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to the pressure dependence of muon-spin-resonance signals
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Kinetic theory has recently been used to describe the spin dynamics associated with the stopping
process encountered by highly energetic muons as they thermalize in a single-component gas. The
result is a pair of rate equations that describe the dynamics encountered by the diamagnetic and
paramagnetic muon species. This dynamical system has motion generated by the hyperfine interac-
tion of the paramagnetic muon species (muonium) and by rates which are products of time-
dependent rate constants for the electron-capture and -loss processes with the number density of the
moderating gas. These rates are positive by definition. Using a finite-width-step-function approxi-
mation to the time dependence of the rates, analytic solutions of these equations are obtained and
related to the muon spin polarization of the diamagnetic and paramagnetic species. Line shapes are
obtained for the amplitudes of these polarizations as a function of the length of the charge exchange
regime ¢.. This time duration is inversely proportional to the number density of the moderating gas.
The line shapes have two general features, namely, (i) they are constants when the duration of the
charge exchange region is short (high-number densities), and (ii) they have resonances for long dura-
tions (low-number densities). Also, in general, the amplitudes of the “singlet” (muonium hyperfine
frequency) term and the “triplet” (muonium Larmor frequency) term are not equal. Fits to the
available experimental noble-gas data are presented using the rate constants and the time duration
of the charge exchange region as parameters. The theoretical predictions suggest further experi-
mental studies be made, in particular, to see whether the resonances are experimentally resolvable or
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not.

I. INTRODUCTION

In muon-spin-rotation (uSR) experiments! the time
dependence of the spin polarization of an ensemble of
thermal muons is followed by observing the ensemble of
decay positrons emitted along the direction of the muon
spin vectors. These experiments distinguish two general
types of magnetic states associated with thermal muons,
namely, paramagnetic and diamagnetic states. Chemical-
ly, the paramagnetic states are muon radicals which can
be divided into two classes, namely, free muonium (Mu,
the positive muon equivalence of the hydrogen atom) and
molecular muon radicals. These chemical species can
easily be distinguished magnetically by their characteristic
Larmor frequencies. In contrast, with present experimen-
tal techniques in uSR, no distinction can be made between
the characteristic Larmor frequencies of chemical species
containing the muon in a diamagnetic environment. Ex-
amples of classes of such chemical species involving the
muon are neutral molecules, molecular ions, and of
course, the bare muon itself. Since molecular muon radi-
cals have not been found in gas-phase experiments, then
only two magnetic states are observed, namely, the
paramagnetic state which chemically is muonium and the
diamagnetic state which may be a single chemical species
or a set of different chemical species. Throughout this pa-
per the term “‘state” will be used to describe the spin envi-
ronment of the muon, while “species” will be used to
denote its chemical environment.

Generally, the time resolution of these experiments is of
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the order of tens of nanoseconds as is the time scale’ of
the stopping process for the incoming highly energetic
muons. Thus the outcome of the stopping process acts as
the initial conditions for the experiments. Therefore it is
of interest to have a theoretical basis for understanding
the effects that the thermalization of the translational
motion has on the spin dynamics. Such a description has
recently been presented® based upon kinetic theory. The
result is a pair of rate equations for the diamagnetic and
paramagnetic spin states. The effect of this stopping pro-
cess is completely contained in the (positive) time-
dependent rate superoperators that describe the collision
processes which interconvert the two spin states. These
rate superoperators depict loss of an electron from muoni-
um to form a diamagnetic chemical species and capture of
an electron by a diamagnetic species to form muonium.
They contain contributions from all possible chemical
species that may be involved and are averages of the prod-
uct of the total cross sections for the appropriate collision
with density operators that describe the translational
motion of the moderating gas and the chemical species
containing the muon. Their time dependence is deter-
mined by the time dependence associated with the
thermalization of the kinetic energy of the muon, that is,
the density operator which describes the translational
motion of the chemical species containing the muon.
These translational density operators give the probability
that the chemical species will have a certain kinetic energy
at a certain time. On the other hand, the moderating gas
is assumed to be in thermal equilibrium and, thus, is
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described by a product of time-independent equilibrium
Maxwell-Boltzmann density operators, one for each gas
atom.

In this stopping process three main regions are encoun-
tered before thermalization, that is, the Bethe-Bloch re-
gion from ¢=0 to ¢, the charge exchange region from ¢,
to t, (t,=t,—t;), and the epithermal region from ¢, to the
beginning of the thermal regime which starts at tr. It is
this last time which acts as the initial time for the experi-
ments. In the Bethe-Bloch region, where the dominant
process is ionization of the moderating gas, the muon
remains as a bare muon. Thus the spin dynamics is sim-
ply that of a free diamagnetic state. Indeed, it is constant
since the time scale of this region is many orders of mag-
nitude faster than the period of the diamagnetic Larmor
frequency. In terms of the rate equations this means that
there is an energy mismatch between the total cross sec-
tions and the kinetic energy of the muon which results in
both the rate superoperators being zero. On the other
hand, in the charge exchange region, both processes are
occurring simultaneously. Thus the rates for electron cap-
ture and loss are both positive and nonzero. Elastic and
inelastic scattering also occurs in this region. Indeed,
these latter processes dominate the third or epithermal re-
gion where one of the rates may be nonzero, but not both.
However, by the end of the epithermal region, both rates
must be zero since, for large number densities, there is no
depolarization of the signals. Such a condition holds be-
cause nonzero rates up to and including thermal times
would lead to noncoherent depolarization of the muon en-
semble.

