL
MR70
MR70
SW58

"LBL

GM71
GM71
LBL
GM71
LBL
LBL
LBL
LBL
LBL
GM71
BB66
BB66
LBL
MR67
MY67
MY69
MY69
MY69
MY69
MY69
MY69

‘lﬂ69
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UNSATURATED ORGANIC COMPOUNDS

TARGET SUBSTANCE

CARBON DISULFIDE
BENZENE

BENZENE
CYCLOKEXANE
CYCLOHEXANE
BENZENE

BENZENE

BENZENE

BENZENE

BENZENE

BENZENE (LIQUID)
BENZENE (SOLID)
€6 HS F

€6 HS CL

C6 HS CL

€6 HS BR

Cé6 HS BR

Cé6 HS I

C6KS CHZ CL

C6HS CH CL2

C6HS € CL3
C6HSCHI (TOLUENE)
C6HSCHI (TOLUENE)
TOLUENE (Co6HSCH3)
C6HS0H (PHENOL)
C6H50H (PHENDL)
CH6HSNH2 (ANILINE)
C6HSNH2 (ANILINE)

TEMP(K)

300
300
300
‘300
300
300
300
300
Y00
300
300
77
- 300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300

COHSNO2(NITROBFNZENE)300
COHSNO2 (NITROBENZENE) 300

C6 HS C2 HS

€6 HS C4 H9
COHSCH(C2HS)ICIHT
XYLENE/COHU(CHI) 2
CeH3I(CH3)Y
DUROL/C6H2(CH3)4
Co (CH3)6 :
Cé6 HiO

Ce6 HiO o
CYCLOHEXENE (C6M10)
1«8 CYCLOHEXADIENE
1=3 CYCLOHEXADIENE
TOLAN(CHHSC=CCOHMHS)
ANTHRACENE (C14H10)
PHENYLCYCLOHEXANE -
POLYETHYLENE
POLYSTYRENE
POLYSTYRENE
POLYSTYRENE
PLEXIGLAS

NUCLEAR EMULSION
NUCLEAR EMULSION
NUCLEAR EMULSION
NUCLEAR EMULSION
NUCLEAR EMULSION
TEFLON

TEFLON

GELATIN

GELATIN
SCINTILLATOR
SCINTILLATOR
POLYETHYLENE
POLYETHYLENE

OPPH

DPPH

300
300
300
300
300
300
300
300
300
300
- 300
300
300
300
300
300
300
300
300
300
300
306
300
300
300
300
300
300
300
300
300
300
300
300
310

FIELD(G)

S50
S0
50
S0

50
100
200
274

100
100

S0
S0

S0
274

267
2617
S0
S0
50
S0
271

50
850
1700
3500
4000
1300
4000
800
3500
800
3500
800
3500
4500
4500

ASYMMETRY

0,029
0,046
0,036
0,160
0,197
0,036
0,042
0,038
0,034
0,052
0,033
0,018
0,074

0,063

0,106
0,142
0,164
0,158
0,193
0,052
0,052
0,076
0,089
0,089
0,088
0,084
0,090

0,082

0,090
0,115
0,112
0,082
0,090

0,087

0,13

0,113
0,116
0,16

0,138
0,105
0,031
0,025
0,084
0,146
0,070
0,044
04,034
0,095
0,087
J,060
0,092
0,097
0,082

0,175

0,174
0,156
6,139
0,056
0,049
0,153
0,149

e/e 0,003

¢/= 0,012
¢/~ 0,006
¢/= 0,009
+/= 0,006
+/= 0,002
¢/= 0,001
/= 0,00}
¢/= 0,007
¢/= 0,005
¢/= 0,003
+/=~ 0,002
/= 0,007
+/= 0,007
¢/= 0,007
+/= 0,010
+/= 0,007

’_/- 0.007

+/» 0,005
+/=. 0,005
¢/ 0,005
¢/® 0,003
/= 0,00}
¢/~ 0,005
/- 0.006
+/= 0,001
+/= 0,004
/= 0,002
+/= 0,00}

e/~ 0,004

+/= 0,005
+/= 0,005
¢/ 0,005

+/= 0,007 -

+/= 0,008
+/= 0,006
(APPROX)

