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Muonium Chemistry in Liquids

'ABSTRACT

The muonium atom can properly be considered a light isotope of

hydrogen. Ifs fast chemical reactions‘in liquids can be studied
experimenta]ly by viftue 6f the depolarizing‘effect of the hyperfine
coupling upon fhe ™ nucleus, an effect which is quenched by rapid
chemical reactions. Analytical formulag for the amount of u+
depolarization Are derived for the simplest case, in which the

+ .. . . . ' : . - ..
y is placed in a diamagnetic compound in a single rate-determining

chemical reaction. -Data for muonium reacting with iodine in methanol

solution are fitted to these formulae to obtain a rate constant of

(14+2) x 1010 liter/mole-sec, about three times faster than the

analogous reaction of the hydrogen atom in similar media.
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I. INTRODUCTION

i

Chemical reactions of hydrégen étoms-constitutg some of ihe most
elementary processes in physical chemistry. The theory of the absolute
rates of such reéctions has often been clarified by me;surements of ''isotope
effects", différences in the rcactioné of the three natura%ly occurring
(1-3] The positronium
atom has been thoqght of as an ultralight isotope of hydrogen, but the
analogy is béor;'éiﬁce chemical binding of positronium is a qualitatively
unique process.[4] ‘We wish to suggest to the chemistry Communify that there
is a '"true" light isotope of hydrogen availéble for Study in the_form of

. L. - - : . .' . e +
the muonium atom. The 'nucleus'" of muonium (Mu) is the positive muon (u ),

~an unstable elementary particle with a lifetime of 2.20 usec and a mass 0.1126 -

L . . L | . . . v‘+_ B ) .
‘times that of the porton. Muonium (u e ) atoms almost always form when

positive muons are stopped ‘in matter;[5’6] and usually react soon thereafter .

to form chemical bonds with molecules of the medium[6].» This paper treats
only the simplest type of chemical reaction of the Mu atom, in which a'sing}e
(rate-determining) sfep piaces the u+ in a diamagnefig;gﬁVirdnment.

Sections II and III provide the historical!aﬁd experimental background
for a discussion of the uf depolarization technique. .In Sectién IV, a con-
venieﬁt theoretical Sstructure is devéloped which relates the chemical reac-
tivity of muonium to several observable effects on the wt polarizétion; In
section V this tﬁédry is applied to experimental data for a simple case, and
a chemical.rate constant is ext;actea; the résultvis'compared with the'corresf
ponding H atom value in Section VI.  In SectioanII the present and.projectedv

status of muonium chemistry studies is evaluated.



II. MUONS, MUONIUM AND DEPOLARIZATION

The muon has enchanted particle physicists for years as ;he in-
explicable "heavy electron," allef whose properties except lifetime and
mass are identical.to those of electrons'(or, in our case;, positronsj.
Indeed, thebnegative}y charged muon,acts'exact1y=liké a‘heavy electrqn,‘
foing "muonic atoms" in which *hﬂ‘u? orbits tightly about the nucleus,

(7]

* well inside any eiectronic orbits. Muonic hydrogen, consisting of a
proton and a u_, chemicailylresembles a neutron.and is a poor analogﬁe of
atomié hydrogenvin any conventional. chemical sense. The positive muon, on
the other hand, is in a practical sense much more like-a.light proton than
a heavy positron. Its mass is muchYCIOSef to that of a proton than to that
of a positron, and it does not annihilate with électrons; Furthermére, when
it forms an atom; fhe nucleus is still some 207 timesas}ﬁmvy as the orbit-
ing electron; unliké the positfonium atom, which has no proper nucleus, the
Mu atom thus has almost exactiy the same size and binding energy as the H’
atom, and to high pré;ision satisfies the Born-Oppenheimer picture of a
nearly massless electron adiabatically screening a heavy, quasistaticnary
nucleus. From a chémiéal point of view, then, muonium differs from hydro-

gen only in mass and in small corrections for nuclear motion or possible

effects of its different nuclear magnetic moment.

~
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The ‘weak interaction is both the source and the demise of muons,
. <

Most muons originate in pion (n) decay, along with.a muonic neutrino (vu).
or antineutrino, dependihg upon the charge. " Here we will be concernéd only
with positive muons. = Thus the reaction in which our u 1is born is

1'r++ ++
u -V
. T

A strlklhg teature of weak inteTaccivns is *'parity violation," an‘cx;mple

of which is the féct that all neutrinos have negative helicity -- thét_is,
theirfépins always point.in the direction opposite to their momentum. Since
the pibnihas zero spin, the muon's spin must céncel'that of the neuprind;
simultanéoﬁsiy, théfmoméﬂta'of the muon and neutrino must be equal.andnoppof
site in the ﬁiqn’Svrést frame; thus the muon from pion decay is forced to

have négétiVe’helicity as well.- This is of great éignificance experimentally,

for it insures that a muon-beam coming off in a given direction from pion

decay at rest will be neérly 100% polariZed opposite to its momentum.

