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ABSTRALT

ThlS paper is an account of three lectures given at The Toplcal

'Meeting on Intermediate Energy Physics, April 1973, at Zuoz, Switzer -

land, in which a broad picture was presented of positive muons used

as probes in condensed matter physics and chemi_sfry. The relevant

. properties of p.+ are given, the preparation of the polarized p.+ beam
'is described, and there is a discussion of the exﬁerimental setfups.v

'The formation of muonium during the slowing down of pf in matter is

treated, and some related early measurements discassed. The quasi- -

free "p.+ precession and the possible depolarization zffecting it in solid

‘and liquid media are examined. Muonium, its quasi-free evolution,

. and its chemical reactions are covered, with emphasis on solid insula-

rd

tor and serr*iconductdr environments. Fmally, thc use of p. as a prob'e

in matter is compared with other more conventional methods
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1. INTRODUCTION

| N " These lectures will be concerned witb the apﬁlioation of positive -
muons as '.probe"s‘in cond'ens'.ed' media pbyslie's and'ch’emistry' In"each ex—>
periment muons are brought to rest in a target contamlng sohd or 11qu1d
substances. Po31t1ve muons are 1mp1anted in this way in whatever sub-.
stance:‘ one likes. Due to‘ the finite momentum distribution of a muon beam
a’h_d t_o'ra‘nge .s.t.ra‘ggling, muons will s:to'p.almost homogeneously ‘over: the
t'a.rg:et 'irolume, veven if the volume is as large as '100‘1)‘c_m3. Therefore the
muons will be 'escp0sed to the real bulk properties: of 'th"e"target mater.i‘a"lv'."
By implanting muons we have joined the groWi,ng-comrnunrty of ion

implanters; in fact, 'through' muon implantation, oné is very often st_udying'_

' the same properties that others study with heavier ions. We will see later ‘

what the muon can achieve compared with heavier ions, and what its short-

comings are. For future complementary research with both muons and

heavier ions, it.may be a lucky circumstance that meson factories and the

new g'.enerat'io,n»‘of heavy-ion accelerators are coming inbo operation almost
at the same "time. |

‘In ’contrast to negative rnuons, the implanted positive r_nuons are
not captured into atomic or molecular orbits, and neit‘her interact with nor-

are captured,by'nuclei. ‘We may consider an implanted positive muon to

‘be a light isotope of hydrogen; Avery often it sufficee to think of the muon as

~a proton. When we ask ourselves '""What happens: to an melanted posu:lve

Present address SIN, Villigen, Switzerland.
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rn'uon.?" the first thing to do is find out whaf or.lle.kunost é\boﬁt-the Afatébof
prot‘on'vs,m"nder‘ the same condition's. Interégtingly, ‘as ;ve will fin.d'dut,_
khc;wleage' c"onc)e‘rning the prOtdn uhder thes_e.'coAnvdi‘ti-ons..‘is gene#a;lly scarce -
-and hard to obtain. It is fortunate, therefore, that oné;can|usé the muon
as aproton su»l?stituté to‘ leéfn more about Ehle pfotoh’ s role in a condensed_ _
media érivifonrﬁént | | : |

The point of .inte.rest, of course, is the magnetic in’teréctidns of the
muon withihfthe ‘.mvedium of ;the' tafget. The muon s?ée.s' :With its magne_t_ic
moment a;li lthev‘ i.nt-érnal_ maéneﬁc field vco_mpo'nents that-are prééent’ at the
site of the implahted muon. These locai "fiélds may BIejcr-e;a'ted by bnucl.ei',' v
electrons, 'pa',_raix.'nagnetic ions, apd all kinds of hyf)érfine imerac’tion-s . By
measuring .th‘éﬁiinteraction enefgy, éné.mé,y -'expect to lea.rr.l. s-ometh_ing. |

about these 'ivn‘ternval fields and their origin. 'Howevei'; it is not only possi-

ble to study the :stat_:i‘c features of local fields, it is alsc possible to obtain in- .

formation régafding the dynamic properties of internal fields. This is ac-
complished by studying the spin de'polarizatiph of muo/ns which"prigiri_a.lly

: » » i R
were implanted more or less polarized. :

The causes of 'debolérizationvprocesses .cén‘be' quit.e different in
origin; and we fnay ekpect to encounter all the spin ?elaxé.fion’ mec}h;a‘nisms
that are éeall.:‘\'vith in NMR and ESR studies, as Well a;_.:s'in others. it: will
become evident that chemical kinetics, for instance, ‘pv‘lay.an important role

t

in depolarization phenomena.

II. BASIC MUON PROPERTIES
| How do we measure magnetic interac':tionv en’ergiés ? How do we ob-
7 servé spin rélaxation? Let us first deal with thes’e'que:s_tior‘xs by sufnmar—,
izing sofne of the mﬁon p?oéerties that;.avre irﬁportant to us. Table I con-
tains some: bé.sic information about the muon1 which wiil be adequate for.

i

<
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our purposes in the context of this chapter. Except for its mass and its
finite lifetime, the muon is in nearly eVery respect’, like an electron or posé

itron.

In a maghétic field H the Zeeman splitting .frequ-.ency is given as
follows:
2y H
L 5 _ 8 eH -~ , 2.8 rad, .
@ o T2 mpc - 27'" 207 H [sec_]
y . w17 < k Hz
‘H Y 2 H ~ 13.5 gauss

w is also the Larmor precession frequency a muon would have in a trans-
verse mégnetic field of the same strength (H 1 S'H).
The positive muon decays with the emission of an energetic electron:

+ + -
po—- e +ve+ vH-

As will be -shown in Section IV, the decay positron shows an asy‘rnmetric dis-

tribution with respect to the spin of the muon due to the violation of parity

in weak interactions. This distribution is given by the exprvessibn:

or P(6)~(1+ a(Ee) cosb) . - (2)

dN (6) ~ (1+a(E_) cosf) A%’ o : - (3)

where dN(6) is the decay rate into the solid angle d2. The asymmetry

. parameter _.a(Ee) is a function of the positrdn energy "E'e. Figure 1 §h6ws j
‘roughly the 'dep.‘endence of a on the positron energy. CIf positrdns of ail
' -énei'gies are observéd, one obtains an average asynjfnéti‘jr of : :‘1'./3. By
' obsef\iihg only”.thev higher energy positrons, one can increase somewhat the

average experimentally observed asymmetry.
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Flgure 1 also displays the energy spectrum. of the decay positrons.
It is cut off at about 52.8 MeV. The average energy of the positrons 1s

roughly 35 _MeV._ Thls is rather large compared with. the energy of elec- '

‘trons emitted in B-decay of nuclei; therefore it is fetatively eaey to 'obsel"ve

most of the electrons, even if the decaying muons are placed deep inside'a -

ta‘fgetvv of convenient size.

In oftjer t‘.o observe .ex‘p'er>iﬁlenta'11"y the asymmetric decey pattei'n,
| it‘is; of c-ourse,' necessary that the sp.ins:r of a.llrirm.zon‘s be more or less par-,
‘ allel or in other words, that the - 1mp1anted muons be polarlzed Once thls
is accompllshed the effective asymmetry of the p031tron distribution, in-
cluding the rnuon polari'zation, can easilyv"be imeasur‘ed. As a matter‘.ofr
~ fact, highly poierized muon bea-fns .can be readily obtained from pions 'decayb.-
ing in:flight by means of .a proper momentum'selection' This ‘is, again, a -
consequence of parlty v1ola.t10n in the weak: decay of plons, _ Whlch leads to a
' bcomplete polarlzatlon of the decay muons in the rest frame of the plon
The achleved beam polarlzatlon is generally of the order of 80 % - Taking
the polarlzatlon into account we rewrite Eq. (3) as follows

dN(§) ~ (1+ P3(E,) coso) Q. e

III. EXPERIMENTAL METHODS |

Now, what are the ex.perimentalvmvethods._f;or measuring Pa? It is
obvious that a separate measufem'ent of P and a is possible only if ohe of
the two quantities is known beforehand. ';‘his is generally hot,the_case (for
 exceptions, see later). o
| It ie' cohvenient to d‘istinguish between two exper‘imental arrange-

ments:



1)

2)

s
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The t“av.r"get in which the muons are to be stopfﬁed is vplace.d in zero

- 'mag'netié' field or in a longitudinal field with respect to the ‘spin‘-
'polariﬂz‘ation‘vector P. The arrangement is indicated in Fig. 2. By |

~ observing the positron rates in the two counter telescopes, we are

measuring the forward decay rate and the: backward decay vrate,
respectif;re_l'y, with respect to the polarization vv'e',é'_tor. Calling the
fprwa;rd rate NJr and the backward rate N, one can form ‘t‘hbe ratio

(f_rom'Eq.' 4):

- N

. Nt
N+v+N'

= P a cos(6=0° 180°). . (5)
This ratio is seen to be proportional to Pa \:;vi‘th;’a prqpoftionality
factor giVen by the average of cosf over the solid angle covered by

the couhters. This fak:l_:or is of course < 1._[It_is hereby assvurrned

that 'cos'(Q :0°? = cos(0=180°).] The experimeptélly observed asym-‘
metry '{s thﬁs smaller than P a due to finite séli&—anglé resolﬁtion.'
To give a lnumber: in many experiments P a c?s'e_ is of the order
qu about 20%, if no other effects are present.. Eéuétion 5is also cor-
rect Vif(va'time differential measurement is perforkfned. P rﬁay then

display a time dependence (see below).
¢

The target isbplaced in a magnetic field whose direction is p_erpendi—
cular to the muon polarization. The spinning muons will then sta'rtb
to precess with a frequericy given by Eq. 1, ‘th_e Larmor frequency;
fhus the asymmetric decay pattern will rotate. - fhé fsitua.tionvis
shown in Fig. 3. In order to make the précession visible, a time
differential measuremeht has to be perforfned. Th.e. angle between

muon spin and observable positron trajectory (fixed by the geometry
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of the counter telescope) will vary in time as -

0 = mt.r

The poéifron rate in thev'counter telescope as a function of muon life- »

time in the tva'.‘rg‘et is then described by the following formula, starting from

o

Eq. 4 and faking the éxperimental decay law into accournt:

aN(8.) ~ - exp(-t/T ) [1+P 3 cos(wt+oaRae. (6
o W ‘ : , .
'For an actual éxperifnental set-up, _taking finite timye and solid angle res- :
olution into a‘c’count, which we shall déscribe by a ,fa.ct'oi' f<1, Eq. 6

becomes:

AN.(B.t)j~ %—_exp(_-t/?_p)[ 1 + P af cos(wt + 4)]. ' (7
¢ is the phavse.‘of. ihe_ pola'rivzél:icl)n for t = 0, and depénds oh'theb actual
~e+ counter al ighfnen.t wi th respectl to»th»elt.t+ beam.u:iAs will be d_iscu,ééed
later, ¢ may allsd depend on the early faﬁ_e“ofv the muon i.n: the tar.get:.
P af is 'tlﬁe 'e..ffectiv'e éxper’imenfally_ observabl e decay asymmetry;
hence.for;ch we will se.t A=P 3 f.

' The z.ph’ysical ]inlv:erpret}a.ti on of Eq 7 is é__.s folléws: '| When ‘a muon.
decays, the pr%)bability of oBserying a decay positron ﬁvill be a'ma.ximum‘._ :

[ _ -
- at the moment  when the muon spin points onto the positron telescope, and

B

a minimum for the antiparallel case. .The .expone_ntial decay curve, vis-
iblé in a time differe#tial meaéurement, vﬁll thus be vc_osine-fnoduliated, ‘as
indicated in Fig. 4. | |

We ha&e spoken about time differential measﬁ,rements. - How is

this actually done and what is the experimental arrangement in practice?
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Schematic dia‘grams of an actual experifnental 'ar.ran.g_ement are shown in
Figs. 5a and..,"b»f ‘These‘diagrams are valid for the longitudinal field as

W’,éll as the transverse field arrangement. The principal components of

the necessary electronics are shown in the same figure.

A -stopped muon is’ sign’aﬁléd‘by the logic combination

(B1+B2)- M. S1. S2X.. Likewise, a decay positron will be-identified by the

‘signal S2X. E. S2. 83. (BIFS1¥M). The p-stop signal will be used to start a

clock and to create a gate signal of about 10 pusec _lehgth.v The positron
signal in coincidence with the gaté signal will stop the clock. The gate signal-

thus defines the time interval after the muon stop during w_hich one waits for

‘the decay electfon. In this way, for each observed muon 'deéay, one mea-

sures the individual lifetime of the’ decayed muon. Fr:oiﬁ these data one can

fo'rm a histogram: positron r‘ate»'vers‘us elapsed lifetime, which should be

~de:scribed by one of the distributi'o‘n formulas, Eq. SorEq 7, depending on

‘the field arrangement. These formulas will then be fitted to the histograms.,

yielding the interesting parameters.
It is demanded, of course, that no second muon stop during the time
one is waiting f_o}r: the decay positron; otherwise, it becomes unclear from

which muon the -positroh originated. This limits ther_ac'tual ‘stopping rate to

- about 104 p+/seC_, a rafe much less than it will be poseible to achieve at

'SIN, for instance. Although this limitation is a very unfortunate feature c_>f
the time differential method, it is nevertheless the moat versatile method

and has to be used for most of the problems to be studied.. Howév'er, thé

‘high muon fluxes at meson factories will be a great ad‘/anfage because with
them one can use extremely small targets. At SIN, A'a’n experifnental set-up
uses 0.5-cm> targets with a density of about 0.5 g/cmz'. (Conveéntional tar-

- gets are muck larger with densities of 8 to 20 g/cnlz'and cr'os's_ sections
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N ada.pted to thé yu-beam cross sevctiOns.) " This will allow one to investigate
particularly s“r.r'lell single crystals and other rare substances.
IV. EXPERIMENTAL TYPES OF MUON DEPOLARIZATION PHENOMENA

AND COMPLETE PHENOMENOLOGICAL RATE DISTRIBUTION-
FORMULAS

,»\./‘t

-

The first experimenters to check on parity invariance in muon de-

" cay were Garwin, Ledermann, and Weinrich. Using a transverse field

' a_rrenée'me'ht,' they did indeed detect an asymmetry which in graphite, .cal- »

cium, and polyethylene was close to the theoretically expected value of

2a=1/3. In nuclear emulsion, however, the asymmetr: detected amounted

to only about 1/6 “This Suggests the p.resencey.of some depolarization
meché.nisrn’ in nuclear emulsion that rleads toa par-tié.l»'.dejjolérizatidn. Fur_—
ther, this Vpa.r'tial depolarization must have h‘appened in a very Short time
after the muon stopped because the res 1dua1 polar1zat10n did not exh1b1t any
time dependence, that 1s, A(t) A This kind of depolarlzatlon can be de—
scribed as be_m_g fast but incomplete; we will call this process a ''fast" de—
_ ‘polerization."‘ :
A different kind of depolarization proeess'was_‘ detected by S\;va.r'ls.o'n3
in 1958 ih b_oron‘ carbide (B4C),I ‘etudyi.ng aleo muen'precessipp. The re-
: sul_; is shoWn vin»F‘ig‘., 6. Plotted is the éositron rate versus eiapsed life—v
time. The distribut'i!on shows the expected cosine modulation; but_'fhe arﬁ_
lplitude exhibits a decr_ea'se in time, which can be described with an expo-
nential decay law. The fime constant for .t_hisv aamping is about 1.5 p‘see'.
- We wiil call a.‘ depolarization with a directly obser{r_abl‘e time dependenee_ a
| ""slow" depol'a.rization; |
.'I'ak.ing‘ these two phenomena into a.ccount, we w111 rewrite Eq. 3 and

"Eq. 7 as follows:



Longitudinal field

'AN‘t’V‘;leXP"t/*g’[“SubFu(t)'A] @8
' M o | .