The purpose of the present paper is twofold. First, La-
place transforms are used to obtain explicit solutions of
these equations based upon an approximation to the rates.
That is, the rates are assumed to be zero during the
Bethe-Bloch regime from ¢ =0 to #,, to be nonzero but in-
dependent of time for the duration of the charge exchange
regime from ¢; to ¢,, and zero again during the epithermal
region from ¢, to ty. This replaces the exact time depen-
dencies of the rates, namely, zero initially, positive and
nonzero as time progresses, and zero again at time tr,
with finite-width-step functions of different heights. The
time windows or widths of the capture and loss rates are
assumed to be the same, that is, they are taken to be the
duration ¢, of the charge exchange region. Such a seem-
ingly simple approximation leads to nontrivial predictions
for the line shapes of the amplitudes of the polarization of
the muon. Thus its validity can easily be tested experi-
mentally. If, indeed, it proves to be inadequate then more
realistic approximations will have to be considered. How-
ever, solutions of the exact rate equations require solutions
of translational Boltzmann equations for each chemical
species since the time dependence of each rate superopera-
tor is explicitly contained in the appropriate translational
density operators. Such a calculation is beyond the scope
of present-day theoretical techniques.

The second purpose of this paper is to explore the
consequences that these solutions have for the observed di-
amagnetic and paramagnetic signals as a function of the
number density n of the moderating gas. The number
density enters the rate equations in two ways, that is,
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through the rates themselves and through the time dura-
tion of the charge exchange regime which is inversely pro-
portional to n. In particular, the line shapes associated
with the amplitudes of the polarization of the muon in the
diamagnetic and paramagnetic states have two general
features as a function of the time duration of the charge
exchange regime, namely (i) they are constants for high
number densities and (ii) they exhibit resonances at low
number densities. For the first region (high number densi-
ties) there is no depolarization, that is, the sum of the am-
plitudes is equal to the total incoming amplitude. This
agrees with experimental results>*> and is in contrast to
the situation®~3 in condensed phases where there is, in
general, a significant depolarization. For example, in
liquid water there is a 20% lost fraction. The theoretical
description of the gas-phase experiments is based upon
two assumptions, namely (i) that only binary collisions
occur and (ii) that no subsequent interactions occur be-
tween the muon and the products of a prior collision.
This implies that the lost fractions in liquids and solids
may have three possible sources, that is (i) many-body ef-
fects such as collective modes and/or many-body col-
lisions, (ii) interactions with products of prior collisions,
and (iii) interactions with short-lived species not present in
the gas phase (for example, solvated electrons). On the
other hand, depolarization does occur in the second region
of interest, namely, low-density gases. The mechanism for
depolarization in this regime is due to the hyperfine in-
teraction and the cyclic nature of the charge exchange
process. In particular, when a collision forms muonium,
exchange of polarization between the muon spin and the
electron spin can occur during free flight. This exchange
is due to the hyperfine interaction. If the time between
collisions is much shorter than the period of a hyperfine
oscillation then the electron will not carry away any ap-
preciable polarization when it is stripped from the muon
in the next charge-transfer collision. For dense gases no
transfer of polarization occurs over the whole charge ex-
change region. On the other hand, for low-density gases
the time between collisions near the end of the region be-
comes an appreciable fraction of the period of the hyper-
fine interaction. Thus, stripped electrons can carry away
an appreciable amount of the muon’s original polariza-
tion. Indeed, there will be a density where the time be-
tween collisions will be such that an electron will be lost
when it has acquired all the muon’s polarization. At
lower densities still the electron will have acquired all the
polarization and will be exchanging some of it back to the
muon when it is stripped by the next charge-transfer col-
lision. This is the source of the resonances that the theory
predicts. However, the size of these resonances depends
upon how much polarization has already been lost before
such “restoring” events can occur. The real parts of the
poles associated with the inverse Laplace transforms of
the rate equations lead to exponential damping of the res-
onances while the periods of these resonances are given by
the imaginary parts. Such resonances have as yet to be ex-
perimentally observed. Indeed the parameters may be
such that the resonances are too small in height to be seen.
Such extreme damping is most likely to occur when the
muon spends most of its time as muonium rather than as
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a diamagnetic muon species during the charge exchange
regime. Also, in general, the amplitudes of the hyperfine
frequency term (“singlet” signal) and the muonium Lar-
mor frequency term (“triplet” signal) are not equal. This
arises since the muonium hyperfine frequency enters the
rate equations in an asymmetric fashion. That is, the
muonium hyperfine frequency only appears in the equa-
tions for the singlet components of the spin density opera-
tors and does not appear in the equations for the triplet
components, see Egs. (3.2) and (3.16). However, for rates
large compared to the hyperfine frequency, for example,
at high densities, these amplitudes become equal. At
present, the hyperfine frequency signal is not observed ex-
perimentally while it has been assumed that the ampli-
tudes associated with the muonium hyperfine frequency
and the muonium Larmor frequency are equal.

The rate equations and their associations with the ob-
served thermal signals are reviewed in Sec. II. Explicit
solutions of the rate equations are obtained and related to
the diamagnetic and paramagnetic signals in Sec. III.
High number-density limits of these expressions are
presented in Sec. IV, while large rate-constant results are
given in Sec. V. Finally, fits to the available noble-gas
data are presented in Sec. VI.

