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ABSTRACT

The phenomenon of environment-dependent "' fast'" depolarization
of stopped positive muons is described in terms of a theoretical model.
The formalism is similar to that developed by Ivanter and Smilga to
describe the ' proper rriuoniurh mechanism,'" but has been adapted and
expanded to include situations involving more than one strongly depolar-
izing influence (i. e., vmuonium and a méleculaf radical). For a plausible
situation in dilute solutions witl"l transverse applied magnetic field, vthe
exact time depénde'nce of the mﬁon polarization is derived formally, with
the " res‘i.du..al polarization' emerging as a limit. The result cé.n be

applied to the study of muonium chemistry.
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INTRODUCTION

Thanks to the maximal nonconservation of parity in the weak inter-
action, it is possible to study the depolarization of stopped positive muons
in matter. Polarized muons are produced from thé decay of pions, 1 and
can be éo_llected in a beam and stopped in a target. They subsequently
decay .with a mean lifetime of 2.2 psec, emitting a positron preferentially
in the direction of their polarization. ! By detecting the positrons, one
can measure the rnagnitude and direction of the muon polarization as a
function of the time of the decay. A typical experimental technique is to
place the target in an external magnetic field perpendiéular to the muon
polarization, causing the muon spins to precess at their Lafmor frequency.
A positfon-detector is placed in the plane of preces‘sion. The prbbability
per unit time of detecting a decay positron va;ries sinusoidally as the muon
polarization sweeps past the detector. Repeatedly measuring the time
from a muon's ekntry into the target until detection of its decay positron
(if intercépted) is statistically equivalent to mon_itoring the time dependence
of the polarization of an ensemblé of initially polarized muons.

Since the earliest applications of this techn‘ique2 it h_'as_ been noted
that the apparent initial magnitude of the muon polarization is bstrongly
dépehdent upon the characteristics of the medium in which the muons
are stopped. Recent results3 indicate that the apparent initial direction
of the polarization (and thus the initial phase of the precession) also
varies with the medium. Since the muon beam _entefs the target with a
Well;defined polarization, these phenomena must be due to a ''fast"
depolarizatior{ mechanism which affects the muons briefly just after

they stop, and then desists completely. Any continuing depolarization
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would be reflected in the time depehdence of the decay positron distribu-

tion,  and could thus be observed directly. The practical limit of time

resolutioh is vtypically on the order of 1 nsec, and most experiments

cannot detect decay positrons until a few nsec after éhe muon stops.

This sets the time scale for '"fast' depolarization af a few nsec or less.
These phenomena were explained quaiitafively by Nosov and

Iakovlev'a4 in terms of the "

proper muonium mechanism'': a positive
muon captures an electron to form a hydrogen-like muonium (Mu) atom.
The _hyperfine interaction in muonium causes a ‘rapid motion of the muon
spin, which leads to depolarization of the muon. This process stops
when the muonium reacts chemically to leave the muon in a diamagnetic
compound. Thereafter, the muon will precess in the applied magnetic
field at approximately the free-mﬁon Larmor freqt..iency, wp.,s allowiﬁg
measurement of the residual polarization Poes by methods such. as that
described above. |

The theory of the proper muonium mechanism was developed by
Ivaﬁte'r and Smilgaé_9 into an elegant formalism which predicts Pres
in terms of .the chefnical and electrical properti’e.‘s of the medium. 10
Early expe.rirhental data on _p+ depolarization in liquids3 were in agree-
ment with this mechanism.

Héw‘ever, more recent ekéerimental’ resul’cs13 are inconsistent
with the propef muonium mechanisrh, and indicate that the complete
‘mechanism is usually more complicated, at least in liquids. Before
the predictions bf the theory can be made to agi‘ee'with the data, the

following process must be incorporated into the formalism: muonium

may react chemically to place the muon in a free radical (a paramagnetic

XY
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molecule), in which the hyperfine interaction between the muon and the

unpaired electron causes further muon depolarization until the radical

in turn reacts to leave the muon in a diamagnetic cdmpé)und. The de-
velopment given herein shows how the theory of the depolarizing
mechanism can be reformulated to include this pos‘sibility. Although
any muon environment can be treated similarly, specific emphasis is
placed upcn the mechaﬁism in liquids, due to the experimental con-
venience of liquids and the immediate application to the study of the
chemistry of muonium in liquids. .An expression for Pres is derived
which should adequately describe muon depolarization in dilute solutions.
DEPOLARIZING MECHANISM IN LIQUIDS

We cénsider a bearﬁ of polarized positive muons stopping in a
target in a uniform magnetic field perpendicular to their polarization.
To facilitate treatment of muonium chemistry, we assume that the target
consists of a reagént "X'" dissolved in a liquid solvent "' S,' in the
" dilu_te limit" where the concentration [S] of solvent molecules is
approximately independent of the concentration [ X] of reagent.

