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ABSTRACT 

Results of the experimental project using ne| ive muon spin rotation at Lawrence 
Berkeley Laboratory are reported. The following ave been discussed briefly, i) The 
bound muon g factors from the viewpoints of the relativistic and nuclear polarization 
effects, ii) Strange depolarization phenomena in terms of the difference between the 
muonic-atom probe and its equivalent nuclear probe iii) Application of ji'O probe to 
studies of magnetic oxides, iv) Total muon capture rates in the actinide region. 

INTRODUCTION 

In this paper we will present results of the negative muon spin rotation project 
which has been running for the past two years at the 1M inch Cyclotron at the Law
rence Berkeley Laboratory.' The principle of the muor spin rotation OuSR) is to 
determine the muonic Larmor frequency and the relaxation time by observing p - e 
decay asymmetry from polarized muons time-differential ise. This is quite an inter-
displinary project spanning over meson physics, nuclear pf: sics and atom/solid-state 
physics. There are two kinds of muon spin rotation, namely, p+SR and /u'SR. Table I 
summarizes the characteristic features of L>oth methods. 

TABLE I 

Characteristic features of n+SR and u"SR 

/ i + u" 

Spin 1/2 
g factor 2.002 in MM 

Polarization 100% 

Asymmetry 1 + 0.33 cos0 
Lifetime 2.2 /usee 

Electron yield 100% 
Location interstitial 
Size diffusing 
Character light proton 

^Supported by Japan Society for the Promotion of Science, the National Science 
Foundation and the U.S. ERDA. 
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1/2, when bound to I = 0 nucleus 
a little smaller 

-18% 

1 + 0.06 cosfl 

2.2 pisec ~80 nsec with Z 

100% ~4% with Z 

at nucleus 
260 . 

~U~~ f m 

pseudo nucleus of (Z - 1 )e 



The positive muon is characterized as a "light proton" and its application to solid 
state studies is getting popular by now, and we have submitted some results to this con
ference. * In ju'SR we use the bound muon (namely, the ground state muonic atom) 
as a probe. There were a series of pioneer work on /TSR during the years of 1958-62 
at Columbia,' Chicago and Dunba,4 but since then its importance has almost been 
forgotten. It is rather surprising that even the bound muon g factors in heavy nuclei 
had not been measured until we started this project. In this paper we will restrict our
selves to fi'SR. 

The negative muon (lsj/2) bound to a spinless nucleus of charge Ze looks like a 
pseudo nucleus of charge (Z - l)e, if seen from outer atomic electrons, but the charge 
and magnetization distributions are different (see Fig. 1). Three questions may be 
raised, i) How different is the bound-muon g factor from the free muon g factor? 
ii) How different are the muonic atom and its equivalent nucleus? iii) Are applica
tions to solid state studies promising? 

The experimental apparatus we employed is shown in Fig. 2. The time difference 
between the stopped muon and the decay electron was measured by a digital clock 
counter (HP5360A) to a precision of 0.1 nsec and recorded by a PDP-15 computer. 
A detailed discription is given in ref. 1) and ref. 5). 

/ ° ( r ) 

V, i ^- Nucleus: + Ze 

Fig. 1. Charge distribution of the muonic atom n~Z, as compared with that of an 
equivalent nucleus of charge (Z - l)e. 

BOUND-MUON g FACTOR 

Already in 1928 Breit6 predicted that the electron in a K shell orbit must possess 
a g factor different from the free-electron value (gf r e e = -2) due to its relativistic 
motion. Breit gave a correction Sg/g - - (aZ) J /3. While this effect was not examined 
in ordinary atoms because of the lack of techniques to measure the g factors of deeply 
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(Side view) 

Fig. 2. Experimental setup for n'SR at the 184" cyclotron of Lawrence Berkeley 
Laboratory. All the counters were plastic scintillators connected to RCA 
8575 phototubes through photoguides. These counters were placed between 
two pole pieces of the 9-inch Varian magnet with its gap of 7.6 cm. The 
Al and A2 counters (3 mm thick) were fixed to the surfaces of the pole 
pieces in order to eliminate the background from the iron cores. The fast 
logic was as follows: 