II. RATE EQUATIONS

For the typical muon-spin-rotation (uSR) experiment in
gases,! the muon beam enters the target with its momen-
tum and spin polarization perpendicular to the applied
external magnetic field. By definition this external field is
in the z direction while the initial momentum is in the y
direction. Observation of the positrons emitted by the de-
caying muons is made in either the positive or negative x
directions. The components of the spin density operator
which describe the bare diamagnetic muons as they enter
the1 targetz are as follovlvs: pf,‘a(O)-=%( 1+ PZ),* Plp(0)
=7(1—Pi), and phg(0)=7 | P, | explig,) =plh,(0)*, where
a and B are the ++ and — 5 spin states in the field direc-
tion. They involve the initial polarizations in the z direc-
tion Py, in the x direction |P, |cos(g,), and in the y
direction | P, |sin(p,). Standard' experimental condi-
tions are Pj, ~0 and @, ~ —/2. On the other hand, since
the moderating gas is assumed to be in thermal equilibri-
um, then the electrons which it donates to the charge ex-
change regime will be unpolarized. Thus the initial or
equilibrium components of the electronic density operator
are pl,=phs=7 and pig=ps.=0. The initial muonium
spin density operator is zero since there is no muonium
present before the charge exchange region begins.

The derivation® of the rate equations begins with the
exact quantal (N + 1)-particle Liouville equation for
the single-component gas and the muon. Two first-
order quantal Bogoliubov-Born-Green-Kirkwood-Yvon
(BBGKY) equations’ for the diamagnetic and paramag-
netic muon species are then obtained by averaging over all
the gas particles. These equations for the single-particle-
reduced density operators are, of course, not closed as they
involve two-particle-reduced density operators for a gas
particle and either a diamagnetic or paramagnetic muon
species. To close these equations the generalized
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Boltzmann ansatz’ is invoked, that is, the two-particle-
reduced density operators are written as products of the
appropriate Moller superoperators and the single-particle-
reduced density operators for the gas particle and the
muon species. The result is a set of coupled quantal
Boltzmann equations for the paramagnetic muon species,
namely, muonium, and the various diamagnetic chemical
species which contain the muon. These equations involve
both the translation and spin degrees of freedom. The
translational degrees of freedom are then traced over and
the diamagnetic species summed over to produce a pair of
rate equations whose dynamics is generated by the free-
flight spin Liouville superoperators and by the time-
dependent rate superoperators which depict the electron-
capture and -loss processes, that is,

dp,(t)
—— +iZLupu(t)=—Rc() P oq pu(t) + R (t)pr(t)

dt
dpylt) @D

i +i-L Mmupmu(t) = — R (£)ppn(2)

+Re()P g oq pult) ,

where Ro(t)=nK(t) and Ry (t)=nK(t) are the rates of
electron capture and loss, respectively. They are the prod-
ucts of the number density of the moderating gas and the
appropriate time-dependent rate constants Kc(¢) and
K; (¢). For example, the capture rate constant is given by
a sum over the individual rate constants® for each diamag-
netic chemical species, namely,

Ke()= [dPT [ dB fow(p—Mu)pii/my,)
X f1(M P /My —B i)

XfuM B/ Mu+B51t) . (22)

Here f, is the Maxwell-Boltzmann momentum distribu-
tion' for the translational motion of an equilibrium gas
particle, while f A is the momentum distribution associated
with the time-dependent single-particle translational muon
reduced density operator. o, (;t—Mu) is the total cross
section!! for scattering events that begin with a diamag-
netic muon species and end with muonium. A similar ex-
pression holds for the electron-loss process. Here these
time-dependent rate constants are replaced by the product
of time-independent parameters, namely, K- and K;, and
a finite-width-step function of the time duration of the
charge exchange region.

The free-flight muon spin dynamics is generated
by the diamagnetic muon Liouville superoperator,
Ly=#""[H,, ...]_, which is %~ times the commutator
with the muon spin Hamiltonian' H = —wHT-ZA, where
©,=8.6X 10*B/sec is the diamagnetic muon Larmor fre-
quency. Similarly, free-flight muonium spin dynamics is
generated by the paramagnetic muonium Liouville super-
operator, £ yvuy=%"[Hpmy, - - -]_, which is #~! times the
commutator with the muonium spin Hamiltonian!
HMu=we§'Z\—wMT'2+h_leT ‘S. Here w, is the elec-
tronic Larmor frequency, while @, is the muonium hyper-
fine frequency 2.8 10'° rad/sec. The rate equations are
solved in Sec. IIl using the eigenfunctions' of the
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muonium spin Hamiltonian, namely, |1)=|aa),
[2)=s|aB)+c|Ba), [3)=|BB), and |4)=c|af)
=5 | Ba), where the first spin is that of the muon. The
normalization constants ¢={+ [l1+x/(1 +x2)!2]}!/?
and s=(1—c?'? involve a field-strength parameter
x =(w, +w,)/0y=6.3X10"*B. Also associated with this
muonium spin Hamiltonian is the muonium Larmor fre-
quency wpy=(w, —,)=8.8X 10°B/sec. Finally, these
rate equations involve a multiplication superoperator
which selects the spin state of the electrons that are cap-
tured by the muon in the formation of muonium. This
superoperator represents multiplication by the equilibrium
electron spin density operator and is diagonal in the aa

basis, namely,
((ab)(cd|| P oeq=pial{ |ab)cd]|,

where the double bracket notation'? is used to distinguish
the operator space from the standard wave function space.