The muon later decays in the reaction’

+ + - -
u >e + v + v,

Here again the uhique-helicity of the neutrino leads to a paritylvioiation}
in thié case the (easily detected) aecay positron has a tendancy to come éff
along the spin of the mubn, in a-pattern of thé form (1 + a cos@), where a is
the decay asymmetry-and 8 is the angle between the u+fspin and e emission

direction.[6’7]

The decay asymmetry has an average value of about 1/3, giving
a rather sensitive indication of the degree and direction of polarization of

the muon spins. This effect was first observed in 1957,[8] at which time it

«



was noticed“that the degree of polarization of the stopped muons depended

strongly upon the stopping medium. Such environment—depéndent depolafization

was the subjecf of intermittent but enthusiastic theoretical study in the | -
decade folloQing its first.obsgrvation, mainly because of a confinuing series
of experiments using the asymmetric decay of the muon to measure its magnetic

[9], its anomalousfmagnetic'moment[lol

[11]

moment , and the hyperfine splitting of

muonium , in an elegant test of qganthm electrodynamicé. It was Qital
to nrderstand the interactinns:of the stépped muon with its cnvironmenf in
these experiments, and this proved nontrivial.:

A series of-Rﬁssian theoretical‘papers[12’13].finally pointed. the
way to a better understandiﬁg of the process of "fasfﬂ depélarization of pos-
itivg muons in condénsed matter -- the result of briéf formation of muonium
atoms, in which the hyperfinevcoupling of the muon with.the electron leads
to rapid,motibns of the muon spin. 'The depolarization is incomplete only be-
cause of chemical reactions of the Mu atom whieh place the muon in é diémagnetic

]

. v s : . 14 .
environment, a feature of the process which was early recognlzed[’ to provide

an opportunity for study of the chemistry of muonium.
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I11. EXPERIMENTAL METHOD -

Sevefal»épproaches ha&e been taken to studying the effects of the
stoppingimedium upon the muon's apparent initjal poiarization[6]; Each
relies upon the asymmetric decay and £he‘coupling'of thé P+ spin to an ex-
ternal magn;tic field through its magnetic mbment7' We will not attempt a
comprehensive review here, but only describe.briefly-the ”transverée?fiéld"
technique used in;the measurements to be discussed. For a detailed descrip-
tion of this7tecﬁnique, the reader should consult Refs. [6], [9] and [15].

-In this method, a beam of polarized positive muons is stopped in a
liquid target in a uniform magnetic field_perpendicular.to the " spin
po}arization direction. After the muons stop'and stabilize in a diamagnetic

environment, their spin precess in the plane perpendicular to the magnetic

field at the free muon Larmor frequency,
=2 B = . .
ku ™ Yu ,vwhere Yu 13.6 MH;/kG -

Eventually the muon decays, at:which time thé:decay pOsitroﬁ is most likely
'fo be detected by a scintillation counter in the plane bf'preqession if the
wt épin is pointing»in its direction. The e  detection probability thus
oscillates in time as the muon pOlarizatioﬁ sweeps paét the counter. A high
resolution clock is‘stafted by'fhe signal in one counter arréy‘as the muon
eﬁters the target,nand'stoppedvby the'signal‘in the ppsitron coﬁnter, if

and when the decay positron is detected. vThé résultént_meaSured fime intervals
are binned into-a time histogram which'is equivélent to the detection proba-
bility as a function of time. This distribution falls off exponentially due

to the decay lifetime of the muons, and has a superimposed oscillation whose
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phase and amplitude ére a measure of the direction and ﬁagnitude of the
apparent initial muon polarization. An example of such an experimental ®
time histogram is shown in Fig. 1 for muons stopping in CC14; where vir-
tually no depolarization occurs.

The quantity'measured in this way is called the.residual polarization
(Pres) of the'u+;iﬁ its final (diamagnetié environment; Pres depends markedly
upon the chehical’chafacteristics of thé stopping mediuh (as mentioned earliér)
due to the reactivity of muonium, the depolarizing agent. It is the role of |
the theory developed here and in Ref. [16] to relate Plog tO the concentraﬁion

of reagent in solution, allowing extraction of bimolecular rate constants

for thermal chemical reactions of Mu atoms.
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IV. THE MUONIUM MECHANISM OF u* DEPOLARIZATION

WhydeGS'P', voften’dfffer from unity? Several attehfts have béen
made [16 17,18] to answer this questlon 1n a very general way; the goal. of this
‘paper is not to supplant those attempts, but“totachleve a more‘conc1se and

lucid eXplaAation‘for a simple example bytusing”a somewhat different theoretical
approach. We~exclude.rédica1_formatiOn[16] and other complications to the \
depolarization mechanism, and concentratt on the details of the.depélarizing
influence of the Mu étom. |

- As noted earlier, a‘u+ slowing down in matter ultimately captures an

electron to form the ground—state muonium atom, u'e” (gas-phase ionization
*potential &13 S eV) It is only after the formatlon of Mu (typlcally within
m161° sec of . the time of entry of the u into the’ target)[ 6] that effectlve
'_depolarlzat1on of the pt spin begins, due to tnecpmblned effect of the hyper-
fine interaction between ' and e~ spins and the brecession of the coupled

spih system in_ an applied mégnetic field, Our first task, then, is to describe

this motion in some detail.

A. .Time Dependence of the ut Spin in Muonium

- The polarlzed muon generally captures an unpolarlzed electron from the
medlum[ ], so that Mu is formed in two spin states w1th equal probability:
|A> ={®>and |BD =E?> , where 2 refers to the u Spln and - or « refers to
the e spin direction. We have pséd an unusual notation to emphasize that
the original spip.ditegtion is perpendicular to the magnetic field. Later we
will want to use Zz, tﬁe field direction, as a quantization'axis, defining x

as the initial muon spin direction.  First, however, we can equally well describe



any spin state in terms of its total angular momentum along the ofiginal
spin directién, using the notation |F,M 2L' In this basis |[AD = |1,+1) ,
which would be a stationary state of the hyperfine Hamiltonian in zero
field[6];'but the state describing the other half o% the ensemble is a 7
superposition of two zero—field eigenstates: |8 > = (11’0>L +,l0,0)u3/ V2.
Thus, even in zero field, it _woul,d,bo's‘cillate' bétweer"l‘ [?) and |€:> =
(1.0 > - »!0.0>U;)//§'étAthévhyperfine frequency va'ﬁ 4463 MHz ,
which may'ﬁe thqﬁght of as the frequency of precession of the muon in
the field of the electron's magnetic moment. As a resu1t of this fast
"hyperfine oSéillation,"I half of the free muonium ensemb}e appears to. be
completely.depolarized within.mio—lo sec[6].