Transverse field

AN(t) ~ TL exp(-t/'ru) [1+¢ vFl(t‘) A cos(wt+ ¢)] (9)
A | |

‘§“, §l(g 1) "fast" depolarization factors
s _
4§” -.!"gl‘A‘\

_F” (t). Fi(t)

effective residual asymmetry

""'slow'' depolarization functions

precession frequency of muon

tl

phase of residual polarization for t extrapolated
to zero. . - . '

Ip ‘rhahy c’asels .F(t)lis g'ii.ren by an exponential decay law (see Swarisbn:s).
More on Fit) i;ter._ o | |

| We ;;tr(;.no'\.rv»ih the midst of our subject matter: We are talling ab‘uut
destructio;l of m;uon‘ polarization, which means either _that' the spins of iﬁdi—
vidual muons ‘must flip over or that the coherence of the precession phases
of a muon vens>etlrv1b1e is somehow destroyed. No ‘doubvt this must be related
to the magnetic interactions of the mubn within the target enviroﬂment‘.

As far as the fast depoiarization is concerne‘d, very strong intérnal
magnetic fields must be present in which the muon sp-in. can turn 0\'/e'r ina-
', B ) o 'v_ery short time. In view_of _this, Fi‘iedman and ,Telev'gdi4' in 1957 prvoposed |

to explain the fast depolarization as a consequence of the formation of the

'.sys.tem (p+e—),- Which they called muonium.
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V. MUONIUM .(I.\/iu)

| MuonixJ:m .is formed when a positive muon captufes an electron Iahd
thus becomeé ne?.tral'ized, > It is like atomic hydrovgvexyl éxéepf .that its mass
"‘is about 1_/10» o-t,'“t:he hydrogen mass. Thé smaller mass of thé muon, how-" -
' ever, has only ‘,;a-}ittle effect on the redu.ced fnass'o_f t}vl.e-::onilplete sys»(@ern.
which is very cvlo:se to,the reduced rha_.ss of hydr'ogenb:: ' : =

* *

m lm,0.995_‘3mH_.

.Mu

- Therefore, vth'gzbivnding energy and the size of thvis atom are practically vth.e‘

same as for“at_orn.ilc hy;drbgen; - | ..
Muon _spin- and electron spin are coupled st’i‘qngly by a hyperfine inter-

: aétidn of the Fverfmi.conta.'ct type in the muonium grouﬁd 'sta'te(refer to the _

lecture presvent‘éd by V. L. Telegdi at tlﬁs Confefence). The Ham-iltonian

for the hyperfine interaction in an external rﬁagnetic fie].d is given by the.

following well -known expression: >

=A S- . H (1
:f(’, A SHJ_e tgre, Je H+g}lpo_SH - {(10).
with A sne=8Tg L% w3 O (10m)
' S0 3 ®J% Ppfe LTS ! S

where h | w = hyperfine splitting energy m Zefo field, _SL = muon _s-pi‘n,'

—J; = electron spin, g5 and gpv are électron and muoﬁ g-values, p: and p:‘ are
‘electron and muon Bohr magnetons,and l ¢S(0) IZ = electron density at'the
muon site._ Energy eigenvalues.can be calculated with fhe Breit-Rabi for-
mula. vPlottihg the energy eigenvalues as a function :()f magnetic field
:.strength, we obtain the Breit-Rabi diagram shown m Fig.' 7.

At low fields, the total spin F is a good quantum number and the

levels are labeled in terms of mFI' In a strong field the muon and electron



BT
spin are more or less decoupled; and we have to label separately by the
electron and rn_qbn ‘magnetic qﬁantum numbers.- ‘TAh'ere is ‘a é'ro_ss'over of
‘the two uppéf states at about 160 k’ilogva‘tuss; at this point the extérna.l field
S s equal to the field produced by the electron at the rmauvon site.

.,.Zeemaf:l ‘eigenstates can easily be constructed as follows: .

-l .

= 1+ i/,2>e "‘_?'1'/2'>..“ e

by -
ey = e 1/2) 141/, v BI/D M, ()
N T P
Yy = PIY/2) 1-1/2) - alt/2) /2y (1)
oy
with - _(12 +p_2 =1 | _
a =— ({1 - ) -
. N2 N 1+X2 ,
1/2
‘3:_1__(1 4 X ) /
Nz T+X2 -
. (Brp, - g mVH . g
. - (%’ﬁ : ~ 1580

: whef-e ‘H s the external field in gau;s. For'large H, a— 0 ‘_and B — 1, :
reﬂécting the,decoqpiing of muon and electron spiﬁ. | | |
When thé_muon céptures an electron, the initiallﬂstate may have
"~ either par;llel spins or antiparallel spins; that is, I_l+1/72,}.H | +1/_2> e OF o
| +1/2) “‘I —1/:2) o’ ‘:assumirllg thaf i +1/2>“ is the poiérizatioh of itv‘he stopped
 muons. Each initial state will be equally populat,ea becéuse there is nor-
malijr an eq'uall nﬁmber of elecl;rons with_vspih 'up and spin down in 't.}.ie targét’.
: 'Aﬂ'exception is ‘tb be exp.ected in a ferromagnetic s_ub\st.:ance ‘(see below). |
The state with pa;'allel YSpin.s,vas is evideﬁt, is a_lfeady an _eige'nst»:ate‘l

of the Hamiltonian. This is not true for the antip_a.raliél state, which will
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develbp in timé to a..vmixer,d state consisting of a time-dependent super-

‘ position of ¥y jand -ﬂ;z, the two states with mp = 0. ‘That is, the mixed

.s_tate_ is one in which the muon and the electron each preéess—oppos_ité to each
other a,l’tld"with equal s'frequencyf—iri the mégnétic fielld;et up ;by the -vother_pa:ticvle. ;

The plane of'précession contains the external magnetic fi_eld vector. We write: %

T

1+1/2)  1-1/2) 5

E | '-1E4‘t” o
) ¥y + B expl—) 4y . Bt

§ (1) = A exp

2

with ‘A% + B® = 1.

" Substituting ¥, and Y, in this equation (using Eqs.- 11b and 11d) we

may rewri_t"e,_Eq;. 12 as follows -
¥ (t) = ‘_}?+(¢:) 1+1/2),1-1/2) + P_(t) |-1/2) !+4/z>¢. (13
-iE_t ' -iE t -
with P+(t) = a*A exp(= = ) + BB exp(—-,ﬁ—.)
: iEjt -iE,
- P (t) =B+ A exp( T ) - a.B exp( 7 -).

P 2(t) is then the probability of finding the muon in the state |+ 1 /2),; that
is, P+2(.t) is the.time—dependent polarizafion of the mudn in the miﬁ:ed ét'ate;

After some arithirnet_ié,- taking into account that

| . ! ‘
W(t=0) = [+1/2) |- 1/2),,

we obtain _ P .

- P(t) = P+2(t) =1 —‘4 u?ﬁz + 40,2[32 cos %t . o (14)

i

As can be seen, the time dependence of the polarization is repre-

sented by a very fast modulation with frequency W s the hypervaine splitting
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frequency [“coo' 2w (4.46X10 ] or the frequency with wh1ch the muon

precesses lin"th’é inagnetic hyperfme f1e1d As thls precessmn is very fast

it cannot be reeolved experimentally and appears to be averaged out to zero.
Hence, in a longltudmal field the net polar1zat10n in the mixed state, which
can. be measuredf, is given as follows:

2

1+x°

R ~'k4'c12ﬁ2= (15)

and the tota'lypola.r'ization, adding. the polarization in the triplet state, is
then: = -

= _ 1 1 X : _ ‘ o
P =32+ . (16)

tot 14X

; Equatmn 16 is plotted in F1g 8 The quenchmg of depolarlzatlon at hlgh

flelds (Paschen Bach reglon) reﬂects again the decouplmg of muon and elec- )
tron spin at h1gh fields. Depolar1zat1on of muons in the free muomum»state
is thus a consequence of the 11m1ted time resolution of the experurlental ap-
paratu's.'. In pr1nc1p1e, no polarlzatlonl is lost in an ereverSIble thermo-

dynamic manner.

VI. EXPERIMENTAL OBSERVATIONS AND SPECULATIONS UP TO 1966

Many experiments in early times tried to observe the quenching of

the fast depelari'zation by strong longitudinal magnetic fields. In fact, rup' -

6-12

to 1966 most experiments were concerned with this as'pect.' “. One com-

mon observation was that apparently no depolarization occurred in metals.

" In all other cases depolarization of various degrees was visible. Some kind
of .quenching of the depolar ization in the Paschen- Bach reg'ion. was generally

observed; however, in most cases Eq. 16 did not represent the data. In the

following, some of the findings will be presented.
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Fvigv'ure_'9'-‘sh‘ows quenching curves for various: temperatures, obtained
by stopping muons in sulphur. This fi"gure is taken from Eisenstein et' a1.1?
At room temperature even high magnetlc fields ( 4 kllogauss) Cannot re-
store the polarwatlon to better than 509% of the initial polarlzatlon At hq--

4 uid hellum t'emperaturee, complete quenching is already_ achieved at about'
_400'gauss ‘ | | |

Flgure 10 ta.ken from the work'of'the same r'authors, shoWs'queh'ch- v
ing curves at room temperature in L1F MgO, and red phosphorous.. Agam.
the data do not follow the pred1cted behavmr .

F1gure 11 is taken from the work of Gorodetzky et al.? ' O Shown are
experlmentally observed quenchmg curves in various. matenals‘

Aga1n there _1s_» no agreement with the curve given by Eq 16 |

T‘he:aboiie figu.res' reveal a very small pola'rifzati,on in .zer_o‘ magnetie
field. B}'r‘in_cre,a'sing the field a little, a sharp increase'in residuaipolariza'_
tion occurs v}hichduickly levels off to a'mueh slov:ver'.'inorease. This is. ohe ,
of the puzhles‘ that has not yet vbeen explained satisfa"ctorli_ly.' ‘(Thvisv effect
may be ‘du'ev»to.ra'hdomly oriented magnetic fields from impurities.) )

In'viev;\ of these ‘disagreements., it was repeatetdly‘ proposed.‘ that mul-
-‘ tiple muonium formation may be made responsible'for the ohser.ved be-
havior. - Multiple; muorxiurn formation was thought tolv.hap_peu during the slow-
ing down process. S‘e‘ver‘al "authors desi_gned formulae to take this into ac-

o count7 “ 3, some cases12- the new formulas lead to improved-fits.‘ In

: l
view of the addition of two or more additional paranleters, thls is not too
eurprlsmg and 1t may not mean very much (see also Ref 11). The princi-
pal quesiion we have to ask ou'rselves is whether mult.iple mudnium forma-

tion durlng the slowing down process has the power to produce any depolar—

ization. Obviously this is a question of timescale, which we will treat in
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the ,hext cha'pt.e‘r". ,
Up to 1066 rery fevr exper1ments had been performed in a trans-
erse fleld arrangement 3,14,15 The most relevant one is the alreadymen-v
tioned one by Swanson.3 ','_Th_e res,ults.are collected in a 1,'ough rnanner in
Table II, ._M,'eta_is' and semimetals show no depollariz.atieh, such as in the

longitudinal fjield;case. Other inorganic.-and‘ organic éubstances show a fast

depolar1zat10n of varymg degree, but. contradlctory to the longltudmal f1e1d

.case, the resldual polar1zat1 on appeared to be 1ndependent of applied trans-

_ verse field stre g .  No reasonable explanation of these f1nd1ngs was of-

fered inRef. 3.

. The gﬂeneral_ ab'sence- of depolarization in-'metalev was originaliy o

‘ thought of\_as':revehlting from a very fast electron exc_:hange,proeess:

wteTy o7y ~nteT, 4 e}y

resulting in a.decoupling of muon'dnd electron spin (see Iakovleval 6). The

' muon would thus.precess as if free but would still be bound to an electron.

This view was l_ater replaced by what is still believed to be the case: that

Coulomb screeni‘ng of the muons by conduction electrons will prevent muon-

ium formation; if muonium is ever formed, it will donate its ‘electron to the

. conduction band -

Finally, :a measurement by Feher et al. , 17 who used silicon targets
Wlth different impurity concentratlons, should be mentloned The results
ebtamed in zero magnetic field are shown in Flg. 12.  A: hlgh n- type 1mpur-
ity cbhcentration (thesample being effectively a conductor) no depolarization

occurred; neither did it occur in a sample with high p-type impurity concen-

" tration. HoWeVer, almost complete depolarization was achieved at a n-type

impurity concentration corresponding‘to about 1014 free electrons/cm3. The

free electron concentration thus has a very important influence on depolar-
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iz‘a‘tion in senlico'nductors. In a.'later- pa.per,12quench1ng curves obtalned in doped

silicon were 1nterpreted in terms of the formatlon of shallow donor muon-

ium, which is much less strong]y bound muonium with a consequently s.malle'r

hyperfine interaction. -
P

H

VII. - THE SLOWING DOWN PROCESS AND THE STATUS OF THE MUON
AFTERWARDS o .

- The. most 1mportant gross features of the slow1ng down process are
dlsplayed in the ﬂow d1agram shown in Fig. 13 The boxes. contain informa -
tlon on the mechamsms 1nvolved and g1ve relevant references On the left
slde, time estgmates for the dl-fferent,sectlons_ofvthe s_.lowmg down process
are given, makmg use of Refs. ‘18;21.’ _The cited p‘aperﬁs' (except Ref‘.’18)
refer to the slowing down in'gé.ses. .The estimates were obtai.nedby:scalin.g

"roughly,". using',the higher 'de'nsity of a condensed matter target, the nurnbers
given in the ‘r‘eferences The Irbi'ght side g.ives a list of de'polarization' pro-
cesses (and estlma.tes of then- magnltude) that are supposed to occur durmg

'_ the dlfferent parts of the slowing down process As can be seen, the tlme
that passes b‘et‘}veen 'Lstable"» muonium format1on and conlplete thermallze,-
tion is too sh’ort to cause any a'ppreciiable rotation of the muon spin in the

_hyperflne fleld in the smglet state, even if multlple ;nuomum formatlon were
to occur durmg tms tune The depolanzation effect w111 be even srnaller
if less stron.gly bound muoniurn' is formed. Also in the electron capture and’

~ loss region only a 11tt1e depolarization can be expected to och:ur Thus, the

total depolarlzatmn durmg slowmg down may safely be estlmated to be <4% .