+/~ 0,009

+/= 0,008
¢/= 0,005

4/ 0,005

+/= 0,009
¢/= 0,013
o/ 0,011
+/= 0,011
+/= 0,012
¢/= 0,010
+/= 0,007
/= 0,007
#/= 0,011
+/m 0,009
/=~ 0,010
*/= 0,010
+/= 0,012
+/= 0,009
+/» 0,015
+/= 0,013
/= 0,014
+/= 0,011
+/= 0,009
+/= 0,009
/= 0,009
+/= 0,009
/= 0,03
+/= 0,004
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SW58
BB66
BB66
MY67
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LBL
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MR67
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MR67
MY69
MY69
MY69
LBL
LBL
MY69
LBL
LBL
LBL
LBL
LBL
LBL
MY69
MY69
MY69
MY69
MY69
MY69
MY69
BB66
BB66
MY69
MY69
MY69
BB66
BB66
SW58
SW58
SW58
BB66
BB66
BB66
SW58
GM68
GM68
GM68
aM68
cM68

- GM68

GM68
GM68
GM68
GM68
GM68
M68
LBL

LBL



TARGEY SUBSTANCE

ARGON (40 ATM)
NITROGEN (40 ATM
S Fo6 (40 ATM)
LIQUID NITROGEN
FUSED QUARTZ
FUSED QUARTZ
FUSED QUARTZ
FUSED QUARTZ
FUSED QUARTZ
FUSED GQUARTZ
FUSED QUARTZ
FUSED QUARTZ
FUSED QUARTZ
QUARTZ CRYSTAL
QUARTZ POWDER
€02 (DRY ICE)
C02 (DRY ICE)
H20 (ICE)

AL2 03 POWDER

S1 CRYSTAL (8 DOPED)
SI CRYSTAL (B NDOPED)
S1 XTAL(HI B DOPING)

GE CRYSTAL
GE cavsrnL

.l a ~
A e ‘Ivl"bh

LI F (FUS&D)

K CL CRYSTAL
BENZENE

RENZENE (SOLID)
FUSED B203
FUSED B203
POLYETHYLENE
PARAFFIN

y

SILICON XTAL /P1

TEMP (K)

300
300
300

77 .

1800
300
300

77
300
300
300
300
300
300
300
195
77
77

77

FIELO(G)

O~N~NOO~NNNNN
orvn;m\nn:oc:o

O U1 e
w o
e
[- =]

(FOR HIGH FIELD MU SIGNALS, SUM OF

-(MU)
(MuU)

(MU)

(MU)
(MU)
(MU)
(MU)
(MU}
(MU)
(Mu)
(muU)
(MU)
(MU)

(MU)

(MU)

(MU)

(MU)
(MU)
{MU)
(MuU)
{MU)
(MU)
(MUY)
tMU)
(ML)
(MU)
(MU)
(MU)
(MU}
(MU)
(muU)
(MU)
(MuU)
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MUONIUM SIGNALS IN INERT MATERIALS

ASYMMETRY

0,04

0,039
0,040
0,161
0,148

0,104

0,046
0,097
0,072
0,122
0.167

0,070
0,075
0,16

0,053
0,042
0,022
0,123
0,082

+/= 0,005
< 0,018
< 0,01
< 0,03
/-
+/-
+/=
t/-
4/ -
/-
/-
* /=
+/= 0,05
¢/~ 0,013
< 0,04
+/= 0,015
+/= 0,015
(APPROXJ
0,09
0,010
0.005
0,010

0,008
0,012
0,014
0,008
0,030
0,005

0/-
/-
/-
/-
/% 0,012
0,023
0,028
0,013
0,014
0,08
0,05
0,04
0,03
0, 03

A

AAAAAAAA

(M') 0,046 +/= 0,005

0,005 -

0,026

AMPLITUDES IN 2 FREGUENCIES)