in the presence of a f;nitebtransverse field,_néifher of states !A);

[5f6], and the motion of

and |B>is an eigenstate of the Zeeman Hami 1tonian
the spins becomes more complex. In order tovdeséribe:it, we first express
|A >'and IBT>'in;the basis |F,L1>l| labelled according to total angular
momentum along tﬁe field direétion; Z. The bagis |F,b5>" is qbtained

from the basis |F,M)>, by a simple rotational transformation of /2 about

the y axis. The resultant expressions for the initial state vectors are

1A©@> = 7 Loy - 7 1L0dy e 3 -y (12)
B 1 1 q .
1BO)> = 3 1Le1dy+ 5 10,00 -5 [1,-1)y (1b)

Next we change basis again to express the initial states in terms of

the [mlu,me > states referred to the z quantization axis. Again we will



use a mnemonic notation using arrows to denote spin direction. This step

is a simple exertise in manipulating Clebsch-Gordan coefficients; the re-

i

| sults -are
|A(0)> %; (9> - [ -y D U | o (2)
BO> =3 A o [gd-lg» @

Finally we expand our ctates in the Zeeman eigenstates |i>' corres-

ponding to energy eigenvalues_Ei'= ﬁmi.‘ These are given in terms of

lmu_" Mg > .by[s’s] |
[1> = [f+> | a (3a)
[2> =s[fted> + clgsd> ()
3> = g B9
and 4D =cifted>- sly+> - S (3d)
_ ' 1 C x 172 L _
‘w}‘xere' =/ [1 + m.; o B (4a)
s/ [i.-'———"———.“/z., BN
- and  x= Gyt w)e, T g - )

0 rad/sec);

_.l-lere';_wof= 2nvo i;vthe hyperfine frgquency in muonium (2.8 X 101
- de =f(mé/mu)wu'= 207 wu is the electrbﬁ'Lérho;;frequency. One can think
of Bo = 1585 G as the field at the_electron due fo the muon's magnefic
moment. Having made this final transformation of basis, we can write

" down the time'dependence By inspe;tion, since each eigenstate has fhe

.

simple exponehtial dependence exp(imit).
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The time dcpendence of the state vectors is thus

|Ace)> =§ei‘*’1t 1> w2t
*%ei%t | 3> +8 ¥t |4 | (6a)
B> Lot |1y 4 oty .

(5t g pgs -9 [5,6,19]

> , and the frequencies are given by

W

w o= — + - I (7a)
: 2 P .
_ We w 2
‘“2-“7*'\/3,”*“ N
W
.o
w3 = ': T - W | (7C)
2
w w :
. o. o 2
wy = i 3 + w, (7d)

Here wi'EF% (we'i mu). B

" In order to relate the time dependence of the state vectors to the
motion of the muon polarization, we must take the ékpéctation value of the
muon's.Pauli spin operator: ;u =<<3u> . For this,.it is mosf convenient
'to work in thé’basis [mu,me)>, where the effect of the Pauli matrices is
simply defined.  We therefore reexpre€$ 6ur state.vectors once more in that -
basis, using the relations (3):

A> =3 M1 [Mad - (@s o128 - ge TN

" (ac e

iwzt

el¥3t 1y (82)

+ Bs e YUY + 5 -_
%_ elwlt lﬂ* > + (8s elwzt_ + ac el-w"'t)l‘ﬂ $> -
1

HOME

4

(Bc elV2t | o ei“’“t)lu 1>+ > e§“3t U+ (8b)
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We are interested only in the muon polarization in the (x-y) plane

perpéndicular to the (z) field direction; it can be shown, in fact, that

if there is no initial polarization along the field, none will dev010p[6’16].

Thus we can pack all the interesting information'iptp a single complex

quantity, using the compact notation

K
4

P;’(fiP;. - .9

P
w

B i)

rhis “complex muon polarization' can be evaluated from the definition of

the expectation value:

l;u' = _;. <A(t)|(oi_ v i d;)]A(t) >
+3 Boleg i drm> | (10)

The explicit $olution of this equation usihg expressions (8) for |A(t)> and

‘IB(t)> is tedious but straightforward, and yields the'following'fesult;

Pu(t) - %{CZ(elmlzt . élmsﬁt) +.52(elw23t +-e1m1gt)] (D

where wij = w; - mj, using the definitions in Eq. (7).

This expression can be rewritten via trigonometric identities and

. .

previous definitions as follows:

~ - s ® . w _ '
Pﬁ(t) = e;w‘t cos (3§¢>[cos(-59g+9)t -iwv sin(—g9-+ Q)t] (12) .
where
v = CZ _ s2 - X
: 1l + x
and

1 w, [T 2
Q=5 (w23 - wy2) = ——(V1+x" - 1) .
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The weak-field (x<<1) limit of Eq. (12) is especially interesfing,
both for conceptualization and because most experiments are performed

in this region: - . ~

P (t) > e
x>0

‘t[co§ Qt + cos(ab’+.9)t] (13) LT
The motion of the muon polarization can thus be facforéd into two parts:

an overall precéssion in the x-y plane at the free muonium Larmor frequency

w_, multiplied into th terms whose time dependences are pure modulations.

The modulatién frequency @ is relatively slow; in iow field it can be
approximated,by'ﬁ = m?/wo. The other modulation frequency, w, , is extremely

high, well beyond the time resolution of the ‘experimental apparatus.