Positive muons coming to rest have a _high probability of forming

Mu atoms while still energetic by stripping electrons from molecules

5

of the medium. 14 These atoms thermalize within about 10-11 sec of their

formation > unless "hot' chemical reactions take place during their
epithermal collisions with molecules of the medium. 14 If a muon ends
up in a diamagnetic molecule [ D] through a hot reaction, its'.polari‘zation

is preserved. However, if it ends up in thermalized Mu or in a radical

"R,!" its spin will oscillate and rotate rapidly under the combined in-

fluence of the hyperfine interaction and the external field until an

\



ordinary (thermal) chemical reaction places the muon in a diamagnetic .

environment. Since each muon '"emerges'' from Mu or R at a different

time, the _ensemﬁle ‘'of muons is depolarized by '"dephasing.'" In addition,

since rotations due to precession of triplet muonium are all in one sense,

the direction of Pres'will be rotated slightly} with respect to the bgam ,
polarization direction.

Figure 1 shows a representative selection of competing processes
for muons in liquids. An expression for Pres will be derived using Fig. 1
as a model.

FORMULATION OF THE PROBLEM : r

The residual polarization Pres is what appe.ars to have been the
initial muon polarization if the observed precession of '"free'" muons is
extrapolated back to zero time. Any muons still in muonium or radicals
at observation times are considered in a practical sense to be completely

depolarized, since they do not exhibit precession at the muon Larmor

frequency. The facf that the muons eventually decay is ignored in this
analysis, since the only muons of experimental interest are those that
survive until‘obServation times, long after ''fast" 'depolari.zationvhas o
ceased. | ‘

The residual polarization has a direction as well as a magnitude;
thi-s; is included formally by letting pres be a complex»qua‘ntity, the real

part of which is the component of residual polarization along the original

A

beam polarization direction X, and the imaginary part of which is the com-
ponent along the direction § perpendicular to both X and the magnetic field
B = B Z. Variations of the phase of Pres with target medium are often

more informative than the behavior of the magnitude.
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Mathematically, the residual polarization is obtained from the
exact time dependence P(t) of the whole muon ensemble by dividing out

the Larmor precession factor exp| int] and letting the time go to

infinity. - When there is only one depolarizing influence, one can take

advantage of this by using the Laplace transform technique to circumvent
the solution of the equations of motion. 6 However, this method depends
upon the assumption that the muon spin evolves in only one environment

until it getS into a didmagnetic cOémpound, and so cannot be used in the

two-stage evolution involved here (Mu—-R—-D). It is necessary in general

to obtain explicit expressions for all contributions to the muon polarization.
The surﬁ of these gives, in the limit described above, the residual polari-
zatio_n.
THE EQUATIONS OF MOTION

\In either muonium or a simple radical, the spin system consists
initially of an unpélarized electron and a polarizéd muon, interacting
with each other viathe hyperfine coupling and individually with the. ex-
ternal field. |

The density matrix of this spin sys\tem' can be expanded in orthogonal
spin operators, in terms of the muon and eleétron polarizations BH and

_pe

and their '"'cross-correlations" biJ.:

R

p:

14 pt. By pe. © Z o pe
(1+P"-gm+ P g ij bijoicj ) (1)

where 0! and ¢ € are the spin operators for the muon and electron. The

basic Hamiltonian for the isolated spin system is

1. 1. p  p ¢ e
H= zhe (@0 )+ zhe” 0" + 5h w07, (2)
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where Wy is the hyperfine frequency (for muonium, w, =W, = 2.8X10
rad/sec) and wh and «® are the muon and eleétron Larmor frequencies,
given by w® = gee§/2mec and " = - ¢ i»e, ‘Where__v-é = 'me/m&L =1/206.77
if the difference between 2, and gH is neglected.