"stopped n" = B-MS1(S2X + Al + A2), 

"decay e" = S2XS2E-S3-(B + M + SI + Al + A2) 

bound electrons, it is straightforward to study this effect in the ground state of muonic 
atom which consists of one muon in the l s j /2 s t a t e and a zero-spin nucleus. In the 
muonic case the finite nuclear size has to be taken into account, as calculated by Ford 
et al . ' The first observation of the Breit effect was reported by Hutchinson et a l . 3 

who determined the g factors of th<- bound muons in light elements up to Z = 16. We 
extended such measurements to heavier nuclei, where greater effects are expected, but 
it became exceedingly difficult to determine the g factors precisely because of the 
shorter lifetimes and the smaller yields of decay electrons. The results reported by 
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Yamazaki et al. s are summarized in Fig. 3, which shows presence of quite large cor
rection in the g factors of muons bound to heavy nuclei in accordance with the finite 
size calculation of Ford et al., but the precision was not good enough to discuss any 
indication of nuclear polarization. 

In principle the bound muon can polarize the nucleus from its ground state (I = 0 +) 
to magnetic dipole states (1 = 1+) through the electromagnetic interaction (muon-
nucleus hyperfine coupling), which gives rise to a small correction to the g factor. The 
essentially same effect is seen in nuclear magnetic moments in a much more pronounced 
way (so called core polarization), but this effect has never been separated from other 
possible effects. A large inherent problem is that the bare Ml operator for one nucleon 
in the nucleus is by no means the same as the one for the free nucleon because of the 
mesonic exchange current, as shown experimentally by the Tokyo group.8 Therefore, 
the bound-muon g factor will be a quite unique probe with no ambiguity in deducing 
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Fig. 3. Relativistic effect (or binding effect) on the g factor of bound muons. The 
dotted curve shows the relativistic correction for a point nucleus." The solid 
curve shows the calculated values by Ford et al.' where the finite size effect 
of the nucleus is taken into account. The difference between the solid and 
broken curves is the nuclear polarization effect calculated by Ford et al. The 
experimental data after the corrections for the Knight shift and diamagnetism 
are plotted. 
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the magnetic core polarizability of the nucleus. At this moment we can only say that 
high precision measurements will be possible in the near future and that precise deter
mination should depend on further understanding of the difference between the bound 
muon probe and the equivalent nucleus in terms of the solid-state effect. 

STRANGE DEPOLARIZATION OF NEGATIVE MUONS 

The ground-state muonic atom in comparison with the impurity nucleus of charge 
Z - 1 is expected to show a substantial hyperfine anomaly because its charge and mag
netization distributions are entirely different from those for the corresponding nucleus.' 
We can define the following anomaly factors both for the static hf frequency Aoj and 
for the dynamic relaxation time T , , 

F, s ( A w y ( A « ) n u c l e u s , F 2 S ( g 2 T 1 ) n u c l e u s A g ^ T 1 ) j [ I (1) 

The Dubna group 4 reported depolarization of fi in Mo, Pd and other paramagnetic 
metals but this is rather surprising in view of the known NMR data. We found that the 
Mo metal shows no depolarization (see Fig. 4) in contrast to the Dubna result. We 

230 
220 

~ X 2 I 0 
200 
190, 

„ 2 
& «h 
< 0 

- I r-i 
- 2 

1 9 0 

1 — i — i — i — i — i — i — i — r 

fL Mo ol 3 0 0 K 

i i I I i 

H

 l 8 ° 
x 

170 
160. 