The low-field time dependence described in Eq. (13) can be examined
conveniently from tw§ points of view: -in the limit of very early times
("fast"vviewpoint), cos Qt = 1, aﬁd the motion cohsists of a fast "hyperfine
oscillation" modulated by slower muonium precessidﬂ. Experimentally,fhe
positron detector is fixed in the plane of precession, so that we observe
only the x-projection (i.e., the real part) of'the'muonvpolarization,'so
precession isvnot-distinguished from modulation. . Fig..2 shows the time de-
pendence we would expect to observe for free muonium in a 100 G apﬁlied field
if our apparatus had sufficient time resolution. 'in reaiity,'the hyperfine -
oscillations are too fast to see (peridd = 0.225 nsec), and we observe motion
only on a lonéer time 'scale. This brings us to the "slow" viewpoint, in
which cqs(m°>+ Q)t averages to.zero and the motion apparently consists of
a muoniumvpreceésion signal modulated by a "béat frequency”" Q. This "two-

, ) . . L . . [20
frequency muonium precession'" has been observed in various inert med1a[ ]

[20]

and is of considerable interest to solid state physics . Here, however,

.
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we will deal directly with this "slow" viewpoint only in the extreme low-

field limit'(a'few gauss) where thé‘"beating" can bé neglected and Mu

precessioh,tfeated as a faster version of the y" pfecéssion‘alreaay mentioned.
The "slow'" and ''fast" viewpoints éach.rélafe.to a separate type

of application t§ the study of chemical‘reactions‘ovau atoms. In this

paper we are concerned.mainly with the "fast" viéwpbint in its application ]

to Mu:cﬁemiétry in the 1liquid pﬂase; but it is worthwhile to comment briefly

on the application of the "slow'" viewpoint to Mu chemistry in gases.
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B. Muonium Precession and Mu Chemistry in Gases

Precession of muonium atoms on the '"slow'" timescale described above .
can be observed in a time spectrum analogous to Fig. 1 if the applied field
is appropriately reduced (by a factor of about 103) and if free mﬁonium is
exceptionaliy stable (uncombined for:Z 10-7 sec) and unaffected by magnetic
interactions such as spin exchange. Muonium'preCéssion has only recently been

observed in a liquid[21] [6,19,20]
[6,22,23]

s but it is a familiar phenomenon in some solids
and in inert gases In such cases a felatively slow chemical reaction
of Mu atoms with scavenger molecules is reflected directly in the exponential
decay of the amplitude of the Mu precéssion signal: ' like the‘microwave power
absorption in an ESR experiment on transient radicals, the amplitude of the
muonium precession is propprtional-tq the probability of the active species
remaining uncombined at the time of observation. Although experiments with
muons are radicaiiy different from ESR trénsient stﬁdies, in many ‘ways they
are formally identical; With the most con§enient timescale between 10_7 and
10-6 sec, the'Mﬁ précession téchnidﬁe is.ideally suited for measuring quite
fast reaction rates of free Mu atoms iﬁ the gas phase.

Normally a time spectrum likevthat in Fig. 1 is corrected for any con-

stant background and for the exponential decay of the muons themselves, .

and the remaining "éignal" is fitted to the form
s =e e (), | (14)

where Pu(t) is given by Eq. (13) (usually in its éxtreme low-field 1imit)
“and A is a pseudo-first-order chemical reaction rate.
By varying the concentration of the scavenger, one can use this tech-

nique to study absolute rate constants for reactions of Mu atoms in gases
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as functions of temperature and piessure; the results can be compared with
H atom reaction properties with no apparent ambiguity. Unfortunately,-very
little work has been done fo date with Mu in gases, due to the former

- necessity to usé high pressure‘moderatoré in order tq;stop an>a§preciab1e

fraction of muons[zzl. ‘This situation has recently been improved.by the

development‘of-aﬂnear1y>mon6chromatic,'low—ene;gy muon beam[24]

. The first
few measurements using this type of beam have produced exciting results,
which will be reported séparateiy[4°j. Extensive studies in gases near

atmospheric pressure are now being'planned.
| ’ | [22,23]

Despite the tantalizing but sparée early results and the in-
herent advénpages of the gas phase for studying the chemical reactions of
umuopium; iiﬁuids remain the most convenient ﬁédia for such experiments;

for this and.historical reasons, the overwhelming majofity of data on Mu
chemistry have been taken in liquids. In this paper, therefore, we concen-

trate on the theoretical and experimental treatment of liquid-phase Mu

chemistry.
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C. Residual Polarization and Mu Chemistry in Liquids

The fundamental distinction between studies of Mu chemistry in gases
and liquids-is that in liquids the muonium precession signal itself 'is rarely

‘

seen, due to the rapidity of chemical reactions.in the denser liquids. In all

[21]

but the most carefully prepared inert solutions s, No Mu atoms remain
uncombined at observation timeé (typicallyvmso.nsec efter the muonl
therméliiesj, and we can only detect the much slower preeession'

of the u* itself, which by this-time iS»inCOrpofated into a diamagnetic mele—
tuie ana is.ﬁagnefically free; Ine amplitude énd’phaee”of‘thisvprecession,.
extfapolated back to t = 0 (the time’ at which muonium is initially formed),
constitute all the ayailable information in the form of the residual muon’
polarization,.Pres, Thus,.ironically, it is via experimental observation of -
u+ precession on the‘extremely'"leng”,time scale of microseconds that we ob-
tain information: about the reactions of Mu atoms on the "fast" time.scale of
a few hyperfine periods ('\:10—9 sec or less).