Solutions of these rate equations evaluated at the end of
the charge exchange region act as the initial conditions for
the epithermal and thermal regions where it is assumed,
for noble gases, that spin-lattice-type relaxations and the
free-flight spin Hamiltonians are adequate to describe the
spin dynamics. For comparison with the experimental
noble-gas signals, the rates K- and K; and the duration of
the charge exchange regime ¢, =t, —¢; are treated as pa-
rametegs in a fitting procedure. This time span
t.=,% 0% can be written'® in terms of the total number
of collisions N, occurring during the regime and the col-
lision frequency w}=(nv;0;)~!. Here v; is the average
free-flight velocity between collision i and i + 1, while o;
is the total cross section associated with v;. Therefore the
time duration of the region can be written as t,=7,/n.
Thus this theory involves three fitting parameters K¢, K,
and 7,. On the other hand, the number density acts as an
experimentally adjustable quantity.

In gaseous uSR experiments time histograms of the di-
amagnetic muon and paramagnetic muonium Larmor pre-
cessions are observed.! The time scale of these histograms
is microseconds, that is, thermal times. Times on the or-
der of nanoseconds are too short to be observed and their
time zero is of the order of the start of the thermal region.
These histograms are fit to functional form!

(2.3)

N(t)=Noexp(—t/7,)[14+S(1)]+B , (2.4)
where N is a normalization, 7,=2.197 usec is the muon
lifetime, B is a time-independent background, and S(¢) is
the thermal signal

S(t)=A,exp(—A,t)cos(w,t +6,)

4
+ 3 Auexp(— At )cos(w;t —Biyy) . (2.5)
i=1
Here A, and Ais are the spin-lattice relaxation rates for
the diamagnetic muon and paramagnetic muonium states,
while 4, and 4y, are their amplitudes and 0, and Oy, are
their phases. The paramagnetic frequencies are those as-
sociated with the allowed transitions in a transverse mag-
netic field of the muonium Breit-Rabi diagram,' namely,
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01=oMet+Q, O=0oy—, 03=0ot+om,+, and
0s=wg—yu+Q, where Q=+wo[(1+x)2—1] is a
field-dependent beat frequency. However, the hyperfine
signals are not observed experimentally as their time scale
is of the order of tenths of a nanosecond. The signal S(¢)
is, in fact, the expectation value of the polarization of the

muon spin vector T in the X direction, namely,

S(t)={(Py) ()=Tr[(2/BT-Xp(1)] (2.6)

where p(t) is the appropriate thermal spin density operator
for the diamagnetic and paramagnetic muon states. For
comparison of different experimental results, normalized
signals are considered here, that is, S(¢) divided by the
amplitude of the incoming polarization. In gas-phase ex-
periments’? this incoming amplitude is obtained by
measuring the diamagnetic signal produced when an
aluminum plate (in vacuo) replaces the target gas. No
depolarization of the beam occurs and no muonium is
formed in aluminum and, thus, the incoming amplitude is
termed the aluminum asymmetry."? Corrections for the
wall signals? should also be included in the experimental
amplitudes as well. From now on the term “amplitude” is
taken to be synonymous with the wall corrected experi-
mental amplitude divided by the aluminum asymmetry,
that is, the normalized amplitude.

From a theoretical view point® the signal S(¢) becomes
a sum of diamagnetic and paramagnetic terms, namely,

S(6)=Tr[Pxp(1)1/ | P, | =P§(t)+PY™1) , 2.7

where the density operators used to evaluate P(t) and
PY"(¢) have motion generated by the appropriate Liouville
spin superoperators along with the thermal spin-lattice re-
laxation rates. The initial conditions of these density
operators are given by the solutions of the rate equations
evaluated at f,. Thus the diamagnetic and paramagnetic
contributions are

Pi(t)=P exp[ —A,(t —tr)]cos[w,(t —t7)+6,] ,
and (2.8)

4 . .
PY(t)= 3 Pirexpl —Ay(t —t7)]cos[w;(t —t7)—Big] .
i=1
The phases of these expressions are simply the phases of
the experimental signal, Eq. (2.5), while the amplitudes P,
and Py, are the appropriate normalized (wall-corrected)
amplitudes. The diamagnetic term involves the amplitude

Py = |polt:)+pal(t.) | (2.9)

and its associated phase. Here the density matrix elements
are components of the diamagnetic spin density operator
described by Eq. (2.1), namely,

pa(tc )=2[cp!1‘2(tc ) "”Spllltt(tc )] s
(2.10)

Palte)=2 | spis(t)+cpli(t,)| -

On the other hand, the paramagnetic amplitudes are given
by
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Paw=pi(t.) | = | 25p53(2) |
P%/qu |P2(tc)‘ = |2cp11v§u(tc)l ’

2.11
Pl?’VIu= IPS(tc)l = ' —Zspllviu(tc)\ ’ ( )
Pg/luz |p4(tc)' = Ich%u(tc)l ’

while the phases are defined accordingly. In principle
there are five signals of different frequencies that can be
observed if x is of sufficient size that () is resolvable and
if the time resolution of the experiment is sufficient to
resolve the hyperfine frequency. As pointed out, the latter
signals are not currently observed, while in gases it is stan-
dard experimental practice? to measure the muonium sig-
nal at low fields (about 7 G) and the diamagnetic signal at
intermediate fields (typically 70—300 G). Thus only two
signals are currently observed, namely, that associated
with the diamagnetic Larmor frequency and that with the
paramagnetic muonium Larmor frequency. The muoni-
um signal is the Larmor part of the low field muonium
polarization

PY(t)=Pppocos(@put — Ovu) + Pirucos(@ot— O3gn),  (2.12)
where

Pru=|p1(t)+palte) |, Plu= | ps(t.)+palt)| , (2.13)

are the amplitudes of the “triplet” or muonium Larmor
frequency term and the “singlet” or hyperfine term. The
phases associated with these amplitudes are simply the
phases associated with the appropriate combination of
matrix elements. Experimentally measured quantities are
then the amplitudes P, and Py, and the phases 6, and
Omus cf. Eq. (2.5). It is also of interest to define the frac-
tions

4 .
FM=PM/PT, FMu= ZPiVlu/PT=l_Fy

i=1

(2.14)

of muon and muonium, respectively, where Pr is the sum
of the diamagnetic and paramagnetic amplitudes
PM+E‘.‘=1P§M( <1). Expressions for the various ampli-
tudes and phases are evaluated in Sec. III in terms of the
analytic solutions of the rate equations which describe the
spin dynamics that emerge from the charge exchange re-
gion. The resulting signals are then fitted to the noble-gas
data which are functions of the number density (pressure)
of the moderating gas.