2' 

? ' 
< 0 

- I 
-2JS 

i — i — i — i — i — i — i — i — r 
\ ryv v " v v—«~—Tivy -

fLf-'i ot 4K 

" • I I I I I I I I 

40 80 !20 160 
Frequency (MHz) 

1 J 
200 

Fig. 4. Chi-squares and precession amplitudes versus Larmor frequency which are ob
tained by fitting an experimental time distribution to 

N(t) = N 0exp(-t/r) (1 - A v->s(2irft + 0)] 

after the subtraction of the long-lived component anc background. 
Upper: it'Mo at 300 K. Lower: jrPd at 4 K. In ji'Mo a tree precession signal 
is observed, while in ji"Pd no distinct signal is seen. 
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studied the Pd case vew carrf-.'ily at various temperatures, using a very pure metal includ
ing only 5 ppm Fe. " ' Such a, study was hoped to be promising in obtaining I'I and F 2 , 
as large negative Knight shifts are observed in the corresponding nuclear case, Rh in 
Pd. " •" We expect Ti for u"Pd at 4K to be !6 usee, which is much longer than the 
u" lifetime of 0.1 psec, and the Knight shift at 4K lo be -0 16' '• ' ! under the assumption 
of no hyperfine anomaly (Fi = F2 = 1). 

We observed no significant precession signal at any temperatures (4-300 K), as 
shown in Fig. 4 This surprising fact indicates either of the following two cases. 

i) If this depolarization takes place at the ground-state muonic atom, the relaxation 
time Ti should be less than 50 nsec, corresponding to a surprisingly large hyperfine 
anomaly: F2 S 300! This would mean that the hyperfine field felt by the muonic 
atom is 20 times larger than that felt by the nucleus. 

ii) This depolarization may take place before the muon reaches the ground state, 
i.e., during the slowing down, capture stare or muonic atom cascade, where the muon 
traverses through electrons of high spin densities. This is entriely unknown region both 
in space and time. 

One of the adequate approaches to this problem is to see whether this phenomena 
is associated with the macroscopic observable;, such as atomic magnetic moments. The 
Dubna group observed recovery of the polarization in Pdo» Ho.4 metal where tin para
magnetism of Pd is completely supressed by hydrogen. 4 Similarly, we can artificially 
reduce the magnetic moment of Ni by adding the impurity like Cr. We have studied 
the concentration dependence of the residual muon polarization for paramagnetic Ni 
and NiCr alloy. No precession signal was observed in paramagnetic Ni at 700 K and 
900 K with an external field of 9.8 kG. However, we observed appreciable precession 
signal in NjCr alloy at room temperature as the Cr concentration increased toward the 
critical concentration (12%) where the magnetic moment of the alloy ultimately be
comes zero. The disappearance of the precession signal takes place for NiCr alloy of 
10% Cr concentration, which has an atomic magnetic moment of only 0.1 |Ug. 

Further experiments to pin down these questions are being planned. 

APPLICATION TO STUDIES OF MAGNETIC OXIDES 

The negative-muon spin rotation method has been applied to observe the hyperfine 
field at n~0 in paramagnetic MnO at room temperature. ' This is the first case, where 
the /a*SR method is applied to studies of magnetic oxides. The oxygen atom in this 
magnetic oxide plays an important role in the superexchange interaction which gives 
rise to antiferromagnetic ordering of M n 2 + d-electrons below T]\| = 116 K. To study 
local fields at oxygen sites in such an oxide, however, conventional NMK method is 
hardly applicable, not only because of the quite low natural abundance of ' 7 0 (0.04%) 
but also because of a large quadrupole broadening at non-cubic site, while the u'SR 
method is promising and powerful. Since (TO has a lifetime of 1.8 usee, which is much 
longer than the lifetimes (100-200 nsec) of u" trapped 'jy heavier elements, the muon 
signal from oxygen can be selectiv :ly separated. Furthermore, the u"SR method may 
reveal new phenomena, since the î"0 probe behaves as a nitrogen-like impurity but with 
rather broader magnetization distribution as compared with the nitrogen nucleus. 