Since each Mu atom reacts chemically at a different time, each muon
""emerges' from the muonium environment with 5 different spiﬁ direction, SO
that the residual polarization is generally reduced‘ana rotated with respect
to the initial muon polarization. We will keep aecquht of both the magnitude
and direction of P es Dy letting it be a complex qgentity, in keeping with 3
the foregoing formglation of,ﬁu(t): the real part is the polarization com-
ponent along X, the original spin direction, and the imaginary part is the
component invthe § direction, perpendicular to both X and the external field.
" The observable.precession signal is the reai partvef'P(t), the exact (complex)

time dependent polarization of the entire muon ensemble. As mentioned earlier,



00 wUa500704

- 17 -

observafion of ;h?s éignél begins long after thevrapid motions of the
muon spin inﬂmuonium‘haVe settled down to the slow pfeéession of the
free muon spin .in a diamagnetic environmentj'thus, on the time scale of
the chemical ihtéfaﬁtions of the Mu atom, the observations take place atv

t > ; and we can define the observable quantity as

P, (1) = lin Re P(t). | o (15)

t.> oo

The experiméntal precession signal is fitted to the form

Pops () = 1P o] cos (wt+®), »v(16)
which is equivalent-to

P s(t) = Re {pre;.eiwut},
with the defiﬁitiﬁn»

tan'¢‘= Im.(PréS)/Re(Pres). (17)

Thus -we can derive P oes from P(t) by dividing out the free yu' precession B

as if it had started at t = 0, and.taking the 1limit:
'Pres =t1i?;P(t) exp(-lmut)._ - (18)

-

The theoretical task is thus reduced to a calculation of P(t).
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1. Mu Reaction Kinetics and the Ensemble Polarization
Treatment of the reaction kinetics of Mu atoms in the ensemble of
events comprising the experimental sample is greatly simplified by the
fact that there is literally one Mu atom at a time in the target. Even

over an entire rﬁn; only about 108 muons are stopped in the target, compared
, : 19 . o S

»

‘ . L ' . -3 s

to typical reagent concentrations of 100° cm ~. This is as far as one can
- 'get from a "steady state'" condition in chemical kinetics, and permits the
righteous use of pseudo-first-order kinetics in treating the Mu reaction

rate A as a constant proportional to the reagent concentration [X]. The

constant of proportionality is just the bimolecular rate constant, k:
A = k[X]. ) L (19)

Certain qualitative effects of A upon Pres are obvious: if A is much

1) the muon

faster than the hyperfine frequency in muonium (4.463=x-1095ec-

spins will not have moved appreciably before the Mu feacts, and there is

no depolarizatipn.—'— Pres = 1. Conversely, if A ié muCh slower than

the precession ffeduency of Mu in the'external field, reactions at

randomly distribhted times will leave the muoné with'randqply oriented spins,

causing complete.depolarization due to“"dephasing" - -lpres = 0. This

sets a practical lower limit of &1082/m01e-sec for rate constants which can

be studied by thisvﬁethdd. FOrireaction’rétés in,thé range w_ < X < w s we

must proceed with.é calculafidn of'P(;)\in'order to obtain‘PreS from Eq. [18]..
The ensemble muon polarization af ;ime t is formally given by

P =ZLZp P o 20
(9 = Tpg g (), -
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where the label ''q" represents the '"fate'" of a fraction pq of the muon
ensemble, and Pq(t) is the polarization at time t of that fraction. There
_are only two types o "fates" of interest here: muons’ still in uncombined
Mu atoms at time t,'and’mdons in diamagnetic products following reaction

at times t' <'t. Since the probability of reaction per unit time, A, is

constant, -the probability of a Mu atom remaining free until time t is e-lt,

. _ [}
and the probability of a reaction within dt' of time t' is Ae'kt dt*.

" Thez +he2 c£+311 vncombined Mu ar-~me give 2 contvibution to P(t) of

MR, o (21)

P.(t) = e
1( ) -
while those muons which evolve in Mu until time t', react, and then ' ~
precess as free muons until time t, give a contribution

apz(t_' ,t) =ae T Su (t9 e ®u ("t ger

s . ' + ST '
Recall that Pu(t) is the complex u pclarization in free Mu atoms(Eq. 11).
The latter class of contributions can be summed over t' < t to give the net

contribution from all such "fates,"
- ~ i ‘-v ' ’
P, (%) =Jf;t}.e At P (t" et ) g, (22)

In the limit of "t + =" (i.e., for At>>1), P (t) > 0 fi.e, all the Mu
atbms éventﬁélly react) ; meanvhile, the term exp(-imut) in the definition of
Pres (Eq . 18) cancels the_term elwut under-the‘iﬁtegrai in Pz(t). Thus

Eq. (18) takes the form

\

1Pres_=ﬁ}C Eu(tf)exp[-(kfimu)t']dt’;" o (23)
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2. An Analytic Expression for the Residual Polarization

'

Substituting Eq. (11) into Eq. (23), and dropping'the prime on t',

we have
Y e ‘)t..' 2. iwgat | —iwgyt 2 iwoot + dwq,t
P =..f'ef(. 1wy et (etP12h 4 e71¥34%) 4 s9(e™23 e 145 |at
res 2 » _ . ;
{ 2 2 2 - 2
- 3_ c + C + s S+ S
2_\A+i(wu-w12) B A+i(w;+ w34) A+i(wu-w237- A + i(m:—qld) (24)

The experimentally measured quantities are lpresl and ¢, where pres =

lPres' e*® [recall Eqs. (16) and (17)]. Qualitatively, ¢ is the average

angle through which the free Mu atom precesses in the external field

before it reacts.. Measurements of this parameter are vital in proving

the validity of‘the_model‘for”ﬁ+-depolarization[6’25’26].

" 3. Qualitative Features of the Residual Polarization

Equation (24) is somewhat unwieldy in its general form. By making
some approximations we can make certain physical aspects clear in
several limiting cases. Since nost experiments are carried out in low

field, we consider only the low-field case, x << 1, for which CRSR 5,

' P~ o and =~ ~w . Si >> w & 103, '
wio W,z w_ Iw14  Way ER ince W w_ 103wu, we

can neglect-mu and apbroximate,Eq. (24j by

Pres‘_()f << 1) =2 1 - —_—x _ - (29)
2 ) - iw_ P mgx



For the case of an ultrafast reaction ( A > w > w), we obtain the expected
result, P.o AfL,A =.1. That is, if all the Mu atoms react at
: -res 2 A XZ ) : } .
"t = 0, the polarization has no chance to change from its initial value (see

IR Fig. 2). Over most of’ the convenient range of reagent concentrations, reactions

are slow (X << wo),‘and we obtain

- JNPURE. S (. S P Y 1+dwt), (26)
TS ™ 2 A\x-de_ J 2\ 1+ w212
) where . . . . 1= %f

is the mean chemical lifetime of a thermal Mu atom. This ékpression (26)
in turn has. twc interesting limits. First, for w_T << 1 (reaction faster

than Mu precession), .