From proton .neutrahzatz.on measurements (see Fig. 14), it can be inferred

.'that the neutrahzatlon of muons (that is, muonium forfnatmn) w111 occur w1th

' effectlvely 1 00% yleld22

[
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Neé,r-v“th.e '-end of the v'energyvr range, ' séy at about 20, ev, muonium is
llkely to part1c1pa.te in hot atom reactlons 8'by which vit--,may be bound' dié.-’

' magnetlcally 1nto a molecule, or it may become part of a chem1ca1 radlcal

with an unpalred electron. As there is a lot of energy avallable in eplther— :

mal (hot) reactlons many reactions will become possxble that are forbldden -
in the thermal reglon for lack’ of energy to overcome potential barrlers (hlgh
.'a.ctlvat ion energ'les) ..
The -si'tuva_.:ti_oh after slowing downis _eummarieed as follows:
1.  No _'a'Pprecié.ble‘_clepolerization has occurred;
2. MuOr}s are in the state of thermalized‘muohium, or -
S 3. Mu,ous are part of hot—atom reaction products:

N

a) Molecules with saturated bonds (p in a diamagnetic en-
o 'v1ronment) : ' '

b) ° Chemical radlcals (p and unpalred electron are coupled by

: hyperfme lnteractlon——SLmﬂar system to Mu, but with
© smaller wo) .

Wh_at is to be expected then ?.'
1. Chemical r_eaction.'s. of thermalized muonium (= }lyclrogen) and -
» ol muon radicals. | |
2. .vIn‘t‘erAactions of‘t_he (paramagnetié) in.ljpurity with its ehvi‘ronme'nt:v
; p+e- (in solids) — U2 c_’ebnter.bv
3. "Motiificatiorls of tlle e'l.e_ctron.ic structure_ of p+é;; ,'thva_t;‘is, muon- .
1um forms an impurity state in the host lattice, o
4. vI:)i;r’e'ct interactions of the In_uovnvwith its e'nvironment,' c. g.,..d_i.ffu;

-sion, etc,.
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VIIL MUON PRECESSION AT THE QUASI FREE LARMOR FREQUENCY
AND SLOW DEPOLARIZATION IN SOLIDS AR _

In this, and the follow1ng section we > want to dlscuss phenomena’ that

can be 'obser.ved’ by rlookmg at the fr‘a'ctz"_on' of'mu‘ons j‘that-‘proce-eded th_rough} :

the hot'—atom-channel and ended up ina mol’ecule with saturated chemical

- bonds;" that 18, muons w1th no hyperfme mteractmn actmg on them We w111-

‘conslder only the transverse field case," by studymg muon precessxon at the

. ,qua31-free Larmor frequency. ‘ This sectxon w111 be devoted to precesslon T

phenomena in sohds. .

For a glven f1e1d H the precessmn frequency lS gzven by

.. Im cC
R

We w111 now con81der the case in which H is'a function of p031t10n

a) Assume that H has only a 11m1ted number of dlscrete values over the '
target volurn_e. We then have to replace the «osme 1n the rate dlstrx— -

but_ion-'formula_by a sum over cosines with dlfferent dlscrete frequen-” .

cies w.;:

| .cos(wt-}d))—- Z‘ Pi cos(r_w‘it.+.¢b)-, o : '(-i8-)"
| where | P is the fractmn of muons that precess w1th wg - *It-.is clear"-'
that this will result in a more or less comphcated beat phenomenon
in the preces.smn pattern. o L |
.b). "Next let us assu'rne. that there is a’i;continuous;_.distri_but-ionof_'field

values over the target volume,

- H “H(x, y, 2) | -V1

i

LES



‘has been-"p'erfo‘rmed for a magnetic moment determination.
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We then have to replace the cosine in Eq. 7 by an integral:

cos(Q¢+¢)-> éosfoxx,y;z)t+¢]dxchrdz;f ST (18')

target vol.

It is assumed also that the muon étopping rate'is constant over the .targbet -

volumeé. ' This integral can be rewritten as follows _

o i(wtf¢5 _ _
target vol. 0 . o

- which. no’iv implies only an integration over ‘w. f(w) isa distribution

funétip_n 'of_.'the probability density for finding muors precéssing with
frequency .w; that is, it is the frequency épe_ctr;ﬁn.

The trequency spe.c’trum f{w) can be observed direcitly in NMR

- ex'perimexllts in solids, ‘and is nothing rﬁo_re than the NMR line shépe.

Thus, the muon pr.écfessic;h pattern is the Fourier tréhsfofm_ of the -
éorresponding 'NMR line shape that would be measured in a NMR ex-
pe'rim"e‘nt with stopped muons. 23 Such an experiment is possible, and

24

The above integral can often be expressed as:

-i(wt+d) _ w0
S—‘ e flwdew= F(t) cos(wt+d), - - (19)
- 7 e
where w is the average frequency and F(t) can be approximated by a
Gaussian or exponential decay function with relva,xatviAon time Tz. F(t)

thus describes a slow relaxation and can ’bé_ identified with the F_L(t)

_ int'roduce/d into Eq. 9.
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' For .:c“omplicated field di'stri:buti'ons,' V'such ;s m a superconduc-
'tor of Type II,: the precesslon pattern will, of course he much more
: complex. - It may however be used to determme such f1e1d dlstrlbu-
tiohs, . b'e’rng the spatial 'Fourler trahsform the_r-veo-f {see for exs.mple,
 Ref. 2:5) | | o |
: c) “Suppose now the.t the‘ muon could dl.ffuse easﬂy in the crystal Then
uthe 1nterna1 f1e1d dlstrlbutlon would appear somewhat washed out,. and
we would heve a condltlon Wthh in NMR is known as motlohal narrow;
ihg.:23 The NMR 11ne w111 become srnaller a sphttmg w111 dlsappear
. and the F our1er transform will show a dampmg thh a much longer

relaxatlon time '1_'_2 Thls effect should be v1s1b1e, partlcularly in

meta.ls, with T'2 displaymg a marked]temperature dependence.

2. What mefghet_ic field is really dete'rmined by measuring the'precession_ .

frequency w,\'._a.s'suming hov_v a:cons_tfavr_;t LW ove_r ‘thev target volume ?. Qf c‘ourse; '
it is the local field seen by 'the muon at its”site.'i ;Thi.s local field is not: neces-

sarily identical with the applied external field. Generally, the local field at

some position in a crystal will be given by26
loc = Hext ¥ Ham - HL_+ Hine o . o _(20).'
H___ /= external field
- oext , fo
ﬁdm =..demagnet1zat10n field, depend1ng on the geometry of
* the sample : : :
H_L = Lorentz cavity field, the field at the center (probe
' site) of a spherical cav1ty cut (as a mathematical
fiction) out of the specimen. Thke field is produced
by the magnetization densu:y on the surface of the
: cavity. .
Hint = internal magnetlc field produced by magnetlc sources

1nszde the cavity ( =Z h )

2
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By expressmg the local £1eld accordmg to Eq 20 oune has taken into ac-

count the dlscontmuous structure of a crystal

.a)

' b)

’ insulator_,’ contributions to. H1

o _ - - _ L
In a diamagnetic crystal Hdm + HL_ are vanishingly small. In an
Lt aTise only. from nuclear moments

(see.the. example below). In a paramagnetxc crystal Hd '+ I:lL are
Stlll very small ‘and may in many cases Just be neglected H nt
w1ll‘con,s,‘1st of contributions from the varlous paramagnetlc ions -
inside} ‘the cavity. For a crystal with cnbic 'symrnetry or for iso-

tropic media Hint will be zero. For more details see Ref. 27,

In a'metal there will be a v_ery _spe(_:ial inter_nal field originating

frorrl the_ polarization of condnction elxectr'ons ‘in an external ma'g-‘ _

'netie-field. - In"NMR experlments thls f1e1d causes the famous

Knlght sh1ft 23,27 The field is given by the expresslon
H :—w,u(O)IZ H. @y
“int Xg Text -
with': Y'X's = Pauli spxn susceptlbxllty
2
,u(O) '2 = denSIty of conductlon electrons at the.
S muon site
N(ep) = clensity of states at the Fermi level
=27 m4/ﬁ2)~(3n V2/1-rn' )2 "
m = effective mass of conduction electrons,

depends on the actual band structure.

Conventional measurements of the Knight shift reqnire the perfor -
mance of NMR with a metal probe Due to the okll‘l effect the hf-
fleld w111 penetrate only into a thm surface reglon and it may some-

times be 'questlonable whether one measures the bulk Knlght shift
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of the probe material or some surface properties. With the help of

the mﬁon ‘6ne would measure real bulk Knight shifts.

In ferromagnetic and antiferromagnetic substances the measurement

of H, . may shed light on some of the prOpert_ies:of these magnetic -

materials (Which are‘ still not under.stood and which are stiIl ‘the sub-

ject of a 11ve1y controversy A fxrst example of a measurement in

Ni (M L G. Foy et al. ) has-been vd‘eSCrlbe_d by'Kossler at this con-

fe_revnce.

3. A' Examgles v

We w111 now describe a measurement whlch provrdes a good 111ustra--

tlon of the p0581b1e phenomena dlscussed in paragraphs 1a, 1b and Za‘

of th1s section. Thls experlment was performed w1th a s1ng1e crystal

of gy.p'sulm' (CaSO ‘2H O)., The basic assumptlon is that muons

are plated by hot reactlons of muom.um mto the s1te of a proton in

C one of the two water molecules that are present in the umt cell of thxs
'crystal The next nelghbor proton will create a magnetu d1pole field -

| at the s:.te of the muon, given by thls expressmn ‘

. “ ) . - . . . :
oH -+ % (3cos?0-1), (@
. r . ‘ ) '

where pp = agnetic moment of proton, 6 = angl,e_'bet\:izeen;the mag-

netic moment vector of the proton and the muon-proton radiis vector,

and r= th_e muon-proton distance.
co

Dependmg on whether the proton sp1n is parallel or ant1para11e1

‘to an external field, the dipole field will either add to or subtract

from the external field. As we have two differently oriented H,0

molecules in the unit cell we will expect up to four different muon

.4
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precessmn frequenmes, as is- ev1dent frorn Flg 15 W and m3
belong. to the first palr, W and “’Z belong to the second pair. In ad-

dltlon , the muon .w111' feel the field components due to protons (and :

perhaps to magnetlc 1mpur1t1es) farther away, Wthh will lead to a

, frequency d1str1butlon around each w - From NMR measurement one .

can lnfer that the dlstrlbutlon is of Gaussmn shape

Taklng the Fourler transform of thls complete pattern, one

obtalns for” F(t) the follow.mg expression: |

F(t) = exp( 2) cos( Aw t) cos(ZAmZt), o v (23)v
TZ_ _
. »_\.vith Aw1 ' : wz —w1 : w4 - m3
By = gl a) 4 gl - w)
T . 3 '
2 . Aw °

There ‘are actually two beat frequ-encie'ﬂs;' Aw-and Amz, and a damp-

| 1ng functmn of Gauss1an form w1th a relaxation time T related to the

‘field distribution width A W The actual numbers for the beat fre-

quencies A @ and Ao.2 depend on the crystal orientation in the' exter-
nal field and can be calculated without difficulty.
'Ij‘;igures 16a and b show data for F(t)b. for t’wo different crystal

orientat’ions The solld l1nes ‘are calculated ones, not f1ts Cle'arly'

‘v131b1e is the beat behavmr as well as the dampmg The agreement

between data and calculated curve in F1g 16b does not look too- good;

‘ however, in thls case the crystal orientation in the external field was

not accurately known.
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D( SLOW DEPOLARIZATION IN PARAMAGNETIC LIQUIDS

The NMR line shape in 11qu1ds is generally descrlbed by a Lorentz1an
curve. The: ~Four1er transform ofthls is an exp_onent_lal decay 'functlon de- V_
scribing the'relaxation of the transverse .(with-respect‘ to the er:ternal mag-
netic field) 's\pirr;components"; Slow mtiovn depolarizatioo -.in transver_se fields |
‘i_s thus' expected to obey an‘vexpor.len'tfial decajr law:

‘-t/T L , o
F(t) B o (24)

where T2 is -the-transverlse or 'spin—sp.in'relaxation time nRelaXation'io
this case meéans the loss of phase coherence among the splns of the preces—
sing rr;uons; : Slow depolarlzatlon in a longltudmal frel,dvarrangement is also .
'descr'il.)ed‘ oy:.anjexpohential decay law: | | |
LY o »

F”(t) = e . o (25)
with “Ti = t-}'re"“‘-longi_tu.dina.l or spi‘n-lattice relaxationvtirrle. ReIaxatioh in
this case co'n.si-s'llf:s of ‘tr‘ansitlions between‘ the Z‘eervvna»n statesr of the rhuons :
 caused by interactions with theélatt.ice, th_e'la'ttice provjidihg_ or'a‘t.)vs‘orbing'
the ‘e'her'gy quanta_ involved. vao iongitudir‘lalv slow depolarization has yet
been measured in paramagnetic soiutions.

The muons that av're observed at the free muon'L’armor precessioh _
frequency most ‘be, as emphas1zed before, in a dlamagnetlc position, either
placed there by hot atom reactions or by thermal reactions of r{nu;omum
From results on hot tritium chemlstry in aqueous' solutlons one knows that
preferentlally the molecule THO is formed 30 It can b_e assumed that the_
bsame will happen in hot-atom reactions of .muonium, y'ielding the molecule
Mu‘HO. ‘As the residual polarization in pure water is ‘alsout 0.5, we conclude

~ that about 50% of all muons go through the hot-atom channel, by replacing
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a proton " in awater molecule..