T2(MICROSEC)
Se #/= 4,
. [ L K J
Se1 ¢/= 0,8
6,2 ¢/= 1,1
1.3 +/= 0,2
0,5 ¢/= 0,1
[ X X 1
> 1,
1,5 (APPROX)
3,0 (APPROX)
> 0,5
0,48 +/= 0,1
O U4 +/= 0;1
0,6 ¢/= 0,1
0,08 (APPROX)
_0.“5 +/= 0,10
0,315¢/= 0,05
1,09 /= 0,52
0,16 +/= 0,07
0,1 (APPROX)
—ew
.‘.-
L2 ]
LA 4
neow
0,765¢/= 0,25

Ref. "LBL'" corresponds to published or unpublished results of the Lawrence

Berkeley Laboratory group.
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Table VI.1 — Parameters of the Theory

concentration of reagent ''X"

)
"

S = concentration of pure solvent "S" (density/molecular weight
P i g

h = fraction of muonium reacting epithermally to form a Diamagnetic .

Compound (D)
r = fraction of muonium reacting epithermally to form a Radical (R) i
k | = chemical rate constant for the reaction Mu + X - D

chemical rate constant for the reaction Mu + S = D~

i

“msd

kmxr = chemical rate constant for the reaction Mu + X = R
kmsr = chemical rate constant for the reaction Mu + S - R
erd = chemical rate constant for the reaction R +X—D
krsd = chemical rate constant for the reaction R + S ’* D

. -1 . . .
In each case, the rate (in sec ) at which reaction "i" occurs

is given by A, = ki[Z], where "Z'" is either "X'" or ''S'", whichever is the

appropriate reactant.

1.1

" with respect to reaction ''i" is given by

The ''lifetime’

Ty = 1/Ai' The following ''lifetimes'' are then defined:
-1

fl

T

md [1/med + 1/Tmsd]
T

-1 ' : .
mr [1/mer * 1/'Tmsr] )

-1
Trd [1/Trxd + 1/Trsd] :

"chemical lifetime' of the radical

T = [1/7 + 1/ ]_1 = "chemical lifetime'" of the muonium

m md mr :
v, = rate of depolarization of muonium electron -(seé-i) )
v. = rate of depolarization of unpaired electron in the radical (sec_i)

wy/wy = ratio of hyperfine frequencies in radical and muonium.
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TABLE VII.1 — Comparison of Mu and H reaction rates in gases at 300°K. 2
A, Two-body collision cross sections
. o 16 2
Reaction Cross Section (10 cm’ )
Muonium Hydrogen
(Mu, H) + O2 spin exchange _ ~1 24 % 2.4°
(Mu, H) + NO spin exchange 2.4%3:% 25 + 2.5°
(Mu, H) + H, - (MuH, H,) + H < 0.01 _ ~10"°9
(Mu, H) + NO, - (MuO, HO) + NO > 23 1.8 £ 0.2°
(Mu, H) + CH, -~ (C2H4Mu*, CZHS*) 0.27 £ 0.06 ~0.02
B. Three-body third-order rate constants
Reaction ‘ : K . (1010 litersz/moléz—sec)
Muonium "Hydrogen
(Mu, H) + O, + Ar - (MuO,, HO,) + Ar 15.3 + 3.5 1.1
(Mu, H) + NO + Ar — (MuNO, HNO) + Ar 6.812'2 . 0.9

2y atom cross sections and rate constants taken or deri\}e_d from the reviéw
by Thrush Ref. TH 65, unless otherwise specified. ‘
PH. C. Berg, Phys. Rev. 137, A1621 (1965).

‘L. F. Phillips and H. I. Schiff, J. Chem. Phys. 37, 1233 (1962).

4. Shavitt, J. Chem. Phys. 31, 1359 (1959).
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TABLE VII.Z2 — Asymmetry normalization and comparison of {it

quality with and without radicals.