1 . :
PreS_-*. 5-(l *+ e 1), or .

That 1s,vthe‘hyperf1nenosc1ilat10ns avefage the.muon polarlzatlon to %3
and the muons get a chance to precess throuOh a small average angle w-T
wh11e Ln,muonlum ThlS is in keep1ng Wlth the qualltatlve interpretation
of ¢ as mentloned earller. .A second 11m1t1ngv51tuat}on is m_r >> 1

- (reactidn slower than Mu precession), for which

' -— ‘or
res 2wt .

|0 - and ¢ > /2
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In this cése, Mu precession has averaged the polarization almost to zero,
while the contriﬁution from the first half—periqd of precession still
dominate§ the average phase angle.
A1l these features are appafent in the unlabelled set of curves shown in Fig,S,
 representing the exact dependence of IPreS|.and ¢ upon 1 for an external
field of 100 gauss. Particulérly characteristic is the "piateéu" in

: . . . 1 _. -
for intermediate reaction rates, w, >> T >> 0, where the

1
73

is not yet appreciably affected by Mu precession. The curves labelled

lpresI

polarization amplitude is averaged to 5 by the hyperfine oscillations, but

"h=0,5" are discussed below.

4, Hot - Atom Reactions

'Solfarvwe\have discussed only the fates  of those’mﬁons-which thermalize in
free Mu atoms. There is also a significant probability that newly-formed
Mu atoms will participate in "hot-atom" reactions while still epithermal

L SR SR N . ; [6,27]
( ~1 - 10 eV). These reactions are quite interesting in their own right,
“ but will be treated purely phenomenologically here. Since such reactions occur at

t~o [the slowing down time is«-’lO”12 sec[6]

]; there is no opportunity for
these muons to be depolarized. The fraction h of muons uridergoing hot—atém
‘reactions thus céhﬁributesa.constant unrotated component h to the overall
residual bolarizéﬁioﬁ; while the cdntributioh [Eq. (24)].ftom thermal reactions
of Mu atoms must be multiplied by'a factor (1 - hs representing the

remaining fraction‘of the ensemble. Thus

p__ loverall] = h + (1-h) P___[Eq.(24)]. N N

For the typical situation of very dilute reagents in solution, hot-atom




rcactions are assumcd[16'25] to take place only with solvent molecules;

thus h is a constant independent of Tt.

5. -Predictcd_Depehdence of pres upon Reagent Concentration

The labelled gurves in Fig. 3 represent the overall residual polari-
zation at 100 G for a hotfatom fraétion h = 0.5. Note that § now has a
"dip"lfnsteﬁd of a "plain", due to the addition of a cbnstant unrotated
component to the dwindling‘rotated component forvlarge T.

Tugeiner with ?hc "plavedu erfecr in ]Piesl,-this "phase dip" is
a ubiquitous characteristic of the muonium dep&larization mechanism.

Both are most visible in low field (B;<Bo=15856),bas can be seen from
Fjéf 4, in.which.the 1 dependence has been converted to an explicit
dependence upon reagent concentration tX},»using Eq. (19) and assuming
a_rafe constant of k]=r¥0102/mole-sec, with a hot-atom fraction h = 0.5.
As the field increases,-wMu ;peeds uﬁ,'bringing tﬁe time scale of‘depolari—
zation-via-Mu-precession closer to that of depolarization—via-hypérfine—
osbiilationé,,and thus narrowing the ”plateaﬁ" region separating the two
effccts.. Finaliy, for B>Bo, thevéxternal field begins £q "break'" the
muon's '"contact grip'" on £he electron's spin, éna the Mu atOm'np‘longer
precesses simply as a spin-1 system whose magnetic ﬁoment is dominated by
that of the electron. Under the infiuence of tHe cbmpliéated motions.

~ which result (recéll Eq. [II]L P eg lOses both the “biateau" and the
large ''phase dip" which,werevchéracteristic bf‘"sldwﬁ-Mu precession.

In an experimentél investigayiqn,'m¢ASUred value; of l?res] and ¢ for
various reagent concentrationsvareZfitted to curvequf this sort to

extract values for h and‘k, We turn now to a discussion of such an

experimental fit. S f ' . : .

v
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V. EXPERIMENTAL RESULTS: Mu + I2

Measurements of u" depolarization at the 184 In. Cyclotron in

Berkeley have ‘included three.experimenfai-curves:of'PreS ([12]) in

methanol solutions at 103G (Fig.S5),. 1000G (Fig.6), and 4500G (Fig.7).
Methanol was chosen as a solvent because of the high solubility of

12 in CH_ OH and the apparent'lack of a fast thérmél‘reactioh of Mﬁ

3
with CHSOH. [26] No phase data are shown for the “higher fields of

1000 -and 4500'G because phase informatibn-is‘not very meaningful at
‘these fields where mgtwo. The cUrves‘dfawn through the points are the:
best fits to Eq. (27) using Eqs. (24) and (17)vahd-k = k[Iz]. The

results are listed in Table I; they are essentially identical to those

obtained'éaflier[26]by fitting'the same data with the mofe_general theory

derived in Ref. [16] by'diagonalizihg the épin dehsity matrix. A weighted
average gives k=t14i2) x.lolol/molé'séc. | |
The probability h of hot-atom reaction of Mu with CH;OH is treated

as an empirical parameter in this discussion. However, the value of

0

(14+2) x 101 R/mole-sec fbr k(Mu + 12) calls for’physical interpretation

here. The thermal reaction involved is présumed_to‘be

-

Mu + I, » Mul + I, : ) (28)