III. DIAMAGNETIC AND PARAMAGENTIC
THEORETICAL SIGNALS

The rate equations with time-independent rate constants
are now solved using the muonium basis. In this represen-
tation the a, 2, and 3 matrix elements couple together as
do the a, 1, and 4 components. There is no coupling be-
tween these two sets. The former is considered first.

A. “Two” and “three” paramagnetic signals

The 1 eigenstate couples to the 2 and 4 eigenstates
through the muon spin density operator and the equilibri-
um electron spin density operator in Egs. (2.1). That is,
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{122 s eq | put) V=5 [c2Phot) —scpia(t) ] =cpqlt) /4

and (3.1
1 1)C4]| 2 o eq | pul0) ) =3[ —scpha() +57p4(1)]
= —s5pu(t)/4,

where use has been made of Eq. (2.3) and the representa-
tion of the muonium eigenstates in terms of the aa basis.
Thus the rate equations (2.1) which couple the paramag-
netic and diamagnetic components of the spin density
operator become three linear coupled differential equa-
tions which describe the dynamics associated with the a,
2, and 3 matrix elements, namely,

dpa(t)/dt = — 5 Rcp(t)+ Ry [pa(t) +ps()] ,
dp,(t)/dt = —Ryp,(t)+5Rccp (1), 3.2)
dps(t)/dt = — (R +iwg)ps(t)+ 5 Rcsp,(t)

and are subject to the following initial conditions:
Pa(t1)= %CXP(IYPF), pz(tl )=p3(11 )=0.
Using Laplace transforms,

Bi= f:’ dt exp[ —xRs(t —1))]pi(t) , (3.3)

Egs. (3.2) can be transformed into the following set of
three coupled algebraic equations:

(x +fu )ﬁa=pa(t1 )/R; +fu(F_72+f_73) ’
(x +fp )pZ:fMuczﬁa ’
[x +fu+i(w0/RS)]f_73= +s2fMuf_7a ’

where Rg=R; + +Rc=nKy is the total rate and where
fu=Rp/Rs=K;/Ks and fyy=7Rc/Rs=75Kc/Ks are
the fractions of diamagnetic muon and muonium, respec-
tively, which emerge at high pressures, see Sec. IV, where
the time duration of the charge exchange regime is short
compared to the hyperfine interaction. The solutions of
Egs. (3.4),

plzﬁa[fMucz/(x +fp)] ’
P2=Pal +/mus*/[X +fu+i(wo/Rs)]} ,

(3.4)

(3.9

/RS,

involve the roots of a cubic equation with complex coeffi-
cients, namely,

3
Pa=palt1) (x+f”)[x+fu+i(wo/Rs)] H(X —Xs,i)

i=1

0=x3,; +x3,;[1+f, +i(wo/Rs)]

+x5,i[fy +i(@o/Rs)]+is*ff mul@o/Rs) . (3.6)
This cubic equation has three complex roots,
Xs,i=—As,; +ivs,;, which can be written in terms of three

(positive) relaxation rates, Ag;, and three associated fre-
quencies, vs;. The relaxation rates lead to exponential
damping of the amplitudes, while the frequencies lead to
sinusoidal oscillations.

Inverting the Laplace transforms leads to analytic ex-
pressions for the various matrix elements of the spin den-
sity operators. For example, at the end of the charge ex-
change region the 2 matrix element becomes
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3
palte)=+fauc’ S, exp(xs,iRste +ig,) [xs;+fu+ilwo/Rs)] [IT (xs:—xs,5)

i=1

3
=5 muc? Y, expl(—Ag;+ivs, )KsT, +i(bS,i+‘Py)]BS,i=P§/Iuexp(ie%VIu) .

i=1

The next to the last form of Eq. (3.7) involves a real am-
plitude function and a frequency, namely,

Bs;=Ds;/Es;, bs;=ds;—es;, (3.8)

respectively. These expressions are related to the relaxa-
tion rates and frequencies by the following formulas:

xs,i +fu+iwo/Rs=Dsexplids,;) ,

Xs,i —XS,]' =Esyijexp(ies,,-j) N (3.9)
Esi=]1Es;j, esi= 3 es,-
i i
|
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-1
J#i
3.7

=

It is to be noted that the explicit dependence on the num-
ber density of the moderating gas has been isolated in the
relaxation rates, their associated frequencies, and the D
functions. The E and B functions implicitly depend on n
through the complex roots of Eq. (3.6).