: Field - Xz/degree of freedom
Solvent Reagent (gauss) ‘ Ay No radicals  With radicals
_CH3OH I2 103 0.25 +0.01 .0.8 0.4
1000 0.27 # 0.01 1.1 Same
4500 0.27 # 0.01 0.6 . Same
C¢Hy Br, 200 0.271 % 0.005 27
I2 200. 0.272 + 0.03 ' 11 0.4
H,O H,0, | 100 0.26 + 0.01 7.4 0.8
HNO3 100 0.277 £ 0.01 11 1.0
4500 0.30 * 0.01 ‘ 1.9 Same
FeCl3 4500 0.31 £ 0.01 0.6 Same
Fe(ClO,), . 100 0.29 % 0.03 8.3 0.6
4400 0.30 £ 0.02 0.6 Same
0.35 % 0.02 1.7 Same

Fe(NO3)3 11000




TABLE Vi.3-Results of best fits.

Errors are approximate,

| | Fiéld 'w " Rate constants (liter/mole sec)XiO-io_
Solvent Reagent’  (gauss) Radical %r h ' k_d (Z“) kmzr erd
CH,OH I 103 None - 0.54 £0,02. 13.4%2 - - -
1000 None - 0.51 %0.02 13#3 - - -
4500 None - 0.53 +0.02 13.4%2 - - -
C.H, Br, 200 _(:6H6MQ° 0.095 0.13420.01 9.4%0.3 S 0.125%0.05 0.360.1
L 200 C.H Mu' 0.095 0.433%0.07 5.7+1 S 0.054%0.03 0.2 0.4
H,0 H,0, 100 MuO'  0.083 ) 0.59 20.01 0.24#0.05 X 0.85 0.4 0.14%0,02
HNO, 100 ? 0.4125+0,05 0.545%0.01 34 X  10#5 0.4 £0.01
Fe(ClOg, 100 7 0.010%0:05% 0.52 20,03 0.5770%  x 3.8 208 0.0220.002
FeCl 4500 None(?) - 0.51 £0.02 2.4 0.2 - . "

€qT



154

TABLE VII.4 — Comparison of overall rate constants of H and Mu with
various reagents. Rate constants are in units of liters/mole-sec. Source

of values for H is Anbar and Neta (AN 67) except where otherwise specified.

Hydrogen | Muonium kMu
ky
Reagent Solvent kI—I Solvent - kMu {approx.)
v . . : |
CH,OH H,0 (1.620.1)% 10° CH,OH <10’ -
g2 +5 8 '
C Hg H,O0 (7 = 3) X 10 C Hy (873)x 10 1
| . 7
H,O H,O Nil H,O | < 10 -
L 10 10
) H,O 4X10 CH,OH (13.3 % 1) X 10 3
| ‘G H, (5.7 1yx10" 4
10b ‘ 10 .
Br, H,O (12£6) X 10 CyH, (9.4%0.3) X 10 1
: C
H,O0, H,O (9£5) X10° H,O (1.09£0.15)x10° 100
- | 6d - 10 .4
NO; H,0 (9£5) X10 H,0 (13£6) X 10 10
- : 10
Clo, H,O Nil B | ~4X10 ?

2Sauer and Ward (SW 67) and Michael and Hart (MH 70).
bFarhataziz (FA 67).
“Sweet and Thomas (ST 68).

9Navon and Stein (NS 65). SR ' ;
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Table Vill. 1-Formulas for relaxation times of paramagnetic impurity
spins in ionic crystals due to phonon process ( B = magnetic field
strength; T = temperature).

Process Relaxation rate

Direct process:

one -phonon exchange | _TL = C B4 T
‘ 1
Raman process: 1 =~ bp T9 + D, Bz 2
two-phonon exchange Ti
‘Orbach process 4 =g x. - "
- T, exp KT




156

Table VIII.2. Residual polarization of positive muons stopped in samples

of silicon at various dopings and temperatures and in other targets, from

(EP 66). Measurements were made using a gated scaling teéhnique in

" transverse field. Except where indicated, data were taken with the sam-

ples in a cryostat; corrections have been made only for muons stopping in

the walls of the empty cryostat.

to aluminum, in which a muon decay asymmetry of A = 0.27+0.01 was mea-
: 0

Residual polarization is expressed relative

sured,
Phosphorus Boron R L
: ‘ Resistivity donors acceptors Residual polarization

Sample . (@ cm) per cm?® per cm? 300°K 77°K 4.2-10°K
Silicon: )

