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"FAST'" DEPOLARIZATION OF POSITIVE MUONS IN
SOLUTION- ATHE CHEMISTRY OF 'ATOMIC MUONIUM™

J H. Brewer, K. M. Crowe, and R. F. Johnson
- Lawrence Radiation Laboratory, University of California
Berkeley, California 94720

A. Schenck and R. W, Williams
University of Washlngton, Seattle, Washington’

J'une 1971

" The initial magnitude and. direction of the re sid-
ual asymmetry in the decays of polarlzed pos1t1ve
muons stopped in solut1ons in transver se magnetic.
fields are observed to depend strongly upon the con-

_centration of dissolved cOmpou_nds.‘ Such'etfects_
were seen in methanol solutions of I2 and in aqueous

A solutions of FeCi andv F'e(C104) N The ’underlying |
fast depolar1zat1on mechanism can be quahtatlvely
and quant1tat1ve1y under stood by assun'ung muonium .
formatmn w1th subsequent chem1cal reaction of the

atomic muonium with dissolved compounds.

Positive 'muohs stopping in pure noble gases almost'alWays form-

" the neutral hydrogen like muonium atom (p. e ), hereafter designated

Mu. The exi stence of Mu has been: 1nferred from observatlon in ga ses of

'hyperf1ne structure trans11:1ons2 and rap1d precessmn in atransver se
-5
: £1eld Presumablyrnuons stoppedin liquids and sohd s. also form Mu;

in thege cases, chernical activity significantly shortensthe lifetime of the

free Mu, so that Mu has been obgerved only in a few relatively 1nert sol-

1ds In muon precession experlments, the apparatus is designed to de-

tect precessmn"only at the muon Larmor frequency (1/103 that of Mu:

in weak fields), rand in a practic'a'l‘ sense muons which form Mu a'ppee.r

-2-

depolarized. The observation of strong variation of the muon dec‘ay

" asymmetry with chemical composition in the target implies the exist-

-8

ence of Mu that remains chemically uncombined for <10 " sec. De-

polar1z1ng processes with time scales longer than a few nsec are ob-
——

served d1rectly,v since the typical apparatus has a resolution = 1 nsec.

Such an effect has been observed in sulfur. 6v in all cases treated here,

“however, ''fast' depolarization takes place before observation begins.

"Slow"'depolarize,tion may also take place on a time scale of
psec, "8 but the "residual" asymmetry discussed here is the value
extrspolated to zero time, and reflects only ''fast' effects.

The hyperfine structure of the Mu ground state and its relation to
the muon decay asymmetry have been discussed by many authors.

It should be pointed out, however the Mu formation alone does not
cause relaxation of the muon spin ina thermodynamic sense. To ac-
count tor this, ad‘ditionallirreversible processes are necessary. The
removal. of muons from the free Mu state at random times by chernical.'
r.eaction into diamagnetic compounds constitutes such a process.

1f the Mu electron's spinis coupled to the medium, causing " sp1n

flips" at a frequency v, the hyperfine coupling may be pa.rtly or com-

- pletely broken. The remaining coupling produces a transfer of long1-

tudinal muon pol,ar_iz'ation' to the lattice or medium--an additional irre-

" versible process. In transverse magnetic fields the depolarization

decreases with increasing v.

The superposition of.muons. emerging from free Mu at difterent
times causes. an overall depolariz‘ati_on by ”dephesing, " and may also
produce a rotation of the initial polarization direction. The 'observa-
tion of such changes in initial phase is therefore evidence for the ini-

',

tial exi stence of muons in Mu atoms. b,

The foregoing mechanisms have been described analyt1ca11y by



-3

Ivanter and Smilga, 10 using the Wangsness-BIOCh equations for the
time dependenc‘e of the density matrix.

-After the ihcoming' muons capture electrons, the r-esultaqt Mu

. atoms. are thermalize'd in = 10‘125 c11

Prior to this time these ""hot"' |
atoms have suff1c1ent kinetic energy to experience reactlons that are
energetmally su,ppre ssed for thermahzedatoms Thus a substant1a1 frac-
tion (&i) may enter dlaxnagnetm compounds through the "hot chemlstry
channel' before they are influenced by the muonium depolanz-atmn ‘
mechanism; these muons are not depolarized, regardless of fisld or
coocentration. This fsaction is responsible for the residual polariza- .
tion observed in relatively inert gases, liquids, and solids, in wh1ch
Mu formation is likely, when v is small and the mean chemical 11fet1me
of Mu is long. The Mu hot atom channel can be related to hot trltmm
chefnisfry.ii - »

The theoretical expression for the residual polarization, including
the contribution from the hot atom channel,b has beeo given by Ivanter
and Srrnlga-12 .

B-hb +(1-h)P('rv,B), o M)
where Pov is the polar1zat1on of muons emerging from hot atom reac-
tions into diamagoetic compounds and is along %X, the beam polariaa-'
'tion direction. Imperfect beam polarization is .aosorbed into the ex-
Aperirr_lental parameter A0 , -as_seén later. 5( T, y,.B) is the polariza-
tion of muons emerging from Mu into dia.magnetig compouods via ordi-
nary chez.i.lical r-eactioﬁs {where T is the meao chemical lifetime of
free Mu), and may differ from —150 in both magnitude and direction.
With the field B held constant, the observed polarization is a function
of v and T that may- depend upon the concentration of dissolved re-