'An additional interaction V is included which describes the inter-
action of the electron spin with the Qutside world; V is ahalogous to
relaxation méchanisms in ESR phenomena, producir_lg a relaxation rate
v of the electron spin. Forrrially, the resultant equation of motion for
the density _mafrix (in the Schrbédinger picture) is.the Wangsness - Bloch

.1 '
equation:

b= - [H,p] - Tr, [V, [V.pp 11, (3)
P + s P A b ’ ’ ppb ’ » B

where Trb is the trace over the part of the world density matrix which

describes the medium "'b, " pb

medium, and V is the part of the operator V which is diagonal in the

is the equilibrium density matrix of the

energy.

Writing out commutators and equating coefficients of the orthogonal

V)

mci } on the left and right sides of equation. (3)

operators {1, 0? , 0?, o
gives the equations of motion of the parameters of the density matrix:

o 4 1 b
Pk-zijeijk (- thb P w. ), | o (4a)

ijv" i

1

e _ 1 _pe e e .
K = T eijk (+ > whbij Pi wj) 2v Pk’ (4b)
o _ 1 v e e
P55 % 2% 2%k Pk~ Pr) 7 Zmn “n €mnj Pim
n
+w € .b_.)-2vhb... (4c)

v n
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Theée ‘équations sei:)arate into one subset describing polarizations
~ parallel to the field and another subset describing polarizations per-
pendiéular to the field. We are concerned here with the latter subset.
The % direction is.'tbal.(en to be along the field, and the X direction is the
initial muon polarization direction. |
- The transverse-field case of equations (4) can be written compactly

as

i=iAm, a | 5)
where IT is the c:orﬁplex 4 -component vector (analogous to that defined

by Ivanter and Smilgaé)

P* + i p¥ 2
- X y //
‘P§+1P’e ' 0
n= y att =0 : (6)
= b +ib N0 :
Xz vz
b _+ib 0
zx = - a2y

and A is the 4X 4 matrix

“20x 0 0 1 -1

0 iyvt2x -1 1
' . , _ (7)
1 -1 iy-2Lx 0
! 1 0 iy+2x
iy ' € . .
where vy = 4v/<.oh and x = |f£ ‘/wh = B/Bh; Bh is the effective hyper-
fine field, and may be thought of as the effective field at the electron due
to the.muon’s-magn_etic dipole. For muonium, Bh = B0 = 1588 G; for
radicals, with weaker hyperfine couplirigs, Bh = Br will be much smaller.
The equations of motion (5) apply to both the muonium and radical

environments. For muonium, A = Am, where Am is given by (7) with

w, =w,, B. =B_, and v = v_, the relaxation rate of the electron in
h 70 0 m
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muonium through interactions with the medium. ‘S;lmila'rly', iln the
radical A = A , given by (7) with w =w, B = 'B?,. and v =v_.
In all the subéequent discussion, 1t is assﬁmed that Vi and 'vr
are negligibly small compared wit1;1 wg and w respectively, and also
small compared to the precession frequency ©Mu of friplet muonium.
Thus electron ‘relaxation in liquids is presurﬁed to be too slow to
noticeably affect the residual polarization. ESR data on hydrogen atoms
in solution support this assumption. 17 However,.i v:‘is retained in the
formalism to maintain genefali_ty. Although some simplification wéuld
reéult from the complete omission of v, this model may later find appli-
cations in situations where it is not negligible. Some radicals, for
instance, may be expected to have a depolarizing effect on the unpaired
electron; and the mechanism for muon dep'olarizat'iﬁon in sélids is
dramatically affected by electron relaxation.
FORM OF THE ENSEMBLE POLARIZATION

| The matrix A can be diagonalized to forrﬁ the fnatrix D with
eigenvalues )\i. This is facilitated when v = 0, since A is then a real
symmetric matrix. Let M and R be thg orthogonal matrices which

diagonalize A_ and A_, respectively:

MtAa M=D™ anda RYA rR=DT (8)
m r . ‘

so that

D™= 6 A" and DI =6 T (9)
- i ij ij i

In terms of these, the finite time evolution operators in the two important

environments are

U™, t') = M exp[iD™(t - t')] M1 (10)

v %




and

UT(t, ') = R exp [iDT(t - )] R™, (11)
so that E {t) = Um(t,_t' ) E(t' ) in the muonium envi_ronment and
n (t) = Ur(t,t' )-E (t' ) in the radical environment. The evolution operator
for muons in a diamagnetic environment is given by‘

d oL o
Uij(t’ t') = 6ij Giiexp [mp(t tt)] . (12)