No. 4 0.05 4X 108 0.901+0.01 0.67+£0.08 0.4540.01

No. 14 3000 3X10¢ 0.524-0.05 0.244:0.03 0.244£0.08

No. 10 350 4X1012 0.45:£0.08 °  0.15£0.04 0.19:£0.05

No. 11 50 4X108 0.07+0.03 0.101+0.03 0.1540.03

No. 13 03 2X 108 0.094:0.03 0.124+0.03 0.16+:0.04
~ No. 15 0.03 3x107 0.104:0.05 . :

No. 16 0.01 1.5X 10 1.00x0.15 )

No. 5 0.003 1.5X 10w 1.07+0.10 0.924+0.09 0.894-0.10
Germanium 101 0.9240.08 0.23+0.07 0.1840.07
Alumina 0.245-0.16 0.24+0.16 0.12:0.10

0.144+0.01 .
Sulfur {Saee00  o2zwo0r 0204002
LiF 0.524:0.12%
MgO 0.444+0.12+
Red P 0.07£0.14» -
Black P 0.72+0.16°

s Indicates measurement outside cryostat, other measurements made with sample in cryostat.
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'
TOH‘: IX.1 =~ Comparison between relaxation measurements and calculations for different orientations of
the gypsum crystal. The crystal axés are given in the Onorato convention: (100) =%, (010) =§, andz 1
69.3)‘). The measured T',* are independent of magnetic field strength.

% %
Position Crystal - Muon - NMR © Calculated T Measured T,
orientation spectrum [ scale = gauss] | {from NMR spectrum (psec)

8,2 = 90° Ve ,

J | . ) .
1 B,% =94 ! ‘ 5.6 5.50

- a 1 ) ' .

B,y =57.5° R 26 - *.50

B .2 =90° S - ‘

- [ ) .

2 B.x = 146° /\ 9.0 10.45

3.y = 62.5° i : 1.00

1.8
3,7 =90° ¥ _ :
R ! : :

— . | .

3 B.x =176 A 10.50 10.50

- —l e )

B s 2 = 0 . .

4 | B.x=90° M © 53 4.80

- ! I : :

8.y =90° e 5.3 _ £.30

[} (=) (] [M

> A o 1 2 3 4

B,z =40 | \ /i

- A | tJ 1 0 1
5 B.x=142° Pt tor 2.9 3.09

e N P 6.5y : ) ' : ,
S TR et £.20
B.7 =24 : ' L '

} . . .

7 2. 900 f | '

6 | B,x=90 AR PN 5.60 5.50
= A | ’ : ' '

g Y = 66° 1 7.2 . _} . . +.40
Polycrystal, powder ‘ _ : 5.3 5.30
. : +.20
Polycrystal, anhy- ) . - ' 60.

~drous A ' £20. °
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FIGURE CAPTIONS
Fig. 2.1. p.+—deca.y spectrum: isotfopic contribution for the energy spectrum
of the decay positron, o (upper curve), and energy .d’épendence of the asymmetry

factor D, assuming § =1 (lower curve).

Fig. 2.2. Angular relations between detector axis, spin orientation of the

+ . .. . .
stopped i , and a coplanar positron emission direction.

Fig. 2.3. Typical experimental setup. Top and side views of stopping target,

counter arrangement, and magnet coils for transverse field. Not to scale.

Fig. 2.4. A typical experimental histogram for muon precession in a trans-
verse magnetic field. The target is carbon tetrachloride at 100 G; the data
is binned into 10-psec bins. The mean muon lifetime, Tp. = 2,20 psec, is
indicated.

Fig. 3.1. Flow diagram showing the processes involved for positive muons

slowing' down and thermalizing in matter.

Fig. 3.2. Evidence that protons approach the end of their range as H atoms.

The critical velocity is ac = 2.2 ><1o6 m/sec. (From Ref. CH 72.)

Fig. 4.1. Energy eigenstates of £ = 0 muonium in an external magnetic field,

as a function of the dimensionless ' specific field"

- N N N
=20, /0, = (gohy - gty ) Bl / (o).
For graphical clarity, an qnphysical value of Ipz/ug | is used to generate

the plot; The four allowed transitions (Am = + 1) are indicated.