As with the “two” paramagnetic signal the amplitude
of the “three” signal is the magnitude of the 3 matrix ele-
ment. That is,

3
Piu=[3/mus’] | 3 exp(—2As;Ks7.)Cs,2+2 3 exp[ —(As,i+As,j)Ks7.]Cs,i Cs,

i=1 Joi

Xcos[(vs,; —vs,; )KsT. +(csi—cs,;)] ,

while its corresponding phase is va,u=¢#+arg[p3(tc )]
Here the real amplitude and phase functions

Cs,i=Fs;/Es;, csi=fsi—es,i (3.11

involve the complex function

xs,,-+f#=FS,,~exp(ifsy,') (3.12)

and the previously defined E functions, Eq. (3.9). Finally,
the a component of the spin density matrix becomes

3
Palte)=% 3, expl(—As;+ivs ) Ks7. +ilas;+@,) s, »

i=1

(3.13)

where
As;=Ds;Fs;/Es;, as;=ds;+fsi—es, -

This matrix element is related to the diamagnetic signal,
see Egs. (2.5)—(2.9).

These expressions for the amplitudes and phases of the
uSR signals are evaluated for high number densities in
Sec. IV and for large rate constants in Sec. V. The “one”
and “four” paramagnetic signals are considered next.

(3.14)

B. “One” and “four” paramagnetic signals

The 3 eigenstate also couples to the 2 and 4 eigenstates
through the muon spin density operator and the equilibri-
um electron spin density operator in Eq. (2.1). That is,

(C12)€3]|Pareq | PulD)))
= 5 [s%phs(t) +scphis(1)1=sp, (t) /4

12
(3.10)

[
and

(C14)€3]|Peeq | Pu(D)))
=+ [scph(t)+c (1) =cp,(2) /4 .
(3.15)

The a, 1, and 4 components of the density operators satis-
fy the following set of three coupled linear first-order dif-
ferential equations:

dp,(t)/dt = —3Rcp(t)+RL[py(D)+paD)] ,

dp\(1)/dt=—Rpp\(1)+ 7Rcs’p, (1), (3.16)

dpy(1)/dt = —(Rp —iwo)py(t)+ T Rccpy(t) .

These equations are complex conjugates of Egs. (3.2) with
s and ¢ interchanged. Indeed, for low fields where s =c
they are simply complex conjugates of each other. Solu-
tions to this set of equations follow directly from Sec.
IIT A except that the cubic equation

0=x¢; +x&,;[1+f,—i(wo/Rs)]
+x¢,i[fu—i(wo/Rs)]1—ic*fufwmul@o/Rs)

replaces Eq. (3.6). The roots xc;=—Ac; —ivc,;, of this
equation are complex conjugates of the previous roots
with s replaced by c¢. For low fields where s and ¢ are
equal, the two sets of roots are simply complex conjugates
of each other. The “one” signal has the same form as the
“two” signal except that ¢ replaces s everywhere. That is,
the B and b functions are evaluated using the ¢ roots.
Similar results hold for the “four” and “three” signals and
the @ and a components of the density operator.

(3.17)
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C. Diamagnetic and low-field paramagnetic signals

The amplitude of the normalized observed diamagnetic
muon signal is simply given by the magnitude of the sum
of the a component and the a component of the spin den-
sity operators, namely,

3
P,u:—;— S, {expl(—As,; +ivs, )KsT. +ias,;4s,;

i=1
+exp[(—Ac;—ive,)KsT. —iac;14c,i}

(3.18)

The phase follows accordingly. This signal is typically
measured between 70 and 300 G where there is a nontrivi-
al difference between the two sets of roots. On the other
hand, the paramagnetic signal is usually measured at low
fields (around 7 G) where s =c. Thus the roots are simply
complex conjugates of each other, namely, Ac; =Ags; =2,
and vc;=vs;=v;. Also, Q is not resolvable at these low
fields. Thus the muonium Larmor signal, Eq. (2.13), is of
the form

3
Pru=5(fv) | D Biexp(—A; K7, )cos(v;Ks7. +b;) | ,

i=1
(3.19)

where the B functions are evaluated using the above low-
field roots. A similar expression holds for the hyperfine
signal.

IV. HIGH NUMBER-DENSITY EXPRESSIONS

When the number density of the moderating gas is high
and when the rate constants Kg are of the order of or
greater than the hyperfine frequency, then (wy/Rg)
=(wo/nKy) is a small parameter. Simple expressions for
the relaxation rates and their associated frequencies can
then be obtained in terms of a power series in (wy/Rg).
Since the number-density dependence of the amplitudes
resides completely within these relaxation rates and fre-
quencies and the D functions then to zeroth order in
(wo/Rs), the line shapes are independent of the number
density of the moderating gas. That is, there is a high
number-denisty limit of the amplitudes in the gas-phase
experiments. In particular, to zeroth order in (wy/Rg),
the s and ¢ roots become real and equal, namely, A,=0,
Ay=fu, A3=1. Since D, =F,=0 then the contribution of
the second root to the normalized amplitudes is zero,
while the remaining roots give

P%\Au:Pidu:(%sz)fMu[l_exp( _KST::)] ’
Plz\/Iu =P?\Au=(%c2)fMu[l'—exp( _KSTC)] s
P”———f#+fMuexp(—Ks'rc) .

The sum of the polarizations is unity. That is, there is no
|

4.1

(4.2)
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lost fraction. Thus no depolarization occurs at these high
number densities and the amplitudes are equal to the frac-
tions defined by Eq. (2.14). In contrast, fy, and f, are
the fractions of muonium and muon, respectively, that
emerge from the charge exchange region at high densities
when Kg7. >>1. That is, they are the appropriate chemi-
cal kinetic fractions.