Thé polarizé.’cion at any time t is the sum of contributions from all
- possible sequences of events. . If ''qQ" is a complete label for the fate of a
‘given fraction p(q) of the muon ensemble (including " internal'' times of
transifion from one environment to the next) and qu(t, 0) is the time
evélution,opera’cor for that fraction, the contribution P(q, t) to the
ensemble muon polarization P(t) from muons experiencing thé fate ''q"

is just p(q) times the first component of the evolved vector E (t):

P(a,t) =p@) - [U (5 0)I(0)],. _ (13)

If all possible fates " qi” are taken iﬁto account, the time dependence

of the entire ensemble is
P(t) = z. P(qi,t) . (14)

| This is a formal éum, ar.ldv may include integrals over unobservable
internal tifnes.

in general Uq(t, 0) is a time-ordered produc.t of vevolution ope‘rators
for the su;cessive environments of the muons experiencing the fate " q."
For exam:ple, consider the case "q7": muonium thermalizes and reacts
at time‘: fi to form a radical, which subsequently reacts at tlime t, to
form a diamagnetic compound. The overall time ‘evolution operator

for this process is Uq t,0) = Ud(t,tz) Ur(tz,ti) Um(ti, 0). Note the
' 7
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assumption that muon and electron polarizé.tiqns do not change discon- .t
tinuously in the transition from the free muonium environment to the
radical environment. The muonium electron is presumed to simply
become less localized, taking up the role of thehnéai‘red electron in the
radical. |

The form of p(q), the probability of a given sequence of events
"q," is also most easily Shown by example: consider the case " qy> "
in which thé muonium thermalizes and has still‘not reacted at the ob-
serva;tion time t. The probability that muoﬁium thermalizes without
reacting epithermally is (1 - h - r), and 1f Am = 1/’rm is the rate at
which muonium atoms react chemically, the prbba‘bility that muonium is
still free at time t is just expl -t/'rm‘]‘. Thus i)(q1)= (1 -h-r)exp| -t/'rm].
The time T is referred to as the ' chemical lifetime' of a fre)e muonium
‘atom. The rate Am is tile sum of the rates at which different chemical
reactions remove muonium from solution. For instance, if the only such
reaction is Mu+ X - D (rate Amxd)’ then Am = Amxd' The rate
A __.q is proportional to the concentration [X] of the reagent; the
constant of prOp.ortionality kmxd is called the chemical rate constant. 18
~ Similar rate constants apply for all the reactions in question, as listed

in Table I. Using this formalism one can easily _Write down p(qi) for all

the 9 to be considered.

n
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RESULTS IN LIQUIDS

Time Dependence of the Muon Polarization

“Now P(t) and P og Canbe derived for the situation described in
Fig. 1. The various contributions to P(t) are as follows:
1) STILL-FREE MUONIUM: " qi»” stands for evolution in free Mu

from t = 0 until the present time t.. Since Uq (t,0) = Um(t, 0),
. g

'{Uq1 (£, 0)T(0)} , = {U™(t,0) T (0)},

1

= {Mexp [iD™t] M~ (o)}, -

Since HJ.(O) :6j1’ the above is just
: -1
]

.. m
Z, 645 By My explinc el ML 6y
_ N+ o -1
= ZkMik exp[i\ Kk t] [M ]k1
= Ek Fk exp[i)\?: t], where
= -1
F, =M [M ]ki . (15)
- Combining this with
P(qi) =(1-h - r) eXp[-t/’rm] gives
' B _ Lomo |
P(qi,t) ={(1-h-r) Zk Fk exp[(lxk - 1/’rm)t]
| = exp[wpt] (1 -h - ?') Ek Fk exp[akt], (16)
where ’
@, = -1/r_+ i()\r;:— w,) _ (17)

(The arrangement of terms to place the Larmor precession
factor exp [imp’c] outside all the rest will be convenient

later, when the residual polarization is extracted.)
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2) HOT DIAMAGNETIC: " q," stands for evolution in a diamagnetic
compound (D) since combining epifhefmally att = 0.
qu (t, 0) = Ud(t, 0), so |
{qu (t,0)I1(0)}, = exp [iwpt]-
Therefore, since p(qz) = h,
P(qz,vt) = h exp [iwp’c ]. ' | (18)
3) MUONIUM —~ DIAMAGNETIC: 'q," stands for evolution in\free
Mu until time t1 (* dt1/2), ‘when Mu combines chemicélly

to form D, and subsequent evolution in D.