The time spectrum of decay electrons from stopped muons in MnO, as shown in 
Fig. 5, involves two decay components with mean lifetimes of 232 nsec (u"Mn) and 
1.84 usee (u~0). The frequency spectrum of die latter component at 6.830 kOe exter
nal field is shown in Fig, 5(b) together with that for a carbon target, which reveals a 
paramagnetic shift of u"0 in MnO. The relaxation time T 2 has also been obtained. All 
these results are presented in Table II and compared with the ' 7 0 NMR data . ' " 

The observed shift A(u~0) is about 1/3 of AC ' 0 ) , which cannot be accounted for 
solely by the fact that the 2s electron density at p~0 is decreased by a factor of 0.6. 
The present result indicates that i) the presence of /a" at 0 increases the local covalency 

- 6 -



i ElECTtON TIME SKCTHUM 
FIIOW fL~ IN MnC 

,- '-3 o 

Z 
o 
u 

C.5 

\ 
A 

W O 

°. 
v . CONSTANT BAOCOHOUNU ' • • 

°. 05 10 1.5 2.0 2.5 10 5. 
TIME > « c ! 

90 92 94 96 
Frequency (MHil 

98 100 102 

Fig. 5. Upper-. Time spectrum of decay electrons from the muons stopped in a MnO 
target. The long-lived component comes from /u'O and the short-lived one from 
u"Mn. 
Lower: The x 2 versus the Larmor frequency for the /JLX) component in para
magnetic MnO at room temperature and at H = 6.830 kOe (upper) and for a 
carbon target under the same experimental conditions (lower), showing a para
magnetic shift of 1.16 t 0.21% after the correction for the g-factor difference 
between /TO and jrC. 

and thus enhances the local superexchange interaction, which gives rise to reduction of 
the polarization of the neighbouring M n 2 + d spins and that ii) the local exchange 
frequency is also increased so as to reduce the relaxation rate. 

Let us emphasize that the negative muon is not a passive probe but an active probe 
in the sense that it changes the local structure of solid states and detects such a change 
by itself. This is a perfectly dilute solid state system which cannot be accessible by 
conventio..al means. 



TABLE II 
Summary of the paramagnetic shift A and relaxation time '': observed at room temp
erature by different methods for paramagnetic MnO. The relaxation times have been 
obtained from extrapolation of experimental data t o zero external magnetic field. 

Probe g - F a C t ° r A T ' g ! T : ^ T : Rcf. 
</ i N ) <%) (*tsec) (lO'psec) (10'j<scc> 

0-B 

*i0 17.76 1.16 t 0.21 1.5* 0 4 4.7- 6.4- present 

170 -0.7575 3.21^0.02 74 * 26 0.42? 0.15 4.4- 1.6 14 

MUON CAPTURE RATES IN ACTINIDE NUCLEI 

As a byproduct of the pSR experiments we studied the total muon capture rates in 
the actinide nuclei.'! So far several lifetime measurements of bound muons have been 
r e p o r t e d . " " ' 0 They were carried out mostly by observing fission fragments after 
muon capture, except in 2 3 * U where the lifetime was also determined through the de
tection of electrons emitted from muons. In order to study the systcmatics of muon 
lifetimes in this actinidc region in more detail we have measured lifetimes of muons 
bound t o 1 3 1 T h , 2 3 S U , and 2 3 * P u through the detection of electrons. Another goal 
of this experiment is to look at any difference between r c (lifetime for the electron 
decay mode) and Tf (liferime for the fission mode) , since recently B l o o m 1 ' pointed 
out that there could be a difference between r . and re for -"V due to the presence 
of a fission isomer (r ~ 2 0 0 nsec) in * "V which might be fed by the radiationless 
muonic 2p- l s transition. 

The experimental results are shown in Table III and compared with measurements 
through fission. The present value (81.5 ± 3.0 nsec) of T , ( U) is shorter than that 
reported by Sens.^Q) but still a little longer than r j ( = 76.8 ± 0.8 nscc). The values of 
Tc for 1 3 2 T h , 2 3 5 U and 2 3 9 P u are scattered too much to be compared with the pre
sent r e values. 