V. LARGE RATE-CONSTANT EXPRESSIONS

When the time duration of the charge exchange regime
is such that K7, >>1 while (wy/Rg) is small but finite,
then spin depolarization can occur. In particular, if
wd/f, uwRs <<1, then only one root will contribute to the
amplitudes as the second and third relaxation rates will
lead to large exponential damping. Such situations re-
quire large rate constants if they are to be valid over the
number-density region of experimental interest. Other-
wise the exact expressions must be used. To second order
in (wg/Rg) the relaxation rate and frequency, for the s
root, are

)\'S,lzszw(z)[ 1 "“Sszu( 1 +f;¢ )]fMu/fyRS

=s2wi[ A —s?A,]/(nKg)? (5.1)

and

vs1= —5 04 ma/nKs , (5.2)

respectively. Similar expressions hold for the ¢ roots. The
amplitudes of the resolved paramagnetic signals, Eq. (3.7)
and (3.10), are then dominated by the following expres-
sions:

Py =Pty =52 muexpl —s* (A —sAz)wp7, /Ksn®]

Plz\du =P§/Iu=cszuexp[hcz(kl_CZA'Z)w(z)Tc/KSnZ] .
(5.3)

Associated with the first signals is the phase
<p,,—s2fMua)0Tc /n, while the second signals involve the
phase <p,,-+—c2 fMu@oTe /n. Thus the resolved signals exhib-
it simple exponential damping along with strongly time-
dependent phases. On the other hand, for low fields
where ¢ =s, )»:)»1—%7»2 and where Q is not resolvable,
the phases of the triplet and singlet signals are constant,
while the amplitudes

Pyt =P = 5/ mu€Xp( — 3 Aw)T. /Kgn?)

X | cos( + fvu®@oTe /1) | (5.4)

exhibit resonances. The periods of these resonances,
to=7fwule =T(2m +1)/wo=0.055X(2m +1) nsec (m is
an integer), occur at 5 fy, times the periods of the hyper-
fine interaction. That is, the periods are determined by
the “fraction” of time, 3 fuul., that the muon spends in
the singlet muonium state. The resonances are a quantal
interference effect for the large rate-constant limit. Final-
ly the diamagnetic amplitude, Eq. (3.18), becomes

P,=f,exp{— T 0¥r [A—(s24+c2)A1/Ksn?} (cos™(+ fyu@oT. /1) +sinh?{ 3ot [A1(c?—5?) —(c*—s*)A, ] /Ksn?} )2 .

(5.5)
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The exponential decay of both the paramagnetic and di-
amagnetic signals involves the inverse of the product of
the total rate constant and the square of the number densi-
ty. This is the only place that the total rate enters these
large rate expressions. Thus exponential damping will
only occur for small number densities.

VI. FITS TO NOBLE-GAS EXPERIMENTS

Fits of the above expressions, Egs. (3.18) and (3.19), for
the diamagnetic muon and triplet muonium amplitudes
are now made to the available experimental data for the
noble gases. The theoretical line shapes describe the nor-
malized amplitudes of the uSR signals, Eq. (2.5), as a
function of the time duration of the charge exchange re-
gime and are to be compared to the experimental ampli-
tudes or asymmetries divided by the absolute aluminum
asymmetry. Since the time duration 7, of the charge ex-
change regime is inversely proportional to the number
density of the moderating gas, the line shapes are depicted
here as a function of the number density. Indeed, as the
experiments have all been run at room temperature, then
the number density is simply proportional to the pressure
which represents the experimental variable. Both the di-
amagnetic muon and triplet muonium amplitudes must be
fit with consistent sets of parameters. The parameters to
fit are the total rate constant, Ks=K; ++Kc, the muon
fraction f,(=1—fyy), and the time duration 7.

A. Argon

Muon and muonium amplitudes in pure argon have
been observed at TRIUMF?# and at SIN (Schweizerisches
Institut fiir Nuklearforschung)’. For pressures greater
than 1 atm the diamagnetic muon amplitude has a con-

ARGON
0.4 T T T

Muon Amplitude

| I
0.0 1.0 2.0 3.0 4.0

0.0 '

Pressure(atm )

FIG. 1. Muon amplitude for argon. The points given with a
box in this figure and in Figs. 2—12 are TRIUMF data, while
the remainder are from SIN. The parameters for this line shape
and those of Figs. 2 and 3 are Kg=15.0w, fu=0.24, and
Te=1.3/w,.
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FIG. 2. Muonium triplet and singlet amplitudes for argon.
The triplet line is the upper one at large pressures.

stant value of 0.24, whereas the muonium amplitude is
gradually increasing up to 3 atm. Various fits can be
made to both the muon and muonium amplitudes which:
represent the data equally well. For the diamagnetic sig-
nal, these fits all have the same fraction of muon, namely,
fu=0.24 and the same duration of the charge exchange
regime 7,=1.3/wy=0.046 nsecatm. However, there is
only a lower limit on the total rate constant K, namely,
15.009=4.2X 10" /sec. Two illustrative fits are shown.
In the first, see Fig. 1 the lower limit on K has been as-
sumed. The squares represent the TRIUMF data, with
the remainder being the SIN data. For this fit the reso-
nances are not experimentally resolvable. In Fig. 2 the
corresponding paramagnetic muonium amplitudes are
plotted for the same set of parameters. Here the data

ARGON
0.5 T T T

0.3 - -

0.2 —

Muon Fraction

0.0 | | 1
0.0 1.0 2.0 3.0 4.0

Pressure(atm )

FIG. 3. Fraction of muon for argon.
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ARGON
0.4 I I T

Muon Amplitude

0.0 | | |
0.0 1.0 2.0 3.0 4.0

Pressure(atm)

FIG. 4. Muon amplitude for argon. The parameters for this
line shape and those of Figs. 5 and 6 are Kg=>50w,, f,=0.24,
and 7, =1.3/w,.