_..d : m '
Here Uq (t,0) = U (t,ti)U <t1’0)’ 50

3 .
R P . m
{Uq3 (t, 0) E(O)}i = exp [1wu(t - ti)] ZkaeXp[l)\ K ti]
dt1 : :
and p(q;) = (1 -h - r) — exp| -ti/'rm]_. Thus
md
_ . 1 -h-r)
P(qsz,t) = exp[mHt] ————de z, Fy exp[akti] dt1 .

Summation over all possible values of t1 gives P3(t),
the overall contribution from the generic class "q3" :

t t

P,(t)= P(q,,t) = expliw t] ﬁ--—h-i—)ZF
3 Zt 0 B Tma kth =0

1 ‘ - BT

X exp[akt1] dt1

_ o F,
= exp[iwpt] “—%{-i—r—) Z, 5-1—1:— (exp[akt] -1). (19)..

4) STILL-FREE HOT RADICAL: "q," stands for evolution in
radical (R) since combining epithermally at t = 0. |
This case is strictly analogous to case (1), except that

the radical takes the place of the muonium.
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Plq,,t) = e_xp[iwp.t] r T, G exp[ﬁkt] , | (20)
where
G, =R [R’i] (21)
» k 1k k1
and '
— ' T _ _
By = - 1/7rd + il —wp). | - (22)

5) HOT RADICAL - DIAMAGNETIC: 'q," stands for
epitherrhal entry into R at t = 0, followed by evolution in
R until timé ti(:!:dti/Z) when R combines chemically to
form D, and subsequent evolution in D This case is
strictly analogous to case (3), except that the radical plays
the role of muonium in (3). The ove.;rall contribution from

the generic class ”qs" is

G
r

Zy

o 5 (eplpel -0 @)

PS(t) = exp [iwp.t]

6) STILL-FREE CHEMICAL RADICAL: ”q6" stands for evolution
in Mu until time t1(:t dti/Z), chemical reaction at time t1

to form R, and subsequent evolution in R. Here

. m .
Ug (£:0) = 0T ty) U, 0)
= R exp[iDr(t-t1)] R'inexp[iDmti] M-i, so

(Ug €0 IO} = Zyy Ry explid[-t,)] (R

‘ ' . m -1
X Mjkexp[1)\ K t1] RV ]k1

: 4T .am T
Wikexp[ 1)\i t] exp[i(\ K " )\i )ti]’

= Zik



-14-

where
- -1 -1
Wik a ZJ Rii [R ]1_] M_]k [M ]ki (24)
Co.mbining this with
dt1 :
P@g) = (1 - h - r) expl-(t-t,)/7_ ;] — exp[-t,/7 ]
: ~ mr
gives
B T
mr
XZ, W, exp[pt] - expl(e, -p)t,] dtiv.
The overall contribution from the gvenericbclass "q6" is
. L (A -h -r)
P(t) = exp[lwpt] —
: mr
| Wik '
X zik_.w (exp[akt] - exp[ﬁit]) ) (25)

-7) MUONIUM - RADICAL - DIAMAGNETIC: "q7” stands for
evolution until time ti(i dti/Z) in muonium, reaction at
time 1:1 to form R, evolution in R until time tz(:i: dtZ/Z),

reaction at time t2 to form D, and subsequent evolution in

D.
Uq7(t,0) - Ud(t,tz) uT(t,, t,) UP(t,,0). Thus
{Uq7 (t,O) n(0)} L exp[iwp.(t-tz)]

X N T ) i am T
Zik Wik exp[1)\it2] expl[i(\ K )\i)ti].

Combining this with

dt
p@;) = (1 - h - r)

expl - (t,-t,)/7 4]
rd
dt,
X w— exp[-t, /7]
mr
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givés
1 -h -r)

_ . (
P(q.?, t) = exp[m) Ht] Tmr T,

| X Zik Wik exp| ﬁitz] dtz- expl| (ak - ﬁi)ti] dt1 .
.The overall contribgtion frofn muons ekpe'riencing fates of
the type "q7”.with all possible values of ty and t, is then
t

P(t) = ), th P(dyt)

t2=0 t:1 =0

| w,., |
X ik (&1-1( {expla t] -1}

i .61_ {exp (gt ] - 1}) . (26)
1

The sum of all the preceding 'contributions is the polarization of

‘the entire muon ensemble at an arbitrary time t:
P(t) = Play t) + Play. ) + Py(t) + Play. t
+ Ps(t) + Pé(t) +Po(t) . | : (27)
This is the exact time depvendence of the muon polarization, in-