- .Theniuon' now has th_e _-sa‘me place a.s‘a p_roto'n,: and 1t can be assumed
'thatthe muon. spm will 'be suhject to'relaxation pr‘ocesse‘s Ln thevs'ame way
- as the proton kf.spi'n Proton spin relaxatlon phenomena in aqueous solutlons
.have been mvestlgated quite: 1nten31ve1y by the method or NMR, 23 | |

Partlcularly suitable’ for studymg slow relaxatlon phenomena w1th

muons are paramagnetlc aqueous solutlons, where 'TZ can be expected to ‘
~ be small enough to be detected over the muon hfetlme 31 From the theory :
o_f 'r'ela_.vxatmn’z‘3‘1t foll_o_ws that » | | |

T

A e o (26)
2 | | ’

where . = magnetic moment of the particle 'inVolved.-v,By comparing proton
and muon relaxation times in the same solution under the same conditions, .

one thus expe_ct's the ratio:

,Tz(P)‘._'-.HZ L
—TZ(—H)'. = > X 10 o . (27)
et Hp : :

' Fiéure'_1_7 shjo.ws T2 data for muons obtained in paramagnetic Fe3+ solu-

: tions 32 Plotted is T2 versus paramagnetic ion concentration The Iower .

: data points, connected by a sohd stra1ght 11ne, were obtamed from a solu— a

V tlon of Fe(NO3) The upper solid 11ne represents proton NMR results in .'

3°

' the same solutlon. The ratlo between the muon and proton data is 1ndeed

°3

about 10. For lack of NMRvdata, the results obtamed v__m FeCl, a_nd
Fe(ClO ) could- not be analyzed in the same way. - The devlati‘onbetwee}n :

solutlons and data from Fe(ClO ) and FeCl.‘ solu-

3)3 3

' tlons is not fully understood and needs further 1nvest1gat10n

d-'the data from Fe(NO
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| There is =one imoortant point. 'NMR measurements we‘r_e generally

done in solutions ,with concentrations not exceeding '102‘ par‘amagnetic ions/

c‘:m3>, for reasons relalted to problems regardmg hne w1dth s’lgnal strength

, rf power, and others. . This limits proton- NMR measurements to. cases with C '

relaxatmn tlmes above m1croseconds It is, however easy. to measure
much shorter relaxatlon tlmes with muons in much stronger concentrated
solutlons In pr1nc1p1e, transverse and also longltudmal relaxatlon txmes '
can be measured down to, say, 10 -8 sec.

In strongly concentrated solutlons, not’ suitable for study by NMR
new effects’ may. show up.’ ‘This is demonstrated by mea‘surements vp‘erformle‘d
with MnCl, '

2
3, 33
cm’),

solutio’n's of up to 5 moles/ll Mn2+ c.onc'ientr'ation‘ (= 3X 1021 ions/

involved andy what informatiOn m.ay' be extra'cted from, ex.per‘imen'tal_ reisults;,
At. lower concentrations’;. MnC'I‘2 solutiovns ‘ha‘ve b,een'extensively. studied u'rith -‘
proton NMR by many authors, partlcularly by Bloembe1 gen et al 34 |
The model used in the analysm is that the paramagnetlc Mn2+ ions
are surrounded -by su: water molecules formmg a hydra.tron sphere.v Pro-
tons (or muons) in this hydration,sphere'are suiject to two time—dep’e.ndent
magnetic: interactions° dipole-dipole interaction between paramagnetic ion
and proton (or muon), and a scalar coupling or sp1n exchange mteractmn '

caused by the nonvanlshmg wavefunctlon of the ion at the site of the proton b

(or muon) m the hydration sphere. These 1nteractlons lead to the followmg-

expresslons for the transverse re]axatlon time T2 34, 35
L. 4 1—"S‘(S+1)"2 - 'h2[7 | +137 (1+ 2, 27"
T2 T 60 6 TN Y plp) Yion Te c “s Tc.) 1 ,
N Cr .
. : : 1 o (28)

+
W=~

ciivial 1-2 2.2 =
S:(S+1) Ap(p)h [Te+"'_e(1+ w, T ) 1P.

The analysis also gives-'avgoobd'e'xample_of what kind of effects are
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The'first term on the .i'ight-ha.nd eide ovf. E‘q..: 28» .is due to the dipole;dipole '
intera'.ction, andL fthe second tefm ie caused by the 'spin—;‘exChenge interactien‘.
The symbols are defined’ as follows 'S = ien spin (5/2); r ":‘inter'n.u'clear."
distance between ion and proton (muon), p or y and Yion~ the reepectiVe gyro-
magnetlc ra_.ths;;. AF=_3.1‘8 Ap’ the-‘co‘upl.mg eonsta_,nt for exchange interec—
" tion; ws = Laﬂrrndr preCeSSion frequencly‘of the ion; P :-probability of -fin‘ding' |
a proton (or a; muon) in the hydratlon sphere, and Te and T, are the respec—
‘tlve correlatlon tlmes, Whlch are a measure .of the tune dependence of
‘the mvolved tnteractlons |

The tlme dependence of the dlpole dlpole 1nteract10n m.ay be
| ean_s_,ed_:_hy reta.taonal dlf_fuslon of the an, complex, by chemical exchange
,. of th.e‘HéO (MnHO)' moleeulee,:fand byv'spin reiaxatien of the peramagnetic

ion,  each measured by correlation times Ter Ty and’ T

_Thus
EE A A (29
c T h 8 : .
and'cdr_re"spondingly,: -
| S S T
= T te . (30)
e h 8 :

~ (The scalar;'cpupling is not influenced by r_otétional diffusion.)
.TheJ tempei‘ature dependence of the c'errelatiovn times L -;’-h. is
described by a type of Arrhenius law

=T ev/_RT S S - (31)
. o
:where V is the actwatlon energy for rotatmnal dlftusmn or chemical ex-

'change. The temperature dependence of Ts is'more comphcated and in-

volves the -mechamsms leadmg to the electron;c relaxation. 34
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Equatlons 28, 29, 30 and 31 represent in a typleal way the amount

of information obtamable from relaxatlon studies in. paramagnetlc solut1ons
' Flgure 18a shows the dlpole—dlpole term (top, 'dashed ‘curve) and the |
T sp1n exchange term (lower dashed curve) Whlch are obtalned usmg reason-
able values for the respectlve correlatlon tlmes and correctmg for the larger

20 3

magnetlc moment of the muon. For concentr'atlons below 10“" MnC1

|

> /‘cm_
there is a good agreement between the scaled pred1ct1ons for muons Note
that the data break sharply and there seems to be a quenchmg of the relaxa—
v_tlon mechamsm A reasonable approach toward understandmg these devi- |
‘ations from. Eq 28 is to assume that some of the correlatlon times become
concentratlon dependent at hlgher concentratlons due tovrntermolecular inter -
actions of . Mn2+ complexes. In partlcular, sp1n spin xnteractlons among an
ions might,lead. to concentratlon-dependent correlatlon tlmes Indeed ESR
measurements by Garstens and Liebso_n and Hinckley -:aynd Morgan36
'show a concen_.tration—dependent line.vw-idth_.in' c‘oncentr_ated Mn2+ solutions;

‘The data can be'approximated by

_ 1.24x10” 7
N2

+ 1.27 XiO““ sec,

o %

Where Ty is now used as an additional effective correlation time in the pro-
ton(muon) -ion interactions. N = ion -concentration in moles/liter. . The tem-
~perature dependence of T, can also be obtamed from Ref 36 For a 3 M

[

solution, one _f).nds

3

o | - |
L - 1.76Xx107[ 710-2.8 X10> exp(- 3—"—2—%’?—19—)]. (32)
. , 07 exp( |

. |

The total correlation ‘time Te for the sp1n exchange interaction is now

gwenby R ' _ ' R
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'_J;

4.4, 1
s (33

~where’ ""rs' is the usual electron spin relaxation time and T}, i8 the mean time

-, for the muon tow_re_,r'nain in the hydration sphere. The total correlation time
'}c for the dipbie'—dipele interaction is given by

4 e

== == 4 b e e - (34)
T Ty _'rh Te 7 * C :

S

where T, '8 the rotatlonal correlatlon time. At room temperature

T z3'><1o-_9, . 2x1078, 7~ 3x1071! sec.34
g = 3X10 imy b |

In. Flg 19a nve agam present our data trom F1g 18; however, the
v.concentratlon (P) dependence is now d1v1ded out I.t' the correlatlon tlmesv
/ "were concentratlon-1ndependent 1/T P would be constant. If we insert the
total correlatlon times Te and 7. (Eqgs. 33 and 34) mto the general expres-
' _smn Eq 28 w1th the other parameters taken from’ Ref. 35, we get the
- solid line in Flg 19a, which fits our data excellently.. The dashed lmes in
F1g 19a repreaent spin-exchange and dlpole dlpole contributions separately.
If we use, however, Eq. 28 together w1th Eqgs.- 32 and 33 and the |

vtemperature dependence for 'r and h from Ref 34, we obtain the dotted' o
chrve in Fig. 19b for 11 kG which—as is clearly ev1dent—does not ade—
| j vquately descrlbe the measured Tz—versus temperature data ina3 M solu- |
tlon. ’ |

rBy a’ssuming that Eq 33 -corvreetly. debsvc.ribes'the tempera.ture vd'e- .
. ‘peind.ence. of "rs* and by noti vc..ons.i_dering‘ -an abnormal. h beharior, we'are
fer'ced to adopt parameters different from the ones in Ref. 34 in the expres -
- sion | | |

| L 0 'exp(Vr/RT),v_ | " o (39)
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" where V_ is the activation energy of the rotational 'rnbtion of the Mn’
. _ ) _
complex. Using V 8 5 kcal/mole liter and 7' = 1 73 XiO ~17 se'c,' We-

- obtain for 1/T P versus temperature the lower SOlld curve at 11 kG and the
upper one at. 4.5 kG external field strength, 3,8 :

The ‘lar‘g‘e value fer the activation energ’y at 3 M' concentration as

compared w1th V = 4. 5 kcal/mole liter at low concentratwns seems to be

reasonable 1n view of the strongly mcreased v1scos1ty ofa3 M MnCl2 solu-

tion[ n (3 M) z,-'w3'.2 centipoises]. It 'w-ould b_e'of gr'eat intere'st_ to establish

some firm experimental :relatibnships here with respect to the 'dynam'ics of

this liquid. >

- We now discuss serne- questionable lassumptiens in our analyr.s'is
1) The results of Ref. 36 for ESR hne wxdth were obtamed m an external
f1e1d of 3 kG In our analysis we neglected posmble fleld dependence of the
- ESR line w1dths and assumed the same values in f1e1ds of 4.5 and 11 kG.
ThlS is Justlfled only 1f the relevant correlatlon t1me 'r'.obeys the 1neq‘ua11t>y.‘

T W (11 kG) < 1 or T< SX:lO ;1_2 sec,

'2) The results of Ref. 36 were obtained in Mn(ClO4 2 solutions, whereas

'_we used MnCl2 solutlons.

3) Although we had to change V ‘and 'r in erder‘t"o'fit the temperature '
dependence of a3 M solutlon we had to assume that T, remains relatlvely

independent of concen’tratlon at -295°K in order to obtain the fit in Flg.' 19a.

h

sumed to be concentration-independent. This assumption needs, of course,

4) In view of the quality of the fit, as shown in Fig. 19a, T has been as-

further justification In particular, a conc‘entration-dependent'activation '
energy for chem1ca1 exchange might reduce the value of V to less than 8 5

kcal/mole liter.
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' 5)v 'i'ne who,le'a.n'alys_'is waa perfor.med on tne ba.s‘.i:c.v:as‘fs‘u‘mption‘ that
‘ 1.\,111(1-1'2())62+ fv'o.lr-‘mafion continues almos‘.t'unchanged up vlvio the strongest con_'
ce‘ntration‘s.. S | | n

Thes'é‘a‘a éumptions 'em'phasi'z.e‘ ho§v vfurth.er ’use o'f muon—depolari'za—
tlon ‘stud1es mlght also contrlbute to our knowledge about structure and dy-
namics of ﬂulds In order to accompllsh th1s program rn an solutlons,
measurements of relaxatmn times have to be performed in transverse as
well as_vln 10ng1;ud1na1 flelds; as a fu‘nctlon of'varymg_ f1e1d etrengths,’ aAs a
-funcf'l_on of témp'erature m various co’ncentrations, and f_inal'ly in solution |

with different anions.

. X. QUASI-FREE MUONIUM EVOLUTION
'In view of the possibility that muonium reacts cliemically {and that
‘the muonium-electron spin may relax, a more refined treatment of muon

f

de'polarization becomes'necessary. Such a refined treatment was given by

. the Russ1a.n physicists Ivanter and Smllga39 40

starting from some older
workby Iakovleva and Nosov. 41 In the following two e_ections we will try
to give a brief description of their treatment and the results. |

We b,egi’n with the usual muoninm Hamiltonian bnt introduce, in addi-
tronv, aterm 1;‘ , rrepresventing tne electron-lattice interaotion and a term \;/' :
repres_enting a lattice-lattice interaction; both terms are time dependent.
The latter makes sure that polarization transferred from the electron‘ to 'the
muonium lattice environment is dissipated throughout the lattice.

e -A 5; Tt poe? ‘H+g uPS .H +F FW " L (36)
- _We ‘de'vfine a epin density matrix for moonium in ter'm.s of the Pauli spin

matrices o, :
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=-1—[‘1":+E_';; +1—;; + vp-oio[j] S (37)
e 2 B VI e e ij 'u "e o
i, 5= '
gnd Pe is the ¢lectron polarization vector with co'rnpon‘ents. Po1* Po2’ Po3*

-

We are int.'el"vesféd'i'n the time,evolutio'n'of 'Pp. The time derivative of p

is given by the‘ usual formula

_P—dt =-‘ jﬁ'[:‘CnP]- A ' : (38)
Genefally this will lead to eﬁuations known as the Wang-snes's‘— Bloch
» equatidns.'

‘Let us first neglect F + W ; that is, we are interested only in the

free evolution v'o‘_f the muon polarization in the muonium state. Inserting Eqs.

