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ABSTRACT

The g factors of the negative muons bound to Zn, Cd, and Pb nu-
clei have been determined. The observed values after the corrections

for the internal fields have shown substantial deviations from the free-

| muon g factor: ‘(vgfr\eé-g)/gfree is (1.1£0.8)% for‘Z‘n (2.2#1.5)% for Cd,

and (5.0%2.2)% for Pb. These shifts are in good agreement with the
relativistic binding corrections for finite-size nuclei calculated by

Ford et al.
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In’1_928, following the Divrac'theolry éf the electron, Br_eit‘1 pre-
dicted that the eiectron in a K-shell orbit must pbs.s:'ess a g facto‘r
different ffdm the free-electron value (gfree i= - 2) due ‘to its reiativis—
ticv motion. . He gave thé followingvesti'rha(;ev.for a.p.‘oint nucleus of chal.'_gek
Ze: \ :

g -8 5 — {2 1 2 |
.free - & (1 - 1—(1" ZZ ) ~ g(aZ) = g( ) . (1)

o<

Efree
More genéral expressions were- derived by Margenéu. 2 While this
effect was not examined in ordinary atoms because of the lack of
techniques to 'n{easure the g factors of deeply bounci ele.ctr4ons, it is
straightfofward to study this effect in the gro'un"(‘i: states of mﬁonic.
atoms which cdnsist of one muon in the S4/2 state and a zero-spin nu-
cleus. The first observation of the Breit effect was done in 1961 by
Hu_tchins.on et él. 3'Who determined the g factors of the bound muons in
light elemeﬂts up to Z '= 16. Theil‘ values agreed well with the estimate
(1). At the same time Ford et al. 4 made a comprsehel.isive calculatioh
of all the prossible effects on the b_bundfmuon g fa_ci:_or. The largest is
‘the binding cor.re.c'tipn due to the Breit effect, which, however, shows: :
considerable deviaﬁon from the point nucleus ‘estifnate (1) starting
around Z = 16, because of the‘ nuclear finite size. The data in Ref. 3
favored the theoretical values of Ford et al. thoﬁgh the finite-size_cor-v
rections for those light nuclei are 'smail. Itis obx}iouély interesting to
extend such measureménts to heavier nuclei, where gi‘eater éffects are
expeéted, but it bécomes exceedingly difficult to_dete‘rmine the g factors
'p.recisel.y. beqaqse of.-the shorter lifetimes and the sﬁlaller yields of

decay electrons. We have been measuring the negative muon spin
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precessions in various heavy eyléments,_ and this is the first report on
the bound-muon ¢ factors for Zn (Z = 30), Cd (Z - 4.'8),' and Pb (Z = 82).
The pSR (muon sp‘in rotatidn) method was émplqyéd, in whicﬁ the rota-
tion of the vangular _é.symmetry of decay electronsv éssociated with f_he
Larmor pr,éce's sion of tfié .muon spiﬁ in thé i)resénce of an external
tr'ansve'rse 'fi.e-_ld is 6bservéd time—différential_ly. _The diamagne‘tic
métals o_va_'r;, Cd, and Pb were used as the targets, for which
Ignate‘riko ét a_io 5'a.lready-6bse1v“ved spin preéessvion_s' but obtained no
acéuréte préc'es'sioﬁ frequebncies,

We usefd a muon beam 1n the sd-called meson“c_':'ave at the 184-in.
synchi‘o;:yclotron at Law-renc.e Berkeley Lab‘oratory.ﬁ Nega'tive pions
were produced at the interﬁal Be target, and those of 190 MeV/'c. mo-
 mentum eni-:ered an‘v‘8-ft-klonvg iron éollim#for (so—.éa;ll_ed meson wheel)
through 1_:he>'fri'ngi'r’,1g’ field of the cyclotron magnet; Decay-in-ﬂight
muons as well as pi_o;:ls'and 'e'lec'tjronS of this momentum were then bent
by 35° through a bending rhagnet. At the .entrancé of the counter-target -
assembly the beam was ciefiried by a. 5.7-‘<‘:m—highvb'y 7.6-cm-wide lead-
copper éollvimat_o.r. The vei‘f intense electrons ac'.téd as a c;)ntarhinaﬁt |
in the beam and contributed to a serious increase of background with a
20-MHz f_requen‘cy:componept'in the p-e time spe_ct.rurh; they were fe-
moved considerably by placing a 6-mm-thick (abqut one radiation
: lenéth) lead absorber at the entrance of the meson v'\.ylrleel,. A30-cm v
.pc“)lyethylene é.bsorber was used so as to stop muons in the target. Un-
fortunately, many muons wefe pr,oduce‘d before ent'ering"thé meson .
wiléel, and they had _pdor polarization. We‘ se’lectedAthe forwérd-de? |
caying muons which had momenta just above 190 MéV/c, and thus ob-