~volving no approximations other than the assumption that Fig. 1 is a

complete picture of the possible fates of a muon.
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The Residual Polarizafic’m

All the terms in P(t) are conveniently arranged in the form
eXp[int] P'(t), facilitatiﬁg the extractiqh of Pr.és from P(t) byvsimp_ly
“dropping off the Larmor precession term exp| iwpt] , letting t — o,
and keeping only those terms which do not go to zero or continue to

oscillate at frequencies beyond practical resolution. Thus only the

3 terms P(qz,t), P3(t), Ps(t), and P7(t) contribute to Pres' The result is

res t - oo

~

In most circumstances equation (28) reduces to a rather simple

explicit form. If the rate v of relaxation of the electron is

not too rapid (as is the case in liquidsi7),

)\m

. " r . . . : -
Im N~ > - 1/frrn and ImA, > - 1/'1'rd, : (29)

k
in which case the following limits hold:

limit exp[ak't] = limit exp[Bkt] =0. (30)

t > o t—> o

Thus if the criteria (29) are met, the residual polarization from (27)

~ can be written compactly as

F
"Pres =h - = -'rh 2 z:k o?l("
md k
r Gk
- zk_b_
rd k
q4-h-1) 5 - _ik 31

P = limit ex-p[ —iwpt] {P(q,,t) + P5(t) + Pg(t) + P, (t)} - (28)

L
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APPLICATION
- Equation (31) can be used to predict the magnitﬁde and phase of
Pres in terms of the following parameters: the applied field strength B,»
the éleétfon relaxation rates for muonium (vm) and the radical (vr),
the ratio wr/o_oo of the hyperfine frequency in the radical to that in muonium,
the epitherrﬁal reac‘tion efficiencies h and r, the various chemical rate
constants_lisfed in Table I, and the concentrations of reagent and solvent,
[ X] and [ S].
| Inliquids, itis usually convenient to vary [X] alone, obtaining curves of
Pres ([X] ) which canbe fitted to the theory (31) to obtain the most probable values
foi’ the otherparameters-. Such surveys have been performed on avariety of so-
lutions. 13 Onlyinveryfew cases dothedataagree with the ""proper' muonium
mechanism (without radical forfhation); more often, goodfits cén énly be ob-
tained by és_sﬁming that radicals play a significant rolevin the depolarizing
process. ‘A discussién of experimental results will be presented séparately.
EXAMPLES
In order to understand the qualitative differences between some of

~ the different curves of Pr ([X]) predicted by equation (31), it is helpful

es
to have a conceptual picture of the depolarizing mechanism. To this end,
consider first the evolution of the muon polarization in free muonium in
a 100;G transverse field, in the absence of relaxation or chemical re-
actions.

Figurev 2 shows the time evolution of the projection of the muon
polarization onto the initial polarizafion direction. The rapid oscilla~ -
tions have a charééteristié frequency wq which can be easily visualized

if we imagine the situation in zero field: Mu is formed from initiall;y



18-

polariied muons and initially unpolarized electrons. If the axis of
,quantization is along the initial muon polarization direction, 50% of the
initiél Januonium ensemble is in the state l TT) , and 50% is inthe state" I ”v)
where thefirst arrowdenotes the direction of the muon spin and the second the di-
rection of the electronspin. Thefirststate ( |11) = | 1,+1) inthe .Basis

] F,M)) is an eigenstate and _therefore stationary, but the state _

| T l) =(|1,0 ) +|0,0))/ /2 isa superposition of two zer.o-field;

eigenstates separated in energy by hw Consequently the relative phase

0
between- l 1,0 ) and l 0,0 ) rotates at angular frequency wo, and
the second half of the ensemble oscillates between ! r $> and (l 1,0 )
- l (5,0) )/ JZ = | iT ) » in which the muon spin is reversed. Thus
the muon polarization in the second half of the ensemble oscillates be-
tween +1 and -1. Combined with the constant polarization +1 for the
first half of the ensefnble, this produces a net ensemble muon polarization
which oscillates between +1 and 0 at frequency w5~