2

in perfect analogy to the well-known reaction for. the H atom, for which

102/

the rate constant in aqueoﬁs solution iS-reported“[zsjto.be 4 x 10
mole sec. If we overlook the different soIvents,'wé can say that Mu reacts

with I, in solution about 3 times as fast as does H.
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VI. COMPARISON OF Mu and H RATE 'CONSTANTS

As stated earlier, muonium and hydrogen -are '"isotopes'" of the

simplest possible atom, chemically similar in every respect except for

their masses, which diffef by ‘a factor of 8.84. A detailed comparison of
chemical reaction rates for Mu and H thus provides a unique opportunity for
testing models of dynamic isotope effects in chemical kinetics. Such

comparisons between.H and D (deﬁtefium)»have alreadykfévealedvdiffercnces

A ' : ° . 2 " L
as large as a factor of 5 in some cases.[ ’$]These results are considered

[3]

indicative of a quantum-mechanical tupneling contribution to the rate.

The much lighter Mu atom can be expected to display marked tunneling
behavior; further elucidating the role of that‘procesé in chemical kinetics.
Compariéons of H-and T (tritium) have also been made, but since T usually

: (1] . : A : .

starts out-as a hot atom, these studies are somewhat more difficult to

interpret.

A. The Kinetic Isotope Effect in Gases

In gases (at normal pressures) the mean free path of a Mu atom is many
molecular radii, and the concepts of collison rates and cross sections are
well defined. Thus the rate constant for a specific relative velocity of the

reagents is proportional to that velocity and the cross section:

. W ~v_§_(v) e @

- where g is generally a function of velocity due to dynamic effects such as

activiation energies. Of course, in a thermal process we observe the average
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of k(v) over the thermal velocify distribution,

oo

1

where v is the mean thermal velocity and Coff is an effective average
cross section. If we temporarily neglect dynamic effects in o, we can
treat o .. as a constant geomé}ical CTross secti§n. vAlthough this
"hard sphereﬂ.collisibn model is clearly.inaccurate, it'is,useful..
for didatic purposes. Forvekample,.the rate constant is then
proportionai to fhe mean velocity, v; if we neglect the motion =

of the (heavy) scavenger molécules,vf is in turn propoTtiohal to
m-l/z,,where m is the mass of Mu or H. This_pfoduges a trivial

Tﬂ;::S in the ratio of the reaction

My .

kinetic enhdncement factor of

rates, kMu . This we refer to as the "kinetic isotope effect.”
R _ v . .

H
Any additional differences ih kMu and kH'are then probably due to

"dynamic ‘isotope effects' related to déff; recent experiments in the

gas phase show tentative evidence for such effects.[23]

‘B. Isotope Effects in Liquids

In solution; the kinetic situétion is muqh more complicated. Here,
each reagenﬁ'molchle’(or,atoﬁ) is continually surrounded by a 'cage"
of solvent moiecules which séverely restrict its thermal motion.[zgl
When reactants do meet, it is often in a prolonged encounterzwi%h high
probability of reaction; diffusion itself is then the rate—limitipg process.
Such reactions are referred to.as diffu;ion controlled (DC). Since diffusién
in liquids is mainly by "squeeiing" and "tumbling",.such rates are largely
determined.by'the geometrical properties of solvenf éﬁd reagent molecules,
with little or no specific'mQSS dependence. Indeed, in the usual formulation,

(29,301, rate constants (kné)_depend only on the molecular radii and
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diffusion. cocfficients in the media; hence th of Mu and H would be identical in

the same media. Making the crude approximation that the'aqueous diffusion

[31]

coefficient of the H atom is the same asethat‘offthe.hydrated eleciron

S X 10-,s cmz/sec, yields a calculated value [zg?sol'of'k C‘&' 2 X 1010 L/mole-

sec  for the reaction of H + Ié in water. The reported value [28]

4. x 101 I/mole sec. 'Since the latter value is evidently jUst about the

[32] .

reasonable to state that kDC-for H atoms in water must be < 1011 E/mdle-see.

What about the Mu atom? Many of the measured rates for Mu are at or

fastest rate constant measured for H atoms in aqueous media, it seems.

above this limit, in a variety of solventi.[26] Our’calculations (Table I and.
previbus diéthééion)'yield'a velue of k=(14t2)X 1010 Q/ﬁoie—éec" for the
reaction of Mu with_Iz in methanol. - Since the”room;temPeratufe viscosit&:of
‘methanol is qnly éboufvhalf that of Qater, eﬁe»might‘neively éxpeet-kDC of Mu
(or Hj ih:methénol>te'be‘ ~8 x 10%° zfmole—sec, | which is at least consistent
with our experimental results. - However, activation‘energies-for thermal
reactions of the Mu atom have ﬁot yet been measured,eso:we do- not know whether
such reacticns are likely to be diffusion controlled or ﬁot.' |
Is it really reascnable to~expect kDC to be the'sahevfor Mu and H in the

same media? Probably not!. There may well be a specific mass. dependence, which
would be reflected in a '"solvent actlvatlon energy". [33] In water, for example,
a solvation energy of ~4.5 kcals/mole is usually ascribed to the H atom;[ 4]
‘this value is only slightly largef than the e*pected vélﬁeeof Ea for diffusion

controlled reactions in most solvents.[29-32]