36 and 37 into Eq 38 and using the 'corr:}‘ihutator'i'el_ationé of the o, we ob-

tain the foliéwing system of differential equations:

~deyy, Jhy et oo o
dt T2 Pio iy T Pok Sk’ T Y Pik “k ¢5 Pkl Sijk
__'._:!'.Q = i — T K ’ ' . .
CTde T T2 Pk kT 4 Pko flik e ' | (39 .
dac - 2 Pik kT “i Pok Clik -

I !
Without 'specvifyi.ng the time-dependént terms F and W, we_"kno/w from the
very beginning that the effect of F + W must result in a da'.mpihg of the pure

-~

and mixed electron components because of the random time str!ucture of F

~and W, Introducing a common relaxation rate 2y for all puré and mixed
! B : S _ - ’
electron components, we simply have to complete the system (Egs. 39) as

" follows: |

PH is the muon .polarlzgtl.on vector with components p 10° P '20, P 30 (g,'y, zA); .
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o

e N N

P31 =7 (PjoSi1j ™ Pok Gud t 9 Pik U5k T 9 Prl “ijk Zvey

. _ __0 : K

P10~ " Z Pik S5k T 4 Pko €lik (40)
L9

. . |
o172 Pik et % Pok lik ™ Z¥ Pl

It now turns‘but that this .system splits natﬁrally into two i.rrec_lucible'
parts, one involving only the l‘ongivtudina_l components of P,u and .Pe, the

ovthér only the transverse comp.onents with respect to H, Schematic.ally

we write:

............

with p expressed as a column matrix. The matrix is then a 16 X16 matrix. _
: .We now want to‘t.reat the subsystem referring to the transverse componenté
in sqmewhé.t more detail. Th_e magﬁétic fiéld is dire_ctéd aiong Z, and the
initial polarizaiﬁ'iOn along X. Following Ref. 39 we introduce the following

complex combinations

PL=P10 Tt P20 Pe " Port tPo2:

| M ! - 1 .
PuP3g T1P3p . P Py3tiPys

p , for instance, ‘represents the muon polarization projected on the (x,y)

plane (1 H). We further introduce

, .
P“\_

o = e 1 (42)
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The subsystem ur}der consideration can then be written as

dc T A o 4
with ' : : oo ' ' o . |
0 i i |
B _-'(ﬂ + 2ix) i -1 .'
II wo 4 . 1. (44)
i - (=2 -2i lx) 0
w i
0
-i 0 A +27‘
w
L 0 .
Solutions |

" (a) We first set v = 0 (no electron relaxation); We ask for the time
dependence of the muon polarization in, e. g., the x-direction, the direction

of the positron t_elescbpe. “As a solution of Eq. 43 we ‘obtain43

P_(t) 1 (1+&’-} . t + (1 —(3)' -vt‘
x T4 Q' %Y, TQ o83t

| - o (45)
S W T “y | o
: _»_+v(1--Q—) 003914t+ (1+—5_) cosuS4t> .
L
with ' |
_ v [ ' ,
w-_-|-_- = I(:lHC'A(i‘i L) | (46)
e : o |
e : -
a - (%w02+ w+2) | | ) .(47).
m o
S = .
B ’

The 9 are Zeeman transition frequencies (see Fig. 7) withvthe"fol_lowing

selection criteria (weak field notation):
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‘.. i AF=0,Am

12 ‘ Te F - 1.v
s ¢ OFz0.omp < -
w14i': AF;i,AmF = '1 :
| g 'AF:I‘i,.AmF = -1

For H->w the components wi'th mz3 and w14 will disappear, which again

is a result of the decouplmg of the muon and electron spms in the Paschen-
Back reglon
For very small magnetlc f1e1ds, the above formula simplifies to the

' bfollowmg expr ession

, Px(t) = cos, ———%i t (1 + cos —1-:1—-2—:-3& t). . (48)
- i gt Ga
'Flgure 20 shows a plot of P (t) versus t. -Because ——-——2——-—— = w the ex-

' perlmentally observable polarlzatlon will be only

R x(exp)(t) ——-——142- “34 t = cos co12..t:‘
Thus, one can observe the precession of the muon with the tripiet Larmor
. frequency of rhuonium which is 1/2 the free electron p'recession rate. |
Either Fig. 20 or Eq. 48 can be constructed by direct physical con-
151derat10n for the very weak fxeld cond1t1on muons in the triplet state w111
' précess relat;vely slowly, wh11e muons in thé'mixed state vs;/i'llv_preé_e-s.s'
rel.atively. £aét in the (x,y) plane. The evolution in timé of the_ total pola.r-..
"..izatio_n is shown in Flg 21.. Prhjection of the tifne eVolution of thé rosette

in this f,iguré on the x-axis will result in the curve shown in Fig. 20.
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For somewhat larger fields (~ 100 gauss) one obtams an expresswn
for P (t) as follows
“z_ %23, o2 ‘*23
——— t cos8 ————

, Px(t) = cos t (1 +cos w, t)

2
- A R . (49)
q o Y2 23 ) ot “23'
= - W, =

2 e ’ 2

There appeare'e. beating facterv wfth a frequency £ whiéh_'is jusf nél_lf of t‘he
d1fference between w5 and ' mZ3 '. The-beat.frequency th_usf océurs in e. re-
gion '_wbere _the F =1, mg, = 0) _t.ex."m st:ar'ts_te be_.ffe'ld,depenfienf._ .
Figure 22 shows.the result of a meaeuremenf by ‘Gurevich et al.,- 43
‘who observed muonlum precessfon at 95 gauss in quartz. And indéed as |
can be seen, theﬂ precession pattern shows a very nice beatmg behavmr

From the beat frequency and the precessmn frequency me one can calculate

the hyperfme frequency woz
.wo = -5 - - .(50)"

(b) Now assume that v # 0.  For completeness we shall also list

- the so_lution of Eq. 43 for,'this case, with the x-axis of.observation.-

' -t/'r e oF - : o
P_(t) = % ' <{co,s Q*t + sin © ¢ } cos wt p
37 9[1 (3’r 9) ] R .
‘ (51)
2w . . v : .
+ * —5- sin 't sin o t)
wo[i —(3719) ] E

The‘re appears an exponential damping factor, with a tirne constant 7'1"

related to v :
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There is also-a beat frequency £, which turns out to be also dependent on

7'1 v
2 =01 - (3719) ] e o (53)

where w, and: 2 are defined as before, 'I‘hus; the‘v electro‘n‘ic relaxation

-

‘will lead to’a damping of muon pblariiation as wellas .to'avé}'.lift in the beat

frequency. If chemical reactions of muonium ‘were to .occur, there would
also be a damping, but no shift in the béat frequency. - Iﬁ'pfinc'iple, a shift

in the beat frequency could be used to distingui’sh' between these two possi-

. ‘b'ilitiies, although in practice the shifts are very small and are mostly be-

‘yond vexper imental determination.

Anyho\iv,’ electronic relaxation may play an important role in muon
depolarization in the muonium state. . Figure 23 shows the results of a
measurement by Myasishcheva et al. 44 They observed muonium preces-.

sion at very small fields in fused quartz. As can be seen, the precession

"pattern displays a mérked damping, dependihg on temperature. Interestingly,

the damping is faster at lower temperature than at higher temperature.
Future measurements will show whether we observe muonium chemistry in

solids or are dealing with real relaxation phenbm'ena. - 'Both aspects are .

very interesting.

-Following the treatment of Ivanter and Smilga, 39 we assume that
chemical reactions of muohiﬁm will lead to corhpounds in whicfl the muon
is in a diamggnetic position. That is, the muon spin ,isv-no loriger subject
to a hyperfine interaction and the muon will precess in a transverse mag-

netic field as though free. The above assumption does not necessarily reflect -
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‘the spectrum of the chemical reac_tioﬁ éhannels that ',lrna'y Vbe pres’eﬁt., ;é; will
be discussed' la‘tqr. 45 We are asking: What is thvve remaining polarization of
thése mﬁons which have evolved from rﬁuoniumé : |

The disappearance _of muonium by c’he‘friiﬂcka)‘. r'eavctions c>arv1v be described
by an expone(ntial'decay-llaw: 4 |

—!:/'rCh . .

[Mu] = [Mu]o‘ve (54)

with ‘7 p = -3§efage chemical lifetime and [ Mu ]'o =1, The fractions of Mu's
that react ahgi Jdi‘sa‘ppear at time t in an interval dt is then giyén by
1 - '_t/TQh

dn ZI—T—e_
Lol ch

dt.

This fraction of the quasi-free muons will start to precess. with the muon
‘Larmor frféqu*én‘cj w“ and will possess a 'polai'ization as in the muonium

state at time. t:

p (0 = p M0+ ip PO, 9
using the éorﬁplé# notation as iﬁ Eqs.’ 3’9—v43. |
| _ Tile total polar‘izatic‘on at timg to is then g.ivevn‘_by .a."supe-rposi:tion._
of al} these fractions pré.ces.sin.g with frequency wH " up to the time ’to ,pius

a term describing the polarization of the muons still in the muonium state: o

t

° iw (t-t )  -t/T . | -t/ | ,
F = ( B0, ch dt_ ‘ ' 'ch . -
Pl(to) = S PH(t) e e o + Pp(to) e e (56)
0 ' '-

, For to' going to infinity or, in practice, to values much larger 'thar_i' Tch',
we will obtain the residual polarization, that left over after muonium has

long ceased tc exist.
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Fortunately, P (t - o) can be 1dent1f1ed w1th the Laplace transform

~of the system

~

P =Ap.

It is then p’o“ssihle to ebtain an algebraic ekpressidn }or 13 (oo)' by standard
methods w1thout the need to solve the system of d1fferent1a1 equations ex-
p11c1t1y. S1m11ar1y, the res1dua1 polarxzatlon in a long1tudmal field can be
derived Table III contains the exp11c1t expressmns for the re81dua1 polar-'

~ izations. Note that Pl‘(co) is a complex expression with.

P = Re[P‘L («)], Py:Im[Pl

()] S (5T)
- The phase ¢ of the residual polarization is then obteined from

P :
tan ¢ = sz_ . | : _ : (58)

X

In the presence of a hot-reaction channel, the fcrmulas will have to
be supplemented. If h is the fraction of muons that proceeded through the

hot-atom channel, the total residual polarization may be expressed as fol-

lows:

Transverse component

Piog,L =h ¥+ (1-0P T+P ). (59

‘Liongitudinal component

Pt - BFU-RP, . (60)

As stated ea'rllier,' the fraction h of muons has conserved it_s full p’olariza-v
. .;tion;_a'nd the phase of this polarization is identical to that of the p-beam

. polarization, which is ¢h = T for the experimental set up shown in Fig. 2.
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4 v

From Eq. 57 er_}Eq. 59 we calculate a Px tot and a phase ¢ which are to be -
identified with_g‘laahd ¢ of the‘positro'n distribution ;(4)0 = ¢h‘.=ﬂ); see Eq. 9. .

Likewise "gu =P

2. tot * " Equation 59 and Eq. 60 will _bevr‘efef'red to as the

Ivéntgr and Smilga e'q‘u‘ati.o'ns."

Figin‘;ev 24 shows sc‘hemétically the. dependencie of "Px = §l and' ¢ .ovn‘
the a;réfa.ge cheinical lifetime in a small field as giVer; by the Iva-rifei' and
Smiigé equation.si,. assdming v = 0and ¢d=0. The dashed curves refer to the case
with no ho.t-‘at'c.vni_‘reactions,_ the solid 6nés to the Qfasé including these. At very
,s.hort chemical lifetifnés (< 1/ @ )vuall' muons' will evolv.e.b from muonium witﬁ ‘
eff'ecti\-r'ely the game spin phase. Consiequ.entl}‘r' the sﬁper_ﬁositidn will lead to
. no depolariig.t.ioh; and the 'pha.ée of the residual polafizatidn is given by”the
phé.se of the. initial ioolarizétioh; With increasing cH_efhica.l'lif'etiﬁ;e,’ an in-
creasingly random distribution of muon spin phasés' will be established, re-
sulting 1n a decreasing residual polériiatibn. ‘From Fig. 24 it is ev-‘id‘e'nt
that the pha_s_é_ _of the residual polarization will f‘irst.g_et slightly positiﬁzle ahd.
then negative due, to the different signs of the rn.a.gne:ti_‘c_ 'anment of the elec-
tron and the..'m;uo_ns'. |

An irreversible depolarization in a transverse field. is thus bf‘ought.;
about by the more or less pa.-rtia.l randbmization.of 'tl'.xe }‘)hase‘s" of the free

muon precession, which is caused by chemical reactions of muonium at
. : ’ ’ t -

random times. : Lbet'u’,s turn now to the question of how one can v_ebr‘ify these
m'echa‘nisms: of muon dye‘polarization by muonium formation ahd subsequent
chemical reac>tion_s.' Concerning 'chem'ical reac:tions, 1t wo_ulé be d'esi_ra.l_)'le:
to cﬁange the muonium lifetime in some systematic way. This canrbe.done
in a solution, where it is possi_ble to dissblve a sub.sta..n'cel _with thch muon-

ium can react in any ré,nge of concentrations that one likes. Let us call the

- substance X. The solute is assumed to be chemically inert. We fnajr have



-44 -
~ a reaction equation of the form

Mu + X—- MuX

The equation governing the reaction rate for such a simple reaction is

t

!

d[ Mu] S
[Mal - pmu(x) (61)
with the already introduced solution _ ‘ |
| g
IMu] =[Mu] e M,

where k is the specific reaction constant and - -

1 : |
T . = . (62)
ch Ny . ,

Thus, fhere.-‘_ié a simple rel.atio’n between the (v:he'mical lifetime and the con-

centration of some substance with which muonium can react.

Example -
- It ié well an;iwn‘:that iodine molecules dissoived, for instance, in methyl
alcohol willlr".r.afpidly capture atomic hydrogen., The same may be éxpected
for mﬁonit-xr‘n;‘. An experiinentvde-signed to measure the residual polarization
.of muons in.‘thi_s‘ solution as a function of I2 concentration Was carried out by

46, 47

 the Berkeley group.’ Figure 25 shows the results obtained in a trans-

verse field of about 100 gauss.v !

At zero iodine concentration, the.residuai polarization is about 509,

of. t1:1e initial polarization. This residual polérization is ex‘plainedvas due to
muons which pr_qcéeded through the hot channel. At med.ium_lz‘ concéptratioh,
‘'we recognize the predicted saddle point; and at high concentrations, depolar- |
.'ization_ seemé to disappear altogethe-r. We_als'o see that tiﬁe 'pha,se Behaves

in just the predic.ted manner. Figures 26 and 27 show data from the same
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solution obtained, howevevr, in fields of 1 kG and 4.5 kG. As expected for
strong fields, the saddle po’i‘nt'ha.'s disappeared and the c(x'rve is much steeper
due to a speédﬁ;p of the muonium precession. We now can fit the Ivanter and
Smilga formulas for the residual polarization and _the‘pha,se to these data, .
from which fit we obtain the absolute value for the specific reaction constant ;
in this case it tuljhed out to be

k=1.4% 0.2X 10 ! 1/sec. mole
The reaction that takes place is

-12+Mu-'- Mul+ 1.