With the applic.ati.on of a weak external magnetic field B << B0
(the effe.ctive hyp'erfiﬁe field of 1588 G), the polarizéd triplet state

l T T ) precesses (in a sense opposite to that of the free muon) at the

muonium Larmor frequency,

w = e By = 102.880 .
2 M . M

Thus the motion depicted in Fig. 2 consists app_foximately of a rapid

”hyp‘erfine oscillation' with a period of 0.2441 nsec, superimpésed upon
a comparatively slow '""muonium precession'" whose period depends upon
the field, i.e., 7.4 nséc at 100 G. In low field, the hy'perfine dscillations

- do not involve rotation, but only a modulation of the polarizatidn. ~The

¥
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muo’ni:urh precession, on the othgr hand, is a pure'rotétion in the plane
perpendicular to the field, changing the phase of the polarization. This
simpie ‘conceptual model breaks down in‘ stronger fields, of course, and
is not étriétly'valid in any nonzero field, since i .1,0 ) and ‘0,0) are
_eigénsfafes only in zero field. »

Now suppose that muonium forms at t = 0 and evolves as in Fig. 2
~until reaétiﬂg chemically to form a diamagnetic compound. Once it has
_reac;ted', its polarization no lo'n.ger changes (on this time scale). This is
the éituation in the proper muonium mechanism without hot chemistry.
If the mean time T for which rnﬁonium evblves before reacting is much
_shorter than Ty (shown in Fig. 2), the muon polarization is éssentially

» Imuons

“‘unchanged and there is no depolarization (Pres = 1) If 7= Ty

| 'will "drop out" éf the muonium environment at various’times averaging
té Ty and the average pola?izatioh Pres of the r'e.s;_lltant. ensemble drops
to approxinlaf:ely 1/2. VThisv situation persists fqr Ti’s’ T T, When
T > T3 howéver, muonium precession causes the average prbjected
v polarizatioh_to oscillate between +1/2 and -1/2, so that muons have
equal chances of dropping out of muonium with positive and negative.
- polarizations, and Pres drops from 1/2 to 0. It is also in the region
'r.z T, that P.rés begins to be rotated due to muoﬁium precession. This
is manifested in the var>ia'tion of the phase of Pres with 7.
Figure 3 shows the dependence of the magnitude and direction
| (phase) of Pre; upon the mean chemical lifetime 7 of muonium. The

.- dashed curvé.s_ represent the situation described above, with the times

71”'72’ and T4 indicated. "Note the ''plateau' in the region Ty ST S Ty
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~where IPre$| ~ 1/2. The fotation of P___in the rggion TR T, isalso
apparenf from thé _de_pende'née of th.e phaée upon T.

| vIn. gener#l, we must also include thé eff_ebcts‘ of hot chemistry. If
a f.ll'action h of the muons are removed from muonium at essentially
t = 0, we must fnultiply our previous value for Pres by (1 - h) and add it
to a 'co'ns‘tarii unrotated vector of length h. The‘sélid curves in Fig. 3
show Pres(T). for h = 0.5 (a typical value). Here the phase returns to
zero at large 7, Because th‘e length of the rotated cohtribution to pres
shrinks to zero.

Recalling that 7 = (kmxd[‘x‘] )-1 in the proper muonium mechanism,

and assuming that no other parameters vary with [X], we can plot P ___
aé a functipn of [X] for a specified km.xd' Figure 4 shows the magnitude
'andv phaée of Pre; as a function of [ X] for kmkd = 1010 liters/mole-sec
.and_‘h = 0.5. The solid curves are for 100-G external field, and cor-
respond to the solid curves in Fig. 3. The dotted curves are for 10-G
external .field, and s.howvthat slowing down the muonium precession
broadens the plateau, ‘as expected. The dashed curves are for
B = BO = 1588 G, where the munoium precession fréquency becomersr com-
parable to the hyperfine frequency aﬁd the plateau disappears. Here the
amplitude of the phase dip is also decreased, and fhere is a slight positi‘ve
deviation for very short reaction times. For even higher fields, this
phenomenon becomes more pronounced, until for B > 5000 G the phase

curve is almost flat.