The muon capture rate, A c , derived from muon lifetime ( A c = 1/r - 1/rfree where 
r f r e e is the lifetime of a free muon) , is expressed within the framework o f Primakoff's 
gr JSS t h e o r y 2 ' by 

AC(A,Z) = 7K! X <p> [1 -8(A - Z)/2A] (2) 

where 6 is the nuclear correlation parameter, <p> is the overlap of the muon and 
nuclear charge, and 7K2 is a constant. Reduced capture rates, A c/<p>, versus 
(A - Z)/2A are plotted in Fig. 6. The straight line corresponds to 7K2 = 83.29 
x 10"31 em's'1 and 6 = 3.11 which have been obtained by Fillippas et al . 2 3 from 
die best fits for relatively high-Z elements from Cu to Pb [(A - Z)/2A ranged from 
0.28 to 0.30). Roughly speaking, our data fall on this straight line. However, on the 
other hand, it seems that, in actinide nuclei, the reduced capture rates for the electro
nic decay mode are less dependent on (A - Z)/2A than in lighter nuclei. It is obvious 
that the above formula (2) may not hold well at around (A - Z)/2A = 1/8 ~ 0.32 at 
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TABLE III 
Lifetimes and reduced capture rates of rr Dns bound to actinide nuclei 

Element (A - Z)/2A Mode a > 
Lifetime 

(nsec) 
\ a p ' < » > b ) 

<sec~'fm a10') 
Reference 

2 3 2 T h 0.3060 74.2 ± 5.6 4.60 ± 0.37 16 

87 ± 4 3.90+ 0.18 17 

c 80.4 i 2.5 4.23 t 0.13 present result 

2 » U 0.3026 61.7 ± 3.8 5.56 i 0.34 17 
2 3 S C 0.3043 65.3 t 2.8 5.25 ± 0.22 17 

66.5* 4.2 5.15 i 0.33 16 

84 t 6 4.04± 0.29 18 

c 78 i 5 4.36 ± 0.28 present result 
238y 0.3067 75.6 ± 2.9 4.51 ± 0.17 16 

74.1 ± 2.8 4.59 t 0.17 17 

f 76.0 ± 1.0 4.48 ± 0.06 18 

e 88 ± 4 3.85 ± 0.18 20 

e 81.5 ± 3.0 4.17 ± 0.15 present result 
2 J " P u 0.3033 f 74 ± 14 4.61 ± 0.87 19 

e 77.5 ± 2.0 4.39 ± 0.12 present result 

a'Thc detection of fission fragments and decay electrons is denoted by f and e respec
tively. 

b)\zp d e f i n e d b>' A cap 3 1 / T " ! / T free-

which the theoretical capture rate given by Eq. (2) becomes zero. Therefore, as the 
value of (A - Z)/2A approaches closer to 0.32, the effective value of S should become 
smaller. Our observations suggest that AC(A,Z) may well be expressed by including an 
additional higher-order term [(A - ZV2A] 2 . 

If we ascribe the difference of capture rate, w = 1/T( • l / r e = (0.9 ± 0.5) x 10* 
sec"1 for J 3 9 U , to Bloom's mechanism, it would indicate that the radiationless excita
tion, by the 2p -» Is transition feeds the fission isomer with a branch of almost 100%, 
which, however, seems to be unrealistic. 
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Fig. 6. Primakoff piot of muon capture rates in actinide region. T*:e black circles are 
the present results. The lifetime of ix'Pb has also been determined to be 
77.5 ± 2.0 ns, and it is involved in this figure. 

CONCLUDING REMARKS 

We have described briefly what we have done and what we can learn from pSA. ex
periments. We have found that there are many interesting problems, which still remain 
unsolved. We believe that both fi+SR and n"SR will create new fields of physics in the 
coming meson factory era. 

We would like to thank Professors O. Chamberlain and K. M. Crowe for their hos
pitality and collaboration which have made it possible for the University of Tokyo 
group to work at the 184 inch Cyclotron of the Lawrence Berkeley Laboratory. We 
appreciate excellent operation of the 184 inch Cyclotron by her crew. We are grateful 
to Professors K. Sugimoto, K. Nakai and S. Kobayashi for their collaborations at the 
earlier stage. 
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