This is a very -lé;;ge sp/écific reaction cons't.ant_; which is typical for a_'region
wl.mere"or‘lly diffusion limifs the speed of reac_fion eVen:tsi. Each collision be -
tween two realc.tiOn' partners leads _toba x.'.eacfioﬁ, | |
| The activation er;ergy for such proceSsés must c'orihsequently bé .zer?o ‘
or negative.- Absolute reaction cohs_té.hts may be measured in this way down
to about.SX.i'OS'l‘/mole”- sec. Smaller reaction consfa_i;ts may be f.ne_asui'ed'
from direct ob‘éé__rvation o.f muonium pre.cessionbdamp‘iv..nlé.

It is néw-'of intelrést to compé.re muonium reaction rates with thobse
for atomic hydrogen, p‘rbvid_ed. atomic hydrogen reaction ratesjare kpown.

From gas kinetic considera_tions, the absolute reaction constant is given by

the following e:ipression‘}s

b (63

where Z is the collision number, [X] and [ Mu] the relevant co_ncentrai:ioné,

Z e o
It is assumed that v = 0, which can safely be done if v<< 1/’rch.-
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rx-and T\ u aré the atomic rad;l,' ,and. My and my are the masses Qf thg
.atoms. For atomic hydrogen, we would have to inéei‘t“a_n Ty and an th.

In general,b the ‘mass of muonium and of hydroéen is much smaller than the
‘mass of the substance X; so we may neglect 1/m,, beside 1/'mMﬁ or '1/mH.

T}.lei‘ra'tio of kMu,/kH is then

Mu = { H ) .= 3, . o : (64)

If we adopt a more realistic approach to reaction kinetics in solutions, we:

will think in terfns_ of diffusion. ‘The specifié reaction constant is then given

by48

k== . - o (65)
with - n the viscosity,

Mu
H

E/kT : '
n. = 'J m e 3 : ’ _ ' (66)
~where E isa diffusional activation energy. Assuming the same activation
e_né_rgy for the diffusion of atomic hydrogen and muonium, we find for the
ratio kMu/kH the same value as above.

The reaction constant for the reaction

has been meas_ur'ed. 49 Adopting this value, we ob.ta_in

k
ﬁ?iﬁ = 3.2,
H exp

which is in'close agreement with the predicted value.
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b

The é_.s_smpption of equai dvivffusion activation éﬁefgy for Mu and H is
questibnable. Due to the-lighteir mass of the M1.1,>- mgogigm'will aléo h'a.ve>a
‘largfer zero Po_iﬁt vibral.tioﬁ ener’gy., which ma;} lead t_dk a‘.small,er'acf'ivation .
ehé:gjr for jumping frvom one site to the other. In addition, ‘tunyneling" may |

. bécorné possibie/‘fo;r’ mubniu_n*t also beéause of~it§ ligvhlt"e."r 'nria;svs‘. T.hevv'sarnle.'
c-ov'risiderati\o_x'jié_.va're’,k of céﬁrse; ""a‘fpplii:vabnle with respect to. chemical activation
éﬁergies.. Thus, a muonium rea..c'ti:on’may proceeé er'rjluch faster than just "by
a factor of thfee (for exa;mpleé, sée belbw). o

| So far,;we_a have assum.ejd :th'at chemical "rea’clt,i,'ori,is bf- muonium will
p'l.acv.e' the muon into a dfagmaghetic; erivir,onment.u But it rﬁa,y ab.lsvo happeh‘» '

' ghat the result "ivsva cherhical rad‘iiéal,with an unpaired eiectr'on. The muon
is then still’ _s.u_bj“ec‘t.to a hyperfine interaét’ion, although a weaker one. The
radical itself may subsequently react. Thus‘i, ‘-there will be an "ongoing'de-' g
polafization until the muon finally ends up in 's'ome_di;a;magnéti'c environment.

v Phenomenological 'fofméli’smsv treating this more complvicate”d' situatiéﬁ ha;ve '
be‘én workéd‘ou'l:- by Brewer et al. 50 2nd by W. Fischer. 51 For details see
these 'r,efe‘re;lc“e‘é . |

: We_.x&ént' ‘to nientidn or_lje ihtereétihg diffei;'énce in the app’robach'e's of
Brewer et ;,vl_._ahd Fischer. The forrnalism ouf‘ Bre‘w'er assumes .vtacitly that
the muon-electron spin correlation will not change duung the Fransi!tion from
muonium. to radical. 'I{'his may be exélained by assuming that the muonium
electron becomes the unpaired electrIOn. The formaﬁ,libsm of Fischer assﬁnies
vthat the unpﬁifg& electron spin has no correlation ‘with;the mu;)n sp‘in at th'eb
instant - the radical is formed. This may‘be explained by é,ssuming that the

' unpaiied elecfrdn is one belonging to the original molecule with whi(_:h' muon-

ium reacted. Actually, both formalisms have the power to describe both

_caskes.“ Only future measurements will show how it'really is. Anyhow,
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there is tile poss1b111fy of learnmg somethmg about the rate of certain velec-
trons in chemical reactions. It should also be mentloned that by f1tt1ng the
Brewer fo’rmulals to data points, one can crudely deterrnint_e the|hyperfine
frequency in‘th..e radicals. As the hyperfine frequency is relatea to the spin
density of the'ﬁnpaired electron at the muon site, th_i"s Will-.give important
information on tﬁe'electrbnic structufe of the radical.

So fa'x;, _We ha-\}e shown the results for iodine dissolved in methyl alco-
~ hol as,v'the'.t:.ypvi'cérlv example. .' HowéVéf, ‘there are a number of mofe com-
plicated case,s.‘vs;l.'.lich have recently 'beéh studied experiménté.lly.‘ The gen-
eral fhéchanisfh,is summarized byv-F‘ig. 28. The case of 12' in 'me‘th.yl alco-
hol is_represente.d by a combination of the left-hand path for the hot reaction
(~ 5.0%) and thé_eitreme right-hand path for the remainiﬁg therma.iized por-
tion.

‘Figuv.lv't.e 29 shows the case where Br, is dissolved in benz‘ene at 200
gauss. . Thé doj:l;ed lines are the fit obtained with the same model aé used for
iodine (Fig. 25'-),( with an obviously poor fit. . To correct this discrepancy
the inner paths 1n Fig. 28 are introduced, and the pafémeters are varied
fo-r a good fit. The solid line is the best fit obtained. - Simillavrly, HZOZ in
water was studied (Fig. 30). Results for HNO, in water are sho‘wn'i.n Fig.
31; and finally, ‘lf‘ig. 32 shows results for Fe(C1Q4)3 in water. In compar-
ing the'se rate'c.onstants with the corresponding rates for analogous radi-

cals in which the muon is replaced by a proton, the difference in '

- masses of Mu and H should affect only the "dynarnics”. of the»‘procevss'es.
Even MuO", the lightest muonié radical en_visioned, sh_ou'ld 'divffuse
fhréugh liquidé at the saﬁ1e rate as its protonic analog, HO'; the "kinetics"
' a'.revrvirtually indis-tinguishable. Comparisons of reaction rates of muonic

and protonic vg:réions of these radicals should therefore admit o'f‘straight-
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forward inte;pée'}:ation in termg of the dyné.rhics ‘of éhevav.ct’:iv_atéd c_oﬁplex.

_ | The most serious diffilcult}; with this interprétation is ﬁhe uncertainty
as vt.o which riadi(cal. is actually beihg produced. In tfle cases c:f HNQ3 ':and
Fe(ClO4)3 s'élutions,i for instance, we do not attempt to idenfify the ?ad_icai
species Tl;e t;ittedvvalue for w /% , while"im‘pr'écise, »vdoe‘s providé a hint és ‘
to llkely candldates, suggesting MuO in the case of. Fe(blO ) However,

.thls cannot be regarded as concluswe evidence, ana the products of the re-

actions -

k) o
Mu + NO; %" R (unidentified) and
"Mu + ClO:1 mxr (muonium-containing radical)

must be regarded as unknown. It would be posslble to determme the hyper—
f1ne coupling in the radlcals to hlgher precision usmg a long1tud1na.1 field
‘technique, but_ thls has not yvet been u.ndertaken, '

In some cases it is possible to deduce the identity of the radical, if -
there is bﬁly o.r‘xé specie.é of "'reagent'" and the. products of it’s r'ea.ct.i'on' with
H are well knowh. In hydrogen peroxide solutions, for instance, _tl‘deré‘
seems little'd(;u'bt that reactions

Mu + H,0, "% HO' + MuHO ‘and
2 ) |

mxr

' Mu + H,O 2 MuO” + H,0

272
- must dominate. 52 Therefore the radical species is most pi'obably MuO’,

_ .Our value for the rate constant for reaction of MuO" with H, O is k xd =

(1.4%0. 2))(109 llter/mole sec. The correspondmg rate for HO + HZOZ is

. about (3 2) X10 liter/mole sec, a factor of 50 slowe;'.' 49 This: difference
. i :
. : t . .

is almost certainly due to dynamic isotope effects, and deserves serious

theoretical consideration.
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" The addition of H to benzene to form cjrclohexadienyl is also a well-
established reaction, >3 afact which lends credence to the ass-umpt'ion that

C,H Mu’' is the radical involved in reactions

66
(kmsr . :
Mu+C6 6 —->. C6'H6Muv :'and
' | (erd.)- o
' C6H6Mu'_ +. Br2 > D (unidentified).

We are unawar“’e df' any measurement of the reaction rates for C6H7 with

9

- Br,or IL,; our measurements of k(C6H7Mu + Brz) = (3.6+1.0) X 107 liter/

2. -2’
“mole sec and - k(‘C6 6Mu + I ) = (2:l: 1) ><1O9 liter/mole sec may represent _
the enljr information ava11ab1e on these reactions. In vvie.w of the large size
of the C6-v 6Mu molecule and the sxm1lar1ty of the rates with Br2 and IZ’ he
' reaetion is probably diffusion controlled in liquids
In summary, one sees that there is much more to be learned by ex-

tendmg this type of measurement we are seelng only the begmnmg of an ex-

tens1ve program of 1nterest1ng chemmal studles

XII. MUONIUM IN SOLID INSULATORS

The 'evolution of muonium in an insulator is basically described by
‘the formalism in section X. If muonium has a sufficiently long lifetime (no
chemical.reactions)‘, direct muonium precession should .be:observable—as
has been seen in ice, quartz,44’ 51, 54 and frozen C02'44 The observed
damping, as a‘lready mentioned, is probably.»the result of relaxation ot the
muonium eleetr.on spin. If chemical reactions between rnuonium and the
. solid take plaée.rapidly, the Ivanter and‘ Smilga equations may be applhicable.
in describing the residual p'olari'z:ati-ovn. |

As conjectured in section VII, muonium in a solid will form an im-

purity state. This may lower the electronic Wavefunction density at the muon



-48-

site; conseqnently, the hyperfine interaction energy .

8w
_A=.ﬁwo=—3—gJM g Ika(O)' | '
4 i
is eXpeCted tc be lower than in free mnonium Because ln.ps(O) , 1 —3>
‘ Try

~one may speak ot an increase of the size of muonium in the crystal lattice.
Although muomum‘ 1n‘1ce, quartz, and sohd CO is well represented |
within the experxmental accuracy by the Hamiltonian of Eq. 10 with c%,
equal' te th‘e (%. of free.mu_omum, results_ obtau;ed in s"emlcon_duc‘tors ‘(see
next sec-tion)‘ do indicate a change:of size. | |
| If“w'e v1ew rrluenium in'a crysta_l e,s- a-'paramag11etic ‘impu_r.ity, by

analogy with ESI{ results on paramagnetic ‘i'm_purities_ it. is no longer‘obvious_ ‘
that the Harniltonie,n of Eq. 10 pr_.ovides s good descriptiOn of a muenium-

‘center in a crystal under all circumstances. - Instead, one is led to a

Hamiltonian which is common in ESR work on pa'rama‘gnetic impurities and - -

which is known as the effective spin Ha,miltonian:s5 :

o _ —?-jl;A.S eH. ..J R . ) .’ K |
| 1C ..Je 28, + Hy SN + By H g“ SH' o o ﬂ(67)
where -A, g;'and g are now tensors and J S are effectlve splns, not real

spins. This phe’nomenologlcal Hamiltonian thus becomes anlsotroprc. Values
ofJ, S, g, and A may be quite different from the true ones; and the rela-
. tion between the effective entities and the real ones is often quite compli'cate'd.

Anyway, by adoptlng such an effective spin Hamrltoman one is able 'tc de—

scribe qulte comphcated ESR patterns and thelr dependence on spat1a1 or1enta-

tion of the ESR probe. The next section will give an example in which _thls
‘MHamiltoni'an is also appropriate for muonium in a semiconductor.

We n_,o'w want to discuss a measurement of the longitudinal residual

N polarization in a single crystal of KCl1 by Ivanter et al. 56 Figure 33 shows |
. . | ' . v | . ' . | ‘ "

|
i
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the results _!:.n‘dependence on the magnetic field strength. The Ivanter and
Smilga formula Eq. 60 was fitted to these data, yielding
CoH.o= 2 —— —- = 1540460 G

and the product v e '1m.>8':14£.0.1'.0 Th_e‘flt'i_s' indietvecl by the solid
.lin'e' in Fig.» 33.. As can be seen, the low-field data are by> no means repro-
duced by It.he fit;.’ Appar‘ently there are different rnecha‘nivsms governing the
low-f'leld behavior..% appeare to coincy_id_e'vwi'thin' its.error bars, which
are quite large; with the vacuum value. Unfortunately, it is not pe.esible
- to obtain sepa.rate values for v and T from the fit. This would be ‘possible,
ih.oiwever., if one could somehow »flx the value fo.r (%. |

| From ESR measurments on U centers in KCl the hydrogen-anv

_ 2
valogue to muomum in a crystal one obtains a hyperfme sphttmg frequency ’
‘for the hydrogen ground state Whl.Ch is 3% smaller than the vacuum value 27
Usmg for muonium in this crystal a 3% smaller value of % , one arrives at

the followmg numbers for v and T

9 -1
sec v

<
1]

3.5X10

6.4><1.o‘1-° sec..

i}
I

The _livfetime';appear‘s_ rather short, which may _be '.réa'sgsh;b1e" as the measure-
ments were perfermed at "roo'rn' temperature. ‘However, v‘,_' which is the in-

. verse of the spin-lattice relaxatlon time of the muonium electron, appears

‘to be sur..prising,ly large. If muonium were. in a pure s—.vstate no ceupling of
the electron spin to the diamagnetic lattice should occ_.url; that is, there would -
lae no ceupling to phonons ancl, consequently, no relaxationvshould be visible.
A spin-lattice intera.cti.on.becomes possible if the spin is coupled.to some .
orbital angular- momentum (LS coupling), which in .turn is sensitive to the
~electric crystal field. The crystal field is time modulated by phonon modes.