points are the experimentally observed triplet amplitudes
while the largest line shape at high pressures is the triplet
signal obtained from theory. Clearly the predicted triplet
and singlet amplitudes are not equal. Although this repre-
sentation of the data is not very good it is not grossly in
error. Finally, in Fig. 3 the fraction of muon, Eq. (2.14),
is plotted for this fit. The other fit to the muon signal
presented here has Kg=50w,=14X10'!/sec. This choice
is somewhat arbitrary but does demonstrate the general
features of the predicted line shapes for large rate con-
stants. In particular, the resonances predicted for both the
diamagnetic signal, see Fig. 4 and the triplet signal, see
Fig. 5, are experimentally resolvable. Also the singlet and

ARGON

Muonium Amplitude

0.0 1.0 2.0 3.0 4.0

Pressure(atm)

FIG. 5. Muonium triplet and singlet amplitudes for argon.
The triplet line is the upper one at high pressures.
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ARGON
0.5 T l |

0.4 - .

0.2 H —
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Pressure(atm )

FIG. 6. Fraction of muon for argon.

triplet line shapes are essentially equal. The muon frac-
tion is given in Fig. 6.

On the other hand, it is also possible to fit the triplet
signal and then compare the results to the diamagnetic
signal. Again, two types of fits are possible, that is, one
with experimentally resolvable resonances and one
without. These fits have essentially the same form as the
muon fits. However, the predicted muon line shapes are
worse than the predicted triplet line shapes from the muon
fits. A triplet fit is presented in Fig. 7 whose associated
parameters are Kg=16w,=4.5x 10"/sec, fu=0.39, and
7.=1.7/09=0.061 nsecatm. The corresponding muon
line shape is given in Fig. 8. A comparison of Figs. 2, 5,
and 8 suggests that either the finite-width-step-function

ARGON

05 | ma T

0.3 -

0.2 - —

Muonium Amplitude

0.0 : ’ :
00 10 20 30 40

Pressure(atm)

FIG. 7. Muonium triplet and singlet amplitudes for argon.
The upper line at high pressures is again the triplet signal. The
parameters for these lines and Fig. 8 are Kg=160w,, f,=0.39,
and 7. =1.7/wo.
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Muon Amplitude

| L |
0.0 1.0 2.0 3.0 4.0

0.0

Pressure(atm )

FIG. 8. Muon amplitude for argon.

approximation is inadequate or the experimental triplet
amplitudes between 1 and 3 atm are too low.

B. Krypton and xenon

Muon and muonium amplitudes have also been mea-
sured in pure krypton and xenon at TRIUMF?* and SIN.®
The triplet muonium amplitudes are very similar for both
gases, while the diamagnetic muon amplitudes are less
than 0.05 for all pressures that have been measured. This
latter result forces an upper limit on the muon fraction,
namely, that f,, be less than or equal to 0.05. Fits to the
triplet krypton and xenon amplitudes with this constraint
are not very good. The major problem in fitting the data
is that the theoretical line shapes are too large at high

KRYPTON
0.5 |

04 F .

0.3 -

Muonium Amplitude

0.0 ‘
0.0 1.0 2.0

Pressure(atm)

FIG. 9. Muonium amplitude for krypton. The parameters
for these line shapes are Ks=47.0w,, f,=0.05, and 7.=1.5/w,.
The upper line at high pressures is the triplet signal.
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KRYPTON
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FIG. 10. Muon amplitude for krypton. This is the predicted
muon line shape obtained from the parameters of the muonium

fit.

pressures. However in light of the argon results where,
again, there is a discrepancy at high pressures, the above
results for krypton and xenon are not unreasonable.
Representative fits for both krypton and xenon are
presented in Figs. 9—12. The parameters for the krypton
fit are Kgs=47.00p=13x10"" sec, f,=0.05, and
7. =1.5/wy=0.054 nsecatm, while those for the xenon fit
are Kg=30.00p=8.4x10"" sec, f,=005 and 7,
=1.6/wy=0.057 nsecatm. There is very little difference
between these two sets of parameters which, again, is indi-
cative of the close resemblance of the experimental ampli-

tudes.

XENON
0.5 ,

0.2 - -

Muonium Amplitude

0.1 —

0.0 '
0.0 1.0 2.0

Pressure(atm )

FIG. 11. Muonium amplitude for xenon. The parameters for
these line shapes are K5=30.0wo, f,=0.05, and 7.=1.6/w,.
The upper line at high pressures is the triplet signal.
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XENON
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FIG. 12. Muon amplitude for xenon. This is the predicted
muon line shape obtained from the parameters of the muonium
fit.

VII. DISCUSSION

An approximation to the spin dynamics associated with
the stopping process of highly energetic muons in single-
component gases has been presented in which the time-
dependent rates for electron capture and loss have been re-
placed by finite-width step functions of different heights
but equal widths, namely, the duration of the charge ex-
change regime ¢,. Expressions for the diamagnetic muon
and paramagnetic muonium amplitudes have been ob-
tained as a function of ¢,. The resulting line shapes have
two general features, namely, they are constant at short
times and exhibit resonances at long times. Also in gen-
eral, the triplet and singlet muonium amplitudes are not
equal. Neither the possible resonances nor the difference
between the triplet and singlet amplitudes have been ob-
served experimentally. However, the theoretical line
shapes obtained for argon, krypton, and xenon are in
reasonable agreement with the experimental data. This
suggests that the finite-width-step-function approximation
is not unreasonable, at least, as a first approximation. Fi-
nally, the discrepancies at high pressures and the possibili-
ties of observable resonances at low pressures suggest that
further experiments be carried out as a test of the theory.
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