Fig. 4.2. Evolution of muon polarization in free muonium in 100-G transverse

field. Pi = projection of p.+ polarization along original polarization direction.
Fig. 5.1. "Two-frequency precession'' of the muon (a) in fused quartz ‘wit_h
a transverse field of 95 G (upper graph) and (b) in germanium at 98 G (lower

graph). The smooth curves represent the best fits of the th_eorétical
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dependence to the data. The theoretical function N(t) and the data are cor-

rected for the decay exponential exp(-t/ep.). (From Ref. GI 71.)

Fig. 6.1. Proper muonium mechanism in 100-G transverse field: dependence
of magnitude and phase of residual polarization upon chemical lifetime 7 of
free muonium. Positive phase is defined as being in the direction of p

precession. Dashed curves: no hot chemistry; solid curves: hot fraction
~h =0.5.

Fig. 6.2. Proper muonium mechanism in several transverse fields: dependence

of P_L upon reagent concentration [X] when "rr;l’l = k[Xv] with k = 1010

res
liters/mole-sec; hot fraction h = 0.5. Solid curves; B =100 G; dotted

curves: B = 10 G; dashed curves: B = B0 =1593 G.
Fig. 6.3. Flow chart model of depolarization mechanism in liquids.

Fig. 6.4. Various mechanisms in 100-G transverse field. Effect of radicals

on P ([x] ); Hot fraction h =0.5, 0w =01l w , r=v. = v =.0, and
‘Lres : . r o m r

» _ - _a.alo .. . ' . .
_ kmxd = erd =10 11ters/mole-sec in each case. Solid curves: 'plfoper |
11

muonium mechanism (no radical formation); dotted curves: [ S] kmsr =10

'sec‘-i; dashed curves: k = 1.O1fiblitebrsi/mole-sec.
, mxr _

Fig. ‘ 7.4. Time-dependent variation (in %) of the ratio of the positron de~
tection rate to the muon decay probability in a transverse field set up for dif-

ferent runs. The soild curves are fits to the data. (From Ref. MO 67.)

Fig. 7.2. Observed values of )\/n [ec k (liters/mole-sec)] versus magnetic

field for NO, O,, C H,, and NO, in units of 10"16 (hsec molecules/cm3)_1.

2’ T2
The solid curves for NO and O2 are fits of Eq. (7.6) to the data. (From

Ref. MO 67.)

Fig. 7.3. Residual muon polarization in methanol as a function of the con-
centration of dissolved iodine. Best fit to the data for the proper muonium

mechanism.
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Fig. 7.4. Residual muon polarization in benzene as a function of the con-

centration of dissolved bromine. Uncertainties of PJ_ v data are less
res

than the dimensions of the points. Dashed curves: best fit without radicals;

solid curve: best fit with radicals.

Fig. 7.5. Residual muon polarization in water as a function of the concentra-
tion of dissolved hydrogen peroxide. Dashed curve: best fit without radicals;

solid curve: best fit with radicals.

Fig. 7.6. Re sidual muon polarization in water as a function of the concentra-
tion of dissolved nitric acid. Dashed curve: best fit without radicals; solid

curve: best fit with radicals.

Fig. 7.7. Residual muon polarization in water as a function of the concentra-
tion of d‘issolvedvferric .perchlora.te.» Dashed curve: best fit without radicals;

solid curve: Best fit with radicals.

Fig. 7.8. Temp’eraf:ure dependence of the p.+ precession signal asymmetry in
HZO at a transverse magnetic field of 100 G. The asymmetry scale f.or the
Berkeley results (right-hand side) is different from t_hat of the Dubna
measurements (MY 67) ;t)ecause of different experimental setups. The
as?mmetry is. proportional .to the muonium_hof-atofn.reaction efficiency in

water.

Fig. 7.9. Asymn'ietr.y (A = P_L . Ao) and overall phase (¢ = _90 + Ad) for
' T res
mixtures of methanol and chloroform. Mole fraction equals number of

CHCI1, molecules per total number of moleéules. Dashed line (phase) shows

3
best fit for a constant phase (A ¢ = 0).