tained muons of about 60% polarization.
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A target of 6.3 cm helght by 7. 6 cm w1dth by ~ 8 to 9 g/cm thick-
ness was placed at the center of an iron-core magnet (9-in. Varlan)
An external magnetic field was apphed perpendlcular to the beam direc-
tion (6.829 kOe for Zn and Cd and 9.382 kOe for Pb). The gap of the
maghet was 7€6 cm, and the field inhomogeneity over the target area
was less thaﬁ 0 1% . The decay electrons in the forward d1rect10n were
detected in order to observe spin precession,

The counter system is shown in Fig. 1. Th.ecox'mte'r teleécope and
electronics logic were essentially‘ the same as'those used for the p.+ ex-

periment at LBL by Crowe et al. 6 The fast logic was a's'_ follows:

" stopped W' = B-M.S1- {SZX+A1+A2),
' (2)

S2X-S2-E-S3- (BIMISITAITAZ) .

- "decay e!

‘The time interval between a stopped muon and decay electron was mea-

sured by means of a digital' counter '(Hewlett-Pac‘kar.d Model 5360A) to

a precision of 0.1 nsec and this counter was connected to a PDP-iS _

computer. The timing'a;nong the plastic .counters._ was adjusted so as to

measure a t_:irhe spectrurh ae early as 10 nsec after the muon stopped.

The overall time resolution of the system was 0.5 _n'secov The stopped- v
, . v 3 N .

muon rate in the target was 6 X10” sec ~, and the net event rate of de-

cay electrons from the target was about 20 sec™ . The ”decayve”

- logic events, however, 1nvolved add1t10na11y those wh1ch had no time

relation w1th the stopped-muon event and thus y1elded substantial
accidental coincidences.
The time spectrum of decay electrons was taken from t = 0.02 to

= 5.5 usec. The observed spectrum showed a fast decay component

(due to Zn, Cd, and P‘b), a long-lived component (supposedly due to C
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and O from the surrounding counters), and a constant background. In
the presence of the field the Larmor precession gives the following time
spectrum:

N(t) = Noex.i)(-t/To)[i -vAocos(w0t+¢0)]

+ Nilexp(.-t/'ri)[i - Ai'cos(wit+o1)] +C, - (2)

where "0" and "1'" refer to the fast and slow componehts, respectively.

The observed lifetimes T, are iS9.8:I:1.5_, 92.1+0.8, and 78.0+1.0 nsec

0
for Zn, Cd, and Pb, re'spectiveal;r';"'.l'1 was about 1'.6_“p.sec forvaAll fhe
cases, and Ni/NO was nearly 0.1.

It was not easy to dete.rmine wb aCcurately,-_, s,inoe the background
compohent involved a frequency wy iwhich. was cl'osev‘t.o ibo, and the am-
plitude AO was not lé.rge. Our p.r'oce.dur.e was aé_'foll_ows. First, we
analyzed.data for graphite 'targets, which were t‘a.ke'n beforvgvand éfter
each run in order to make sure the system was all rlght . These data
y1e1ded an amplitude of 0.042 and. phases of 0.0£0. 3 radlan at

H, = 9.382 kOe and -0.45+0.2 radian at H =.6. 829 kOe, wh1ch are con-
sistent with our counter configurati’on Second, we chose d)o and ¢1 to
be equal to the phase for the graphite runs. The slow component
sho_wed damping of Ai betweent = 0.5 and 5.5 p.se-c’.,‘ and so we took Ay
at t ~ Ty to be 0.03£0.01. The r»esults‘- of tho X-Z fi__tting- of the data arAe‘ .
presented‘in Table I. The 'ésy_mme'ory A0 over thei time range.-of the |
~ lifetime wo‘s about 2 - 2.5.% for Zn and Pb and 3 - 4%' for Cd. These