‘Hence, the ground state of muonium in this crystal must contain some ad-

‘mixtures of excited muonium states, for instance, the 2p state. This
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admixture has to he facilitated hy the static part of‘. the -'electrlc vcrys.tal
field. An 1nd1cat1on for this mechanism in the case of KCl is the 3% smaller
hyperfme frequency of U centers.

It is-evident that a careful analysis of muon depolarlzatlon. data in-
volves a lot of crystal propertles, and one might even hope to learn some- |
thing about -c_rystal pi'operties by this procedure. )

In the original ‘w‘o"rk of 'Iva.nter and Smilga, v is a{lwvaw‘ys tacitly as-, '
sumed to be»field i.ndependént. This as sumption is by no means obvious. |
Table IV lists formulas for the i'elaxatiOn times of paramagnetic impuritles
in ionic crystals58 as defived for differAe'nt phonon p_rocesses: "1) the 'dleect'
process,‘ a one- phonon process, 2) the Raman I‘Dfoc'ess,r iuvolving two pho-
nons, and 3) the Orbach process, whxch 1nvolves an exc1ted electronlc level.
Only the Orbach process is field independent. Future muon depolarlzatlon
measurements promlse to shed some light on the phenomena. actually ocur-
ring. These processes are not, as is evident, a particular feetur_e of the_
muou, but are ol’ relevance in many'.other solid state phenomene

So far, we have only con91dered muonium in a nonmagnetlc insulator,
Some partlcularly nice effects may be expected for muomum in a ferromag- :

59

netic insulator. "The muonium electron will be coupled by a’n_ exchange-
interaction ’to'the'ferromagnetic'ally ordered spins of the sample—not so,
; : the

however, the muon. The relevant Hamiltonian would thus be of the form:

o -;: ) - ‘w e — ~ — —>. |J. - ) - ) : .

¢ = A . Se 4 <ge M Hloc + ZJiS>Se+ gpp.o Hloc SH, (68)
L . i . .

with 'Ji bei‘ng an exchange integral of the muonium. electron with'.a neighbor

electron, labeled i, whose spin is si' Thus, the electron will see an ef-

fective magnetic field which may be different by many orders of :magnitude

from the field that acts on the muon. -There will also be an interesting
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'possibility for the muonium electron relaxation in ferromagnetic insulators,
namely, the,absorption or emission of magnons, the quanta of ferromagnetic
spin waves. -The measurement of relaxation times in these substances may
lead, for instance, to a determination of magnon scattering cross sections

- . 59 - o , ST .
with muonium. 77 Further, the presence of a majority spin on a ferromag-

net leads to. an unequal p0pu1atiion of the 1S& and 3Si-states’ of muonium.

XIII. - MUONIUM IN SEMICONDUCTORS
The behav1or of muons in semiconductors Whlch form muonium can
be studied by usmg the beating technique described in Section X. Gurevich

et al. 43 obsgerved that the hyperfine splitting deviated from the vacuum value:

"Ge/"o = 0.56%+ 0.01.

Brewer et al60 have repeated these measurements in silicon and 'german—
.ikum using a "s’lightly more sensitive technique ‘The eXtraction of fre'quen;
c1es in the ‘muon polarlzation spectra is made by using a Fourier ana1y31s

" of the entire elapsed t1me distrlbution, the computer program subtracts the
background, ‘corrects for natural decay, and obtains the frequency d1str1bu—
,tion over a_wide range. For each strong cornponent one c;‘an obtain a r_ough v
mean life for)'the damping. Figure 34 s‘hows the res_ults' oilf svuch an anaiysis |
for p‘-typbe silicon at 70°K. Quartz is shown for comp'arison; the line sep— |
- aration varies with 1/ w: |
ﬁSi/Vo. _ 0.45%0.02.

This result would seem to contradict the earlier study', of Feher et a1.17

where the '"shallow donor" proposal was put forth; apparently, a large change

. in the electron wavefunction is not occurring. Wang and Kitte161‘ have shown
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that a "de'ep‘. déﬁor"' rﬁodel, in §vhich th.e ﬁuohiuﬁi is trépped within-an inter -
stitial site leading to a slight swelling of the wave functibn, must bevréspon--
sible for‘this reductién in Voo | . " |

In their study, Wang and Kittel looked at several models. Briefly,
the potiential"fuhction for vthe bound electron is cut off.-?.t- large radii due 'to _.
gcréening by the \falence.band elec'txforis of the neighboring silicon atoms.:'
By in.voking"othér. data on the prop erties of the sem.i‘cc‘)ndu_ctérs., they a»ré
able to expi‘avix;. the magnitude of the redubtiop of : vof as well as the small
rdif'fér.'ence between silicon and germanium. 'Othe_i' searches for atomi'c’i hy -
drogen'in sen;icandﬁétors have 'never'vyield_ed any résulits although' it is well
known that hydrogen diffuses fréely in Ge and Si. Their conclusion is that
we know moré about muonium in Ge and Si than about H of H2 in these crys-
tals up”oIn whichfésts most of modern solid state electioniés technology.

| In oﬁr _cc’>1d‘ p-type silicon spec‘tra, we éee. rniot only fhe two familiaf
muonium peaks.but also? two others of similér amplitude, which we have
- called "anot’nlé.llo.u's muon precession’ t"or. lack of a 'positiye identification of
their source. Figure 34 shows a comparison be’twéeh Fouriér spectra for
silicon and vfuse‘d quartz in the same f_ield, demonstratihg the absence of
anomalous precéssion ithuartz._ Whereas the mﬁoniﬁfn fiéquencié’s rise
approximately liﬁearly with field up to a few hgndréd Vgaus s, an’dbarfa inde-
pendent of the orientation of the crystal in th»e field, the anorﬂalous frequencies
have the field‘c‘le.pehdencve.sho‘wn in Fig.v 35, and a_r‘cve slightly‘a'nisotrbpic, as
indicated. Both anomalous precession and muonium precession have a 1i'fe- _
Vt'ime on the order of 300 nsec. Neith’er of these signals has been dv_etec_t‘ec.i
jn n-type Siat 77°K .or in ahy silicon sample at foér_n tempél;ature. |

"The anorpalous frequencies are much higher than the free muon pre-l

cession frequencies in weak magnetic fields. The muon must therefore be
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coupled to a vpal.l.'ticlé_or system'with a lafger magnétic moment than its own,
as in muonium, where it is éoupled to an electron by the contact interaétion.
T‘he field 'dépendénce of the data can in fact be fitted to fre.quenvcie’s vy and
v$4 of a modified Breit-Rabi form@la (see E‘ig. 7), if:'thé different cryst_él
orientations Agr'e-ti'eatle.d .as séparate cases. How_evcier,'v it is neéess’afy to
a;llow both threv hjrpefrfine co‘u;plgin"g ‘st'fehgth‘ahd'th'é g—facfor’ of the electron

to vary in Qrdér to o.btva.ivn a fit. For the case of _thé- [ 111] .crystal. axis par-
a11¢‘1 to the fieid, the best Val'u_ev for "o/"o ({;;c) is '0’.0_1_98 1'0;0002;"for [100]
parallel to ':l:hekfie'ld, the bést value is Ivo/v;) (Véc) = 0.0205+ 0.0003. In Both.
éaSeé the bé;stjv;alue for g; is 13+ 3, Clearly, the sp1n g-factor of an elec-
trbn cannot b,é much different from 2, nor can a pure cc;ntact intei‘action be
anisotropic; this modified Breit-vRabi description is meant only as‘a phenom-
éﬁological characterization of the data,

: These'iesults can be interpreted in téri’ns of a number of physica'l
.models.' Perhaps the Sirripleét-is shallow-donor muonium. Here the eleé—
tron wa'vefunct.i'on is spi‘ead bvef many lattice sites,‘ Wherea.s the entife
deep-donor -Ihu’bniufn atom fits into one interstitial site. An s-state cannot
produce the observed behavior, due to the félatively invariable spin g-factor
of Ehe eleétf.o,n. Howevér, in. the 2p state the orbitar.l g-factor.can be large

and anisotropic: the electron wavefunction for a shallow donor must be a
superposition of conduction band states, which may have small anisotropic .
L ! _ ' b g
effective massges. If the spin-orbit coupling for the electron is large, je be-
' o ! '

. comes a good.:qué.ntum number, and '3;' formally replaées Te = §e in the Breit- |
:' Rabi Hamiltbniaﬁ. A possiblg objection to this model ‘is Vthe requirement
 of a minimum lifeti}ne of ~300 nsec for the 2p excited state%I. Hindran‘cve of
the normally fast radiative E{ transition 2p — 1s can be explained by the

small overlap between electron wavefunctions in the shallow-donor 2p state
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and the deep clorior is state.

A second physical model is suggested by the. large varlety of ESR
centers whlch..,have been observed in radiation-damaged silicon. 6?. '_I'he muon.
may create a paramagnetic lattice defeet "(e.'g. , a broken bond) bat-t‘he‘end'of
its rang'e', corﬁbining with it to form a rriuori—def'ect bound state. Such a cen-
ter can also be described by a modified Breit-Rabi Hamiltonian. |
| The poseibility that the anomalous precession is due to fofmatiqr_i of -
e bound sta:tve.-‘df :-a ‘muon with an impui'ity atom is co’nsidered rémote. The

- fractional cpriceritratioh of impurity atoms in our sample is-~1'0_8 or less;
muons can i:e ei:pected to slow from ~100 eV to ther.mal‘veleciti'es within '

~ 1'03 colliéions.. 63 Thus t}ie probability of a muon passing within s:everal
lattice sites of an impurity atom at subionizing velocity is negligible. = Fur-
thermore, the time for deep‘-donorvmuonium atoms to diffuse -to impurity -
atoms with muon affinities must be longer i;han ~300 neec,' the observed re-
laxation tinie_‘for' muonium precession. |

However, in 'stopﬁing, the muon must generat-e ‘a” high density ‘of
free electrons va.nd holes, with which it may - Subseqtiently combine. If we
regard the p+ as a positive impurity ion in an(interstitia_.l positiori, obser-

vations of impurity-exciton bound states in silicon64 provide a precedent

for two models involving excitons. The first model is' the neutral muonium-

exciton molectile (p+e_le_h+), in which the tw'o. electroné are a_.s.sumed fp have
paired spins, in analogy with ground-state HZ' The p+ is thus_codpled to
the hole by a dipole-dipole interaction. Orientational effects.are predicted
by this model 12 the molecule is "piilned‘f by being Wedged into an oblong in-
terstitial site in the unit cell. 65 A second riiodel' oi this‘type is the ion-

ized muonium-exciton molecule (p+e_h+), in which all three particles are

coupled vi'a'contac't interactions. These models draw support from the fact
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that measured free exciton lifetimes in silicon at 80°K are about 400 nsec.
Non_ev;of the above physical nblo,de'lvs for anomalous muon precession
can be eliminated on the basis of exiStihg data; howe_ver, we feel Ehat s_hal—

low-=donor 2p mﬁoniium is the most probable explanafion.- In an earlier study
at Columbia;ij'__“ the "qﬁenching" of ‘-p+ depolarization iﬁ silicon by a mag-
‘netic field applied parallel to »the muon polarizat_i_o'n_was intex;preted in ‘terx.ns
éf tranéitory muonium foi'mat.ion. Their 'revsbults in p-btype silicon at < 77°K
- .éuggesféd the éXistence of two species of mﬁbnium ‘?Vith differeﬁt hyperfine'
couplings. H_owever; their pre}diction that muonium in silicon would only
fbrrda short-lived shallow-donor sfate. is contradicted bf our observation of
ldhg;lived deép:donor 1s muonium. If the anomalous preceésion is in fact
due fo shalloW—'donor va rﬁﬁopium (albeif loﬁg—ii\}ea), their conclusions will
: be at least partially vindicated. | In a.ny' event, :it' is clear that pc;sitiv'e muons
can prov'id.e‘ a gf.':eat deal of new information about the behavior of hydvroge.n—
vlik'e' impux;ities,in silicon. | :
X1V, ACOM_YPARISON WITH OTHER METHODS

| 'It:rhay be appropriate to 1ist.son_1>efof the'ad\)anté.ges,and disadva.'n_tages
in measuringk.certain parameters with the help .of the rhuon as compared with
other methods, _g.g. to U2 centers. Wlth regard to re'laxa!:ior_l_ times, Fig.

36 summarizes“ tbe situation. The figure has been taken frlom Ref.v 67 and

. has been supp.lelh.en_ted by the range of relaxation times measurable by the

‘muon and muonium, respectively. o ‘ ' L
The electronic rela.xation.times are geherally m'easgred by the metl';od
of ESR (electron spin re_sonancej. The s‘hortest relaxation I.times that can be
- measured are of 'the} ordervof 10'9 éec. At least 1012 electtron spins arvg |
needed to -obtain a sufficient signa_l—to-'noise ratio. ESR is ﬁofmally not
1 o
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applicable in zero external field. With the help of the ‘r'n.uon, electronic re-
-11

laxation times can be measured down to 10 sec. Only about'idé deCay

events need to be observed. The main disadvantlage is that the '1ongest‘re— '

laxation tirneé .that can be measured are only of the order of sé\}er'al'psec.
And, of course, irriplantatioh of muqniuih may not lead to the occupatibh of‘
a site that is Wa_.nted fo'r‘inveétig'ait'ion‘. ' | |

- The §i.:tuation is éimilar with respect to nucle;r T1 and T2 times.
NMR, the most 1c'bmmon method for measuring nucleé.r relaxation ‘tvimés, . |
vwill not reach b'_elow 10-_6 sec, Whereas the muon éan'bé ﬁséd to mea.'sure '
relaxation timee down to ~10-8 sec. In zero locé.l magnetic .fie.ld, NMR bé- _
comes inappli{calb.le; in metals, as argued before, NMR is a dvif_f.icﬁlt-to.-per-'
forrn.'technique.a._ However, vwith-vNMR one can'meaéﬁre _very' long relaxation
times—m:inu‘tés —whereas the upper'limitv in the muon tech_nique'is about 500
pseéc. With. respect to measurements of hyperfine frgquencies, .Vg-J fac(:brs,

*Zeeman splitting frequencies (Larmor frequen‘cies)_,'vetc‘;, 'ESR and NMR :

have the hugé advé.ntage of being véfy accurate. Applic_atic;n of the rﬁuon
resonance techriique is limited bevcause bf the muon's finite 'lifetifne', ~which
introduces a. i'ninimum line 'widtvh'. :

Finally, there are a number of methods for méasuring local: fields in,
for insta_hée, ijnetals and ferromagnetics: e.g.,yy-PAC.Mdssbaﬁer effect,
-oriented nuclei, ‘NMR, and others. Many of thesé aipply also to impia.nted _
ions. Besides the fact that many of these methods are f_estricted to cért_ain
substances, the main tro:uble with these methods is that Ithe electr.on coré of

the probes causes a number of disturbing effects, such as core pblarizatibn,

‘that ma.sk‘ or even change the weaker local fields to be measured. Also,

many of the nuclei used as probes have a nuclear electric quadrupole moment
which participates in all kinds of disturbing interactions, making it difficult

I
i



|
.
to obtain the desired information on internal local magnetic fields. ~But the
muon ls, 50 to speak, a bare particle carrying only a magnetlc moment Its

feedback effects on the local f1e1d properties may be small and calculable

_ This is just what one requlres from an ideal probe for explormg bulk proper-

‘ties.