Fig. 7.10. Quenching of the depolarization in sulfur by longitudinal field at

three temperatures (From Ref. EP 66.)
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Fig. 8.1. Muonium precession signal in fused quartz at 30°C and -196°C for

a transverse magnetic field of 7.2 G. The rate N is corrected for the ex-

ponential decay of the muon. (From Ref. MO 68.)

Fig. 8.2. Muonium precession signal in crystalline quartz at 20°C for a
transverse magnetic field of 7.2 G. The rate N is corrected for the ex-

ponential decay of the muon. (From Ref. MO 68.)

Fig. 8.3. Observed longitudinal residual muon polérization P” versus
res

field strength in A1203. The solid curve corresponds essentially to the

quenching' of the depolarization for vacuum-like muonium [Eq. (4.6)]. (From
Ref. MM 70.)
_Fig., 8.4. Longitudinal residual muon polarization R I (excluding contr-ibli—

tions from epithermal reaction channels) versus field strength for single

crystals of KCl. (From Ref. IM 72.)

Fig. 8.5. Frequency spectra (square of the- Fourier amplitudes, arbitréry
units) of muons in fused quartz at room témperature an.dv in p-type silicon at
77 K. In both cases the applied transverse field is 100 G. The prominent
~peaks (from left to right) are: the free mu‘o_n precession .sig‘nal at 1.3 6 MHz;
a characteristic background signal at 19.2 MHz, duevtc.) rf structure in the
cyclotron beam; the two anomalous frequencies at 43.6+2.9 MHz (silicon
only); and the two 1s muonium peaks centered about 139 MHz. The wider
splitting of the two 1s muonium lines in silicon is due to the weaker hyperfiné

coupling. (From Ref. BC 73.)

Fig. 8.6. Dependence of anomalous frequencies in SiliCAO‘l'.l upon field strength
and crystal orientation. Round points and solid lines are data and best fit .
for [111] crysté.l axis along the field; triangular points and dashed lines

ai‘e data and best fits for [100] axis along the field. Free muon, 1s muonium,
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and cyclotron background signals are not shown. A nufnber of peaks appear
in the spectra in addition to the fitted '""proper' anomalous frequencies; these
are unexplained. They are indicated by square points (for promiﬁent peaks)
and horizontal bars (for weak or questionable peaks); The higher of the
"proper' anomalous fl;equericies_ is miésing at several fields. This is be-

cause the spectra showed no statistically significant peaks at those positions.

Fig. 8.7. Hypothetical comprehensive model of the possible fates of muons

in mildly p-type silicon crystal at 77°K.

Fig. 8.8. Experimental values of a, the p+ asymmetry parameter: (a) ver-
sus free electron concentration in n-type silicon and free hole concentration
in p-type silicon at room temperature; (b) in 6ne sample of n-type germa-
nium (phosphorus-doped) at room temperature and liquid nitrogen temper -
ature; and (c) in a graphite sample for which the maximum value of a =0.33
is assumed to correspond to full muon polarization. The abscissas for
n-type and p-t&pe silicon have bee.n joined at the value of the intriﬁsic con-
centration for foom temperature (~1010 cm—3). Sincé th.e prodﬁct of the num-
bers of free holes and electrons in thermal equilibriufn with the lattice is
constant at a given temperature (i.e.~1020 for silicon at room temperature),
Y

the entire abscissa represents an increasing free electron concentration to

the right (or an increasing hole concentration to the left). . (From FP 60).

Fig. 8.9. Left graph: temperature dep.endence of the initial experimental
asymmetry of the p+ precession signal in a transverse field, A(0), for un-
doped Ge single crystals (curve 1) and for As doped Ge (curve 2). The
upper dashed line represents the maximal asymmetry A ; the lobwer dashed
line corresponds to the residual asymmétry AOXR_L measured at low field.
Right graph: temperature dependence of the depolarization rate (\ = '1/T2)

of the p.+ in undoped Ge. (From Ref. AM 69.)
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Fig. 9.1. Muon-proton dipole-dipole interaction in a single crystal of

gypsum: schematic representation of the effect of the muon-proton situation

relative to the magnetic field direction on the p~ spin precession. Wl cor-

responds to the precession frequency unperturbed by dipole-dipole interactions;
it is split by that interaction into two symmetrically shifted frequencies (one
per proton spin orientation for each p - p pair. The line broadening produced

by the magnetic dipoleé farther away is indicated by the dashed curves.