Radicals, with substantially smaller hyperfine frequencies than

~muonium, produce the plateau effect at proportionally lower fields, which -

are usually experimentally impractical. Thus a field which is ''low" for
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muonium (say 100 G) may be "high" for the rad"ical, facilitafing an ex-
perimental test for the presence of radicals. Figﬁre 5 shows several

examples of physical interest. All are for B = 100G, h =0.5, and

r=v_=v = 0. The solid curves show the proper muonium mechanism

(no radicals) with kmxd = 1010 liters/mole-sec and all other rate constants

zero. These are the same as the solid curves in Fig. 4. The other sets
~of curves show situations involving a radical with w = 0.1 wg- ‘For the
dashed curves, the radical is formed from reaction of Mu with X, and
the only nonzero rate constants are kmxd‘ = 1010 liters/mole-sec,

10

k = 1011 liters/mole-sec, and k 10 liters/mble-sec. For

mxr rxd -
the dotted curves, the radical is formed from reaction of Mu with the

solvent, and the nonzero rate constants are k 4= 1010 liters/mole-sec,

[s] kmsr = 1011 sec_i, and erd' = 1010 litérs/mole—sec. The loss of the
plateau effect with the addition of radicals is apparent in both cases.

It should be noted that while other phenomer_la-could cause a curve
of | Pres | with no plateau in low field, they would also destroy the phase
deviation. which persists in thé situations depicted in Fig. 5. For
instance, a large value for Vi would disrupt the coﬁerent pre‘cession of
_.the muonium system, thereby destroying the plateau, but necéssarily
' eliminatiﬁg the phase deviation at the same time. Similarly, a mechanism
. consisting only of a dependence of the hot fraction h upon [X] could cause
a plateau-free '"repolarization' but could not result in any phase deviation.
Thus the observation of phase deviations without concomitant plateaué in
lPres’ should serve as a specific experimental test for the presence of

radicals in the depolarization mechanism.
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[Mu] <1, [X] is constant, and the problem reduces to the
first-order equation —d[Mu] /dt = Arnxd[Mu] , where

Amxd N kmxd[X] '
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Table I. Parameters of the theory

]

[ s]

h = fraction of muonium reacting epithermally to form a Diamagnetic

concentration of reagent ''X"

concentration of pure solvent ''S" (density/molecular weight)

| Compound (D)

fraction of muonium reacting epithermally to form a Radical (R)

r =

mxd - chemical rate constant for the reaction Mu + X - D

: lkmsd = chemical rate constant for the reaction Mu+S - D

mxr - chemical raté constant for the reaction Mu + X - R

krnsr = chemical rate convsta'nt for the reaction Mu +S - R
k. 4 - éhemical rate constant for the reaction R+ X - D
krsd = chemical rate constanf for the reaction R + S - D

In each case, the rate (in seé-i) at which reaction
'"i"" occurs is given by .Ai = ki[Z] , where " Z" is .either nX'" or
"S," whichever is the appfopriate reactant.

The ''lifetime' with respect to reaction '"'i'" is
give.n by T, = 1/Ai. The following "lifet_imes"‘ are then defined:

oy -1
Tmd ~ | 1/Tde + 1/'Tmsd]

- -1
Tmr - [ 1/'mer * 1/Tmsr] »
Trd = { 1/Trxd + 1/Trsd] 1o chemical lifetime'' of the radical
. -1 . R .
. T = [ 1/’de + 1/Tmr] = '"chemical lifetime' of muonium
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FIGURE CAPTIONS

Fig. 1. Flow_chart model of depolarization mechanism in liquids.

Fig. 2. Evolution of muon polarization in free muonium in 100-G
‘transverse field. ,PF:{ = projection of |J.+ polarization along °
vorigijnal polarization direction. |

Fig. 3. Préper muonium mechanism in 100-G traﬁsverse field. De-
pendence of magnitude and pﬁase of residual polarizatiop upon
chemical lifetime 7 of free muonium. Positive phase is defined
as being in the direction of u+ precés sion. Dashed curves -- no
hot chemistry. Solid curves -- hot fraction h = 0.5. |

Fig. 4. Proper muonium mechanism in ‘several transverse fields. De-
pendence of Pres upon reagent concentration [X] when
'r~1 = k[X] with k = 1010 liters/mole-sec. Hot fraction h = 0.5.
Solid curves -- B = 100 G. Dotted curves -- B = 10 G. Dashed
cvur.ves --B = BO = 1588 G.

Fig. 5. Various mechanisms in 100-G transverse field. Effect of

radicals on P ({X]). Hot fractionh = 0.5, w_ = 0.1 w,,
res r 0
10

r=v_=v_ =0, andr k =k = 10" " liters/mole-sec in each
r mxd DR ,

m - rxd

case. Solid curves -- proper muonium mechanism (no radical

formation). Dotted curves -- [ S] kmsr - 1011 sec_i." Dashed

curves -- k = 1011 liters/mole-sec.
mxr

-
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




v

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