13

agents. In dilute solutions, the reaction rate of Mu is described by

' study the chemical behaviour of Mu, analogous to atomic hydrogen

the reaction formula

d._ kN, p B €2

wherer p is the probability that Mu is still uncofnbined,' [N] is the con-

centration of dissolved reagent, and k is the chemical rate constant _-

for the re_action‘that removes Mu from solution. The chemical life-
time of free Mu i |
= em— . . . 3
N[N o o Gy

Thus we have a.nalytic eXpressions. for the magnitude P = |Bl and the

—P

phase ¢ = arccos ( ) of the residual polar1zat1on. For the explicit
expressmn of Eq (1), see Ref. 12

The aim of th1s exper1ment was to verify- Eq (1) and use it to
15

For each substance studied, a ser1es‘of runs differing only in.the con-

centration of dissolved material provided data of residual asymmetry -

-as a function of concentration; by using (1) and (3), and this informa-

tion, a value for t_he' chemical rate constant k was calculated. In the
case of I2 in rnethanoi,v it was also possible to measure the initial
phase as a function of conoentration, where only Mu forr_nation could
produce any variation. IZ and Fe'+++ were chosen because they are
known as good scavengers; reactions of Mu with these compounds can
be expected to be more or less diffusion-limited:

Fett 4 (utet) = Tt 4 T,

Mu + I, - Mul +1.
Fe+++ 'solutions were prepared in 0.02 N acids of the approPriafe
anions. .

The residual asymmetry was measured in transverse magnetic |

fields of 1006 and 4500 Oe as a function of concentration. A

'4\
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‘description of the apparatus and detection method can be found in Ref.

11. The experimenfal histégram of the counting rate (0.5-nsec bins)
as a function of time was in éach case fittéd»to the distribﬁtion
N(t) = No{exp‘(-t/-rp) [1+A ex'p(-».t/'rz) cds(wf +4)] + B},
in which. Ty 2.198 psec = mean muon lifetiﬁe, '. '
o - = muon Larmor frequency (0.85X 105 Hz/Oe),

A

A || = experimental asymmetry,
A

maximum possible asymmetry for the given bejai’n ‘
' 'polariza_tion and target and counter geometry (i. e., the
asymmetry corresponding to no depolarizaﬁo_n), v
B = time-independent backgrbund,-'

= initial phase of the precession, and

""slow' (psec 'scale) transverse relaxation time seen in
paramagnetic solutions. 8_".14_
A v_ariablé-metric XZ fit to the data produced values and errors

for all thegse parameters. The fraction h of hot-chemistry r_"eactions

was determined by comparing the asymmetry observed. in the pure . .

solvent (assumed virtually inert with respect to ''cold' reactions) w1th

the completely ''repolarized' asymmetry observed at high concentra-

tions; the latter is assumed to correspond to P = {, and thus gives the

. par‘améter A0 . In both»methanoi and water, h was close to 1/2. .

As can be seen from Figs.” 1 and 2 (upper) this model fits the

. ‘asy_rnmetr_y data fairly well, a.lblowing one to determine chemical rate

- constants with some precision. The final results are given in Table 1.

. The only chemical distinction between Mu and atomic hydr_ogen

‘is the difféerence in their masses. In any collision or d'iffusion g

picture; the rate constant is proportional to the meah-velocity, .

(8kT/mp) 1/2, where i is the feduced thass; thus to a: g‘oo‘ﬂ.r

approximation »
k (Mu) _ (m(H) {1/2 _
P - e s s, _ (4)

17 of the absolute rate con-

Thus a measurement by Sweet and Thomas
stant k = 9.0X 107 liters/mole-séc for the reaction H + Fev+++—> H++ Fé‘j
in HZSO4(pH 2.1) corres;pondg to a rate co.nstaptvof 0.27 X 109 liters/
mole- sec for the analogous reaction with Mu. " This is ijv 10‘-2 of our.
result, a ra't_her‘_large difference to attribute to the different ani.ons‘..
‘For values of h= 0.5, the initial phase of tile polarization ’isi‘vis-v v
ible only in fields of 1000 Oe aﬁd less, so that we have c;nly one set of
data ingluding phase measurements, the I2 in methanol at 1000 Qe
(Fig. 2, lower). Itis evident that thel;e is some variation of the phase
in the sehsitive regioﬂ, which'a_rn.ounts to conclusive evidence for
muonium formation, since in the nonmagnetic I-_2 solutions there is no
int'eracvtion besides the hyperfine coupling that could rotate the muon

9

spin through a significant angle in the times (= 10”7 sec) in which this

~process must .occﬁr. Theréfore we can confidently apply"fhe theory of

v the muonium mechanism in this and future studies to extract chemical '

‘rate constants for such processes as these, and perhaps for more

_complex and interesting cases.
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 Table L Best fits to phenomenological parameters. _

Field - Solvent . Reagent A h o k
(Oe) . ] 0 ’ . (liters

. o mole-sec) .
4500 H,0  FeCl, 0.31£0.02 0.51£0.02 (2.1%0.2)x10:°
4500 H,0 'Fe(cio4-)3 0.30£0.02 0.55%0.02 (1.66£0.2)x 4010
4500 CH,OH = I,  0.274£0.02 0.54%0.02 (1.3420.2)x10'!

1000 - CH,OH 1 0.27+0.02 0.52+0.02

2
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Figure Captiohs

Fig. 1. Residual muon pblarization for Fe+++ in HZO ‘at 4.5 kOe.
’E---E F@(C104)3; %Pf—%g FeC13

-Fig." 2. (Upper). Re_sidual muon polarization for I, in CH;O0H

- (lo§ver) initial phaée for I, in CH3OH. {---; 4.5 kOe,

10
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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.
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