Fig. 9.2. (‘a) . Observed u+ précession signal asymmetry A(0)-F(t) for a gypsum
crystal vorientation showing two NMR lines. The asfmrhetry vé.lues are de-
termined. for 0.5-psec intervals. The solid curve repre.s'ents the theoretical
A(0)-F(t) dependence. |

(b) For a second crystal orientation showiﬁg four NMR lines,r the
agreement between the observed asymmetry values and the calculated curve
is marginal, suggesting that the actual crystal orientation is slightly off the
-assumed one. ‘The determination of these angles is uncertain to ~10°. (From |

Ref. SC 71.)

Fig. 9:.3. Temperature dependence of the }L+ depolarization rate A in copper.
A = 1/'rr, where T, is the time at which the measured- F(t) had decreased by

a factlor of e. (From Ref. GM 72.)

Fig. 9.4. Dependenc'e ln(i/'rc) = f(i/T) obtained from F (t) measuremeiits
(GM 72) of the p.+ spin relaxation in copper. In the graph the "hop}ﬁing time''
values T, are entered in pusec. . The straight line corres_pbndé to the theoretical

relation (9.18) with E/kB = 540°K.

Fig. 9.5. Local field BM at the muon site and line widths AB observed in
polycrystalline and single~-crystal nickel by various techniques. The solid ‘

curve is from normalized magnetization data in Ni of Ref. WF 26.
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Fig. 9.6. Local field Bp. at the muon site in nickel versus B, the external

xt’
field measured with target out. D is the sample demagnetizing factor. The‘
points denoted by triangles are from data on an approximately spherical single
crystal with the [111] axis parallel to Bext at 300 and 77°K, Other points
are from data on a polycrystalline ellipsoid (4.5X2X 0.5 in.). Solid and open
circles refer to the 4.5-in. axis parallel to Bext (D = 0.69) ait 523 and 573°K
respectively. Solid éhd open squareé refer to the 2-in. axis parallel to

B,y (D = 2:24) at 523 and 573°K. B and B__ have been normalized to bring

measurements at various temperatures to the same vertical level and to ex-

hibit saturation for all samples at zero on the horizontal scale.

Fig. 9.7. Temperature dependence of the p.+ residual polarization PJ_ in
polycrystalline N1 The solid line corrésponds to‘fhé measured sample
permeability divided by BIJ- and normalized to the data. The dashed line in-
dicates the assumed drop in P_L near the Curie temperature. (Frdm Ref.

FH 73.)

Fig. 9.8. Concentration dependence of the transverse relaxation time for p.+
depolarization in FeC13, Fe(ClO4)3, and Fe(NO?,)3 solutio_ns. For the Fe(NO3)3
solution, the TZ dependence for provtori NMR is indicated by the upper solid

line. (From Ref. SC 70.)

Fig. 9.9. (a) Transverse.muoﬁ re_laxa.tionb times in MnCl2 solutions. The
dashed lines represent the spin-exchange and dipole-dipole terms. The solid
line is the combined result.

(b)rrPlo’c of 'r: versus Mn2+ concentration at 295°K. " The solid line

was obtained from Ref. HM 66.
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Fig. 9.10. (a) Plot of 1/T2P veréué Mn2+ concentration. The solid curve

is obtained by combining NMR and ESR results.. The dashed curves show

separately the contributions from spin;exchange and dipole~dipole interactions.
(b) Piot of 1/(T2P) versus temperature. The dotted curve is the

fit obtained for 11 kG without modifications. The solid curves result from

further analysis at 4.5 and 11 kG (conside.ring a new Vr value). The dashed

.curves represent the spin-exchange and dipole-dipole contributions separately

for the analysis at 11 kG with the modified Vr value.

" Fig. 10.1. Ranges of various relaxation rates and sensitive regions for dif-

ferent detection techniques.
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