XV. CONCLUDING REMARKS

We h'a,,v_'e_ mentioned some of the still-_bersist_i’ng puzoles, and how their
in\testigation may cast light on" solid state properties, on.diffusion mechanisms
ina solution, on the chemical kinetics of the hydrogenlike'muonium, and -
on.intevresting isotope effects. There are other puzzles. that may have some-
thirig to do with solid state chemistry orﬁ radical plriysics in a solid vwhich have
not bee.n mentioned: snch as, .the very short. T2 times offabout 3Q to'SO nsec
which one has measured in sulphur ©8 solid Fe (NO,),, and GA(NO,),.®7

As far as chemistry is concerned, the situation looks most pr'omising as
the Ivanter and Smilga formulas and the refined theories of Brewer and
Fischer provide a s'oo.nd basis on which to an_alyz.e.data and to extract meaning-
ful parameters’ ' In many acid o'rganic and inorganic solutions, atomic hydro-
~ gen reaction rates are known:{o " making it possiblve to. study isotone-effects.
In neutral solutions many fewer studies ha.ve been performed; and in alkaline
solutions practically nothing is known due to a competitive interference from
OH’ ions which prohibits use of conventional methods. .Her’e, muonium would
be the ideal substitute for atomic hyd)rogen; Interestingly, the temperature.-.‘
dependence of atemic hydrogen reaction rates, as well as tbe dependence on )
- the kind of soive'nt, “have practically never been explored. |
| »_ With regard to solid state physics, the application of muons has re-

sulted in a number of interesting phenomena, and the future prospects are
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most encouraging. A meaningful applicatibn, howevéf, reQuires that re-
searchers continue with some effort to learn how to ask meaningful ques-
tions that can bé answered with the help of the muon,- and that do not center

" on the muon's part of the ~pro.b1em' under investigation.
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Table 1. Muon propertieé.' -

~Spin (8)) | o 1/2
Mass (m ) . 2067 m = 105.6 MeV
o S - _ ' g.eﬁﬂb_’. [ '
Magnetic mt?ment (p“) | o | 2%;; S"L (= 3.1891’)) N
.Lifiétfime (r,) B | 2.2 psé(;,' _ A

gy = anomalous Landé factor.

Table II. Results of the Swanson experiment, 3

Target substance - Residual polarization
Metals ’(Ailv,‘ Be, Li, Mg) . No depolarization visible
Semimetals (Si, graphite) . No depvolaArizat_ion visible |
SiC, ‘B4C | . No depol_ax_’ization Qisible
P, S - : 0.05 - 0.1%.

Csl, NaCl : 0.2 - 0.47%
H,O | | . 0.5%
Organic substances o 0.2 -0.8%

(liquid, solid)
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Expressions for residual polarizations

P(oo) = "1 -

Co1 (142 7)(1+v T) o .

where w, . is the

T, is thé
vV is the electron spin relaxatmn parameter perpend1cular
L
to the field. .
'V“ is the electron spin relaxation parameter along the field.’
x = H/Ho’ the dimensionless magnetic field -
L= mg/m,
. [ -(A +B_) ] -1
P-L (oo) = - =
7 [ oA +B )]
where. y = 4v /w _
.Aozl(—+y)+2x(g 2_) - l
o 1 , | o]
BO = 1($+Y.L)-ZX(1+Z;) ’
- feo
T = o
=z
- 2w
w = K
p w

(woﬁ’)z(%+vl T) 3(1+ 2v 7%

| |

-1

_ (1+2y” 7)

hyperfine frequency

chemical lifetime




Table IV. Formulas for relaxation times of paramagnetic impurity
spins in ionic crystals due to phonon process (H = magnetic field

strength; T = temperature).

Process

Relaxation rate

Direct process:

one -phonon exchange T = A H'T

Raman Iﬁrocess: 1~ 9 2 .7 |
. . = ~ B, T +B,H'T

two-phonon exchange T 1 2

Orbach process




- muons .in a transverse magnetic field H.
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FIGURE CAPTIONS

Fig. 1. Muon &levcay spectrufn. " Top curve: unpolarized spectrum,
Bottom curve:. 'a,symmetl_'y contribution. . ) !

_ : . |
Fig. 2. Typiéavl beam setup. Top and side views of stopping target, .
counter arran.gément; and magnet coils. (Not to scale.) .

Fig.- 3. _Rotafi;)n of the asymmetric decay pattern of stopped-positive

—-

,Fig. 4. Typical experimental histogram. Carton tetrachloride 'at'iOO
gaﬁ'ss._ The dat_al are binned into 10-nsec bins for clarity} for fitting, 0.5-

nsec bins were ﬁsed.~ The mean muon lifetime TH = 2.20 sec is indicated. .

Fig. 5. (a) ‘Fast logic for muon experiments. (b) Block diagrarﬁ of logic -

~network,

Fig. 6. Muon precession in boron carbide after decay and background cor-

. rection. (Frth ‘Ref, 3.)

Fig. 7. Hyperfine structure of muonium as a function of external magnetic -

field.

Fig. 8. Time averaged muon polarization for muonium'ih a longitudinél

magnetic field X.

Fig. 9. - Quenching of the depblarization in sulfur at thré’e temperatures.

(From Ref. 12.)
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Fig. 10. Quenching of the depolarization in LiF, MgO, and red P at ro_om'

ternpera.ture. ‘,(From Ref. 1/2.)

Fig. 11. Po'Ifar.i.zation vs. externally apphed magnetlc f1e1d for various
ta}rgets:- (a).'c‘a‘rbon, (b) sulfur, (c) plastlc sc1nt111ator, (d) water.

(From Ref. 10.)

- Fig. ‘12. Expen nental values of the asymmetry pararneter a, for decay
positrons from-etopped muons: (a) versus free electron concentratmn.m n-

type silicon and free hole concentration in p—type sili.con; (b) in one sample

of n-type germaniurn (phosphorus—cioped) at room temperature and liquid nitrogen
temperature; nand (_c) in a graphite sarnple f.or which the maximum value_of‘_ .'

a. 5.0 33 is ”a's's'umed to correspond to full muon .po1arizati'ron .The ab.s'cissa's

for n-type and p type 5111con have been Jomed at the va.lue of the intrinsic

concentration for ‘room temperature (~1010 m—3). Smce the product of the

- I
numbers of free holes and electrons in thermal equilibrium with the lattice
20, o o
is- constant at a glven temperature (i.e. ~ 10 0 for silicon at room temper-'
ature), the entlre absc1ssa represents an mcreasmg free electron concentra- .

tion to the rlght (or. an increasing hole concentration to the levft). (From

Ref. 17.) S o B

.

Fig. 13. The slowing-down process.

. _ S .
Fig. 14, Evidence that protons approach the end of their range as H atoms.
The critical velocity is ac = 2.2X106m /sec. (From Ref. v18.j)
Fig. 15. NMR spectrum analyzed using a simple dipole-dipole model for
the tw‘lo water molecules.

i\
Y -
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Fig. 16. '(a).-.’«I'he..obse\.re'dbasyrnrnetry, AF(t), for the gyps:urn 'cr:ystal :
orientation ha‘ving'two NMR lines. 'The asymmetry is calculated for 0.5-
psec‘ interva_ls‘w;e'_rsus' muon lifetime The constant background is approx-
imately 2% at‘ ‘t"'z'O. The solld curve shows the theoretlcal AF(t) |
(b) . F‘or a second crystal p081t1on the fcur lmes are seen to -
interfere at about 4 p.sec;‘ and the ‘asym_rnetry reVerses' Zsi’gn between 5 and
8 psec before th’e‘rstatist‘ics’ and background Qbscure the'sig_nal. .The solid
curve for AF(t) was calculated | The cletailed agreement is marginal, sug-
gestmg that the actua.l crystal orientation was shghtly different from the

angles used. These angles were= uncertain to ~10°. (From:Ref. 29.)

Fig. 17. Concentration dependence of the transverse relaxation time in a

Fe(NC‘)3)3 s_olution for proton NMR and for p,f depolarization.

F1g l8 (a) Transverse rnuon relxatlon txmes in MnCl2 scluﬁ“ons ‘ The
'dashed 11nes represent the spin- exchange and dlpole d1pole terms. 'The
-solid lme is the combmed result. (b) Plot of ’Ts" vs. an + concentrati‘on at
295°K.’ Solid line was obtained from Ref. 36. | .
- Fig. 19. (a) Plot of 1/T2,P vs. Mn2" concentration. The solid curve is ob-
V tained by c'ombinin'g NMR and ESR results The dashed curves shov} sepQ'_ o
: .arately the contrlbutlons from spin- exchange and d1pole d1pole 1nteract10ns E
(b) Plot of 1/T Pvs. temperature Dotted curve is. the fit obtained w1thout.
modl.flcatlons. _Sohd curves result from our analysis at 4.5 and 11 kG.
Dashed curvevs represent the ’s‘pin—exchange and dipcle-tlipole contributions

- of our analysis_separately to 11 kG.
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Fig. 20. Evolution of muon polarization in free muonium in 100-G trans-
verse field. P)': '= projection of p.+ polafization along original polarization

direction.

Fig. 21. Evjt')lution of muonium in 100 gauss: Locus traced out by the tip
- of the muon poldrization vector in the plane perpendicular to the magnetic

field, -

Fi'g." 22. VI\‘/Io-dulé;téd pfécéséioﬁ. of ‘the vp*’;m.eso‘n in fused vqtjxartz._. Tlr‘1ev
.vtime apaly\ze‘rf '_cl'l-iannel width was t = 1 .0 nsec. The ér'hqétlﬁ_ curve repre- -
sents the i:he'éi':étic'al law with Best fit pa"ré.rfxetérs 's'elé'clfed_using the _r‘nini-‘
mum square ‘riletilod. The theoretical a_.hd experi.rne_:_ﬁ.t_al N(t) _..giafa are cor-
reéted for >th(y-‘:v.’decay exponerit‘ial exp_.(-‘t/T)v." ' Th'e‘. rhégnétic field l.s HJ.:95 G.

(From Ref. 54.)

Fig. 23. Mudn.i{;m preéessidn curve in crystalline vqu.artz. Horizontal :
ax’is—numbvér,' of ch'annel.(1'0.1 nsec wide); vertical axis-—counts corrected |
~ for exponentiél decay of meson. (From Ref. 44.)
Fig. 24. Proper muonium mechanism in 100-G transverse field. Dependence
of magnitdde and phase of residual polarizétibn upon chemical lifetime 7 of .
free muonium. Positive phase is defined as being in the direction of pf

precession. Dashed curves: no hot chemiétfy. ~Solid curves: l'hot fraction .-
h=0.5. !
+ Fig. 25. Results for iodine dissolved in methanol. |
Fig., 26. I

Zfin CH3OH at 1000 gauss: proper muonium mechanism.
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Fig. 27. L,in CH

;OH at 4500 gauss: proper muonium mechanism.

EERS “

F_‘vig. 28. Flow'céhartm'odel of d»epolarizat-ioh mecharism in liquids.
Fig. 29. Bronine in benzene at 200 gauss.b

Fig. 30. Hyd;rcgen peroxide in water‘ at 100 gauss. .

Fig. 31. Nitric acid in water at 100 gauss.
: Flg 32, ‘Ferric perchlorate in water at 100 'gauss_..

' F1g 33 p polarlzatlon in smgle crystals of potassmm chlorlde as a func— |

'tlon of longltudmal magnetlc f1e1d strength (From Ref. 56 )

'.Fig. 34, Frequency spectra of muons in fused quarti:'at;roorn temperature
and in p-t'y“;;e silicon at 77°K. In both cases the applied field is 100 G. The
-vertxcal axis is the square of the Fourier amphtude, in arblltrary but consis-
tent units. In the lower graph the vertical scale is expanded by a factor of
10 to the rlght of_ the dashed line. The promment peaks (from left to right)
are: the free muon precession signal at 1.36 MHz; a characteristic back—

- ground signal at. 19.2 MHz, due to rf structure in the cjrclotron beam; the two

anomalous frequencles at 43 6:!: 2 9 MHz (3111con only); and the two 1s muon-

| - ium peaks centered ‘about 139 MHz. The wider sphttmg of the two 1s muon-

""‘_mm 11nes in slhcon is due to the weaker hyperfme couphng These spectra
were produced by Fourler—analyzmg the first 750 nsec ox the experinrental

:v_ hist'ograms. For comparlson, the muon asymmetrles obtained by maximum-
| 11ke11hood f1ts to the first 5wsec of data were 3 81% + 0, 35% for quartz and

. 5.05%_3: 0.63% for p-type Si at 77° K.
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Fig. 35. Depéndence of anomalous frequenéies in silicon upon field'éf;rength |
and crystal orientation. Round‘ pbints’ and solid lines are _daté and best fit for
[141] crystal.axis along the field; triangular points an'd d,ashe)dvlines are data
and best for -[,.'100']  axis along the field. Free muon, 1s muonium, ahd cyclo-
tron background éignals are not shown. A number of peaks appea_f in the
spectra in addition to the fitted V"vproper” _anomaléus fr-eﬁuehcies; these arev
unexplained. They are indicated b}"r'sq'uare poiﬁts (f(jf prominenf peaks) andv.
horizontal ba‘ré (for weak @r ques‘tiovnafble peaks). The higher of the Hp;-b'pern
é.nomalous frequencies is missing at several fields. 1'his is bercause the.‘

spectra showed no statistically significant peaks at those positions.

Fig. 36. Approximate nuclear relaxation rates and their detection by

standard te'chniQues .
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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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