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Zero- and low-field spin relaxation studied by positive muons

R. S. Hayano, Y. J. Uemura, J. Imazato, N. Nishida, T. Yamazaki, and R. Kubo
Depari'ment of Physics, University of Tokyo, Bunkyo-ku, Tokyo, Japan

and TRIUMF, Vancouver, Canada
(Received 27 February 1979)

Zero- and low-field spin-relaxation functions have been studied for the first time by using po-
sitive muons, and results are compared with the stochastic theory of low-field relaxation formu-
lated by Kubo and Toyabe. The dipolar broadening of the zero-field relaxation has been studied
in detail. In ZrH2, the zero-field relaxation function of p, + has been found to decay (5)' times
faster than the high-field relaxation function, which is explained in terms of the contribution of
the nonsecular part of the dipolar interaction. Advantages of the zero-field method over the
conventional muon-spin rotation method in practical applications, especially for studies of the
p, + diffusion/trapping, are discussed,

I. INTRODUCTION

In this paper, we report on the study of zero- and
low-field spin-relaxation functions using positive
muon (p+). Theoretically, the zero- and low-field re-
laxation functions, where random fields exceed an
external field, were formulated in a general stochastic
treatment of Kubo and Toyabe. ' Experimentally,
however, no work has been done on this subject sim-
ply because NMR techniques are not applicable to
very low resonance frequencies. On the other hand,
using p, +, we can easily observe relaxation functions
at any external field; p, + is a radiative probe which
emits a positron preferentially along its spin direction,
so that the relaxation function can be observed from
the time variation of the p, —e decay asymmetry
without rf field, though the time window is limited by
its lifetime r„=2.20 psec. Furthermore, it is a pure
magnetic probe (since its spin is —,) with a large
gyromagnetic ratio y„=2m & 13.554 x 10' /Qe/sec.
Usually, the relaxation of the p,+ spin is studied via

the muon spin-rotation method by applying a
transverse magnetic field to measure the positron
time spectrum

%„(8,r) =Xoexp(—t/r„)
x [I +AG„(t) cos(8 —cu~t)]

where G„(r), the envelope of the damping of the
Larmor precession, represents the transverse relaxa-
tion function. Another way of measurement is called
the "longitudinal-field" method where we simply
apply a longitudinal external field (including zero
field) to the p,

+ spin and observe the longitudinal re-
laxation function G, (r) in the expression

N, (8, t) =Woexp( r/r~)—
x [I +AG, (t) cos8]

We employ this method at TRIUMF, since, as will be
shown later, this method is superior to the
transverse-field method in many respects.
After a brief description of the experimental pro-

cedure in Sec. II, we will discuss the following topics.
In Sec. III, the first observation of the zero- and
low-field relaxation function in MnSi is reported.
The observed function was found to be a typical ex-
ample of the static limit of the Kubo-Toyabe relaxa-
tion function, indicating that the relaxation is caused
by static nuclear dipolar fields. In Sec. IV, the effect
of muon diffusion is taken into account and general
expressions for G, (r) and G„(r) are derived. It is
shown that even an extremely slow muon diffusion
can be detected by using the zero-field relaxation
function whereas the conventional high-field
transverse relaxation function is insensitive to such
an effect. In Sec. V, the static dipolar width of the
zero-field relaxation is compared with that of the
high-field transverse relaxation. Both an intuitive
classical picture and a rigorous quantum mechanical
derivation will be presented to obtain the relationship
between the two. It is found that the zero-field re-
laxation function can decay (5)'~' times faster than
the high-field relaxation function due to the contribu-
tion of the nonsecular part of the dipolar interaction,
which is experimentally demonstrated by observing
both G„(r) at high field and G, (t) at zero field in a
ZrH2 sample. We will discuss the dipolar width in
the case of rapid p, + diffusion in Sec. VI, and sum-
mary will be given in Sec. VII.

II. EXPERIMENTAL METHOD

In Fig. 1, a schematic drawing of the longitudinal-
field setup is presented. Polarized muon beam is
slowed down in a polyethylene degrader, collimated
to typically 1.9 cm in diameter and stopped in the
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observed at a c.m. energy of 3.2 GeV. Subse-
quently, we repeated the measurement at 3.2
GeV and also made measurements at 3.1 and 3.3
QeV. The 3.2-GeV results reproduced, the 3.3-
QeV measurement showed no enhancement, but
the 3.1-GeV measurements were internally in-
consistent —six out of eight runs giving a low
cross section and two runs giving a factor of 3 to
5 higher cross section. This pattern could have
been caused by a very narrow resonance at an
energy slightly larger than the nominal 3.1-QeV
setting of the storage ring, the inconsistent 3.1-