‘vall_‘lés are smaller than the previously known "valu‘es. > |

Possible corrections on the effective field at the bound muon are

for the Knight shift and the.diamagnetic. shieldihg.- The muonic atom

1%
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with a nﬁc_l_'ea'r cha;rge Ze behaves like an‘im_ptirity nucleus of*at'vornic
number Z' = Z-1 (étrictly speaking, this may not be true, since the
rr;uonic. atom has a sub_stantially extended spaltiall divstribution, but for
the present _purpése it should be all ;'ight)f “The Knigh't' shift for the

impurity T1 atom in the metallic Pb is"experimentally known, 7 but for

the other cases we estimated from the known ‘Knbight shifts for Ag in Ag

and Cu in Cu. These values are presented in column 4 of Table I. As
to the diamagnetic.cofre_ctions, we adopted the théore'tical values. of
Feiock and Johnson, 8 as listed in column 5. The ‘experimentallg factors
(i)ercentage deviation from the free-muon value) thtié corrected are en-
tered in cblumn 6. .V

These final values are'compa;red with the thé‘oretical values of
Ford et a.1..v“1 in Fig. 2. The dotted curve is the o_i‘iginai Breit correction
for the point nucleus, the éolid curve is the relétivisti?: corréction for _the
fin.ite—'size' hucleus, and the broken curve includes the upper limit to the |
mag‘netvic p'olu_arizati.on effect estimated‘by Ford e_t.- ai'. » which is one order
of magnifude smaller than the relati§i§tic éorrection. The present ex-
perimental vaiues are in gq.od agreement with the _-the'ofetical values of

F_ord et al. , and thus demonstrated for the fir st time the presence of

the relativistic effect in the high-Z region, where the »finite-'si.ze effect

"of the nucleus is appreciable. The bound-muon g factors, if determined

more accurately, would provide information on the nuclear magnetic

polarizability as well as on solid statés,' but the "pll'e.sent data are not .

- good enough to discuss such small effects..

The authors express their many thanks to Owen Chan‘lberlain for his
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Table I. Summary of the present experiment.

£ - fa _ o Corr_ections ' -
Observed - g fo— ’ ‘ Diamagnetic gfre '
__ frequency,f oo _ ‘ nght sh1ft - shielding .
Target (MHz) (%) . | (%) o () (%)
zZn 91.6£0.7 1.04£0.65 = 0.3520.10% -0.26 1142076
cd 90.74#1.3  2.01x1.41  0.77#0.10% -0.56 2.21%1.50
Pb 121.2+2.8 4.68:&2;20 © 1.93%0.01°¢ 1,63 ' ’4.96&2.20

The frequency f0 is the free-muon frequency expected at the ‘external field used in the present _
experlment f (for Zn and Cd) =.92.56+0.06 MHz and f (for Pb) = 127. 14:'.-0 10 MHz.
b - . . . .

Ref. 8. .

“The g factors corrected for the Knight shifts and dlamagnetlc sh1e1d1ngs are used.

dThe Knight shift of 1mpur1ty B in material A was calculated from the Knight shlft of B in B using

the equation of B \2 _
KBina) X&) _[kp '} Ny
: K(B 1nB) x (B) ‘kA‘»' N
\"F /.

s
(see Ref. 7), where N and kF are the numb'er of valencies and Fermi momentum, reépe.ctively.

- The free-electron model was assumed for the last equation. The Knight shifts of Cu in Cu (0.23%)
and Ag in Ag (0.52%) have been known already [ L. E. Drain, Met. Rev. 12, 195 (1967); D. J.
Kahan, private communication], and thus the Knight shifts of Cu in Zn. and . Ag in Cd could be esti-
mated. A possible error in the estimation of the above equation was added. - '

Th1s value is the experimental value of dilute Tl atoms in a Pb metal, taken from Ref 7.
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‘ Figure Captions
Fig. 1 Counter system in the preséﬁf experim.eﬁi:. All the counters
were plastic scintillators connected to RCA"8>5‘75 phototubes through
- photoguides. These céunters wei’e plac_ed between ’clgavo‘ pole pieces
of the 9-in. Varian magnet with its gap of 7.6_§m. '.The_Ai' and.-AZ
counteré (thickneé's is 3 mm) were fixed to the surfaces of the pole
pieces in ordei' to eliminate the background from the iron cores.
The -height of the countefs—except B, A1, and A2—-was 6.3 cm.
The size of the B coﬁnter was 10X10 cm. A
Fig. 2. Relativist;ic effect (or binding effect) oﬁ thle g factor of bound
muons. The dotted curve shows the relativistic correction for a
point nucleus (Ref. 1). The solid curve shéws fhe calculated values
by Ford et al. (Ref. 4) where the finite-size effect of.';'%he"fntﬁcle'us is
lt_aken into .account.‘ The difference between'vth_e .sol‘id.v:.;nd broken
curves is the nuclear polarization effect cal.c'ula.ted by Ford et al.
‘The experimental data after the correction for the Knight shift and

the diamagnetic shielding are plotted.
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