\
\

In general, one can interbfet
the solvent‘ectivation_energy in terms of:a potential well of depth #an

and cofresponding Boltzmannfactor.exp(—Ea/RT). The fa;e of diffusion ths
represents the ease with which the atom is able to escape over (or tunnel
th;ough) a periodic potential lattice. Since.the zero-poiﬁt energy of the Mu

atom in this potential well would he three times higher than that of the H
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atom in the same well, there could be some enhancement in kDC for Mu due to a

smaller Ea' It is unlikely that.ihis effect could be much more than a
factor of 2 br 3; it could, héwever, explain the small differences in rate
observed for the reactions of H +-Iz and Mu .+ Iza

On the other hand, tunneling ﬁontributions to the rate will clearly
be more imporfant for the much lighter Mu atom than for H. 1Is the énhanced

2

activation harrier? If so, then ﬂnedDCIrates'would generally derend very

rate for Mu + I_ the result of tunneling through the solvent activation

strongly upon the solvent media and might even approach the collision’
frequency of gas-phase kinetics in some cases. Indeed; we have previously

[26]

reported some Mu atom rates which are orders of magnitude faster .
than the corresponding H atom rates. At the moment , the role which tunneling

plays in the chemical reactions of Mu is only tantalizingly apparent.

e
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_VII.  CONCLUDING REMARKS

f

The expefimentg} results and theoretical.interpretations presented here |
aré, wg-beligye;.thé best evidehce to date that studies»of nuonium chemistry
iﬁ.;iAUids are a‘practical-ana excifing_reality. We chose the simplest known
_»examéle;ih:order_to,cﬁphasize this point; studies of more complicated experi-

‘mentalAsitUations,[26] [6’16] aepend

and tﬁe;extended theory to t;éat.themi
f$f.tbeir.viability upon the proven validitx of the simplest case. While
these resulfs indicéte the reliability of the method, md?e‘measdrements:(e.g.,
of temperatureéand solvent - dependence of the reactipn;ratés) are needed to
firmly cement the-fouﬁdations of muonium chemistry. Such studies are being
undertaken.at seVerai'megon-produciné laboratories, in both liquids and gases,
_and.in‘the.next few years this field should.bé placed on a much firmer footing.
The most eXCiting goal of these inveétigations»iS'a bettér understanding
'sf the physical processeSAinVOIQed in the chemical reactions of the
simplest atom - - in.particular, a clarification of the role of tunneling.
This goal depehds_upon the_availability of precise values for the absolute
reaction»ratés_of H and D atoms -- which in some cases are still unreliable.
Progress in this field must thus proceed apace with_fﬁrther careful investi-
gations of H atom chemistry. | |
It is also possible thét'the " depolariiation;technique_will find
more direct applications'in thé field of H afdm chémiétry. For instance,
sfudies of Mu chemistry iﬁ liquids are strongly analogéus to H atom

investigations in which the H atoms are commonly produced by radiolysis
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of hydrogenic materials (e.g., water) and followed via their ESR signal.[ss]
Despite the relative scarcity of nuons, the pt depolarization technique has
some distinct advantages: first,'Mu‘atohs can be introduced into .any medium,
including:prdton-freg liqpids or highly alkaline solutions in which the OH~
~ions seribusly,quenCh H- atom production by radiolysis; second, since the

Mu atoms are introduced froﬁ 6utsidé with minimal disturbande of ‘the medium{
one can conveniently study reacfipns of Mu with substanéeé which are extremely
susceptible to radiation damage.frcm-radiolysis; third, with 1it¢fally one Mu
atom in the sémple at .a time, the variouﬁ recombin?tion prqblems which élague.
most H atom studies'aré'nonexistent.  Thus there:may be many intéresting
reactions wﬁich can only be studied by muonium methods, and in almost every
éituation the reactions of Mu will be lesS.compIicated than those of H by
interference from.éompeting chemical processes. It seems‘quite likely, there-
fore, fhat muoniuﬁ chemistry studies will soon become a valuable addition tov

the experimental methods of fundamental physical chemistry. "
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Table I: Best fits to proper Muonium mechanism for Mu + I, in methanol

2

N i
‘

10

Field (gaU§S)., vHot—atom fractioh(a) :f kM_x>lb; _ (l'molé_l'seéflj
103 | 0.54 & 015 - s 1.6
1000 : 0.52+.025 ~ 15.0 + 2.4
-4506; | 0.52 + £ 1.5

.02 - 13.6

(a) See discussion in text

f{;E—.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

-Fig. 5.

0004500713
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" FIGURE CAPTIONS

Typical expcérimental time spectrum showing u precession

in 100 G ¢xternal field. Data is grouped into-10 nsec

bins for graphical clarity; 0.5 nsec bins were used for

fitting. .

Time evolution of real part of muon polarization in free’

"muonium in a 100 G transverse field.- The\fast“oscillatith‘

a. the hype:iine 1iequency; w,, are not directly

‘obsérvable experimentally. -

Theoretical dependence of magnitude and phase of residual

:muon polarization upon.chemical 1ifetime 'of free Mu atoms,

" for 100 G external field. -Unlabelled curves represent the

situation ‘with no hot atom reactions' (h=0).

Theoretical dependence of residual polarization upon reagent

10 2/mole-sec.

concentration when the rate constant is 10
In each case the hot atom fraction h=0.5. See text for

discussion of BO=1585G. ' : .

Experimental data and best fit for dependence of residual

polarization upon concentration of I, in methanol at 103 gauss.

'Leftmdstﬁpoints are for pure methanol (P£e5=h)‘and are

therefore actually infinitely far off-scale to the left.



Fig. 6.

Fig. 7.
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Experimental data and best fit for Pres as a function

2 concentration in methanol at 1000 G. Leftmost

point is again for pure methanol and represents the pure

hot atom fraction, h.

Experimental data and best fit for Peg 35 2 function of

I, concentraticr in methanol at 4500 G. Leftmost point

-

is for pure methanol.
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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 Energy Research and Development Administration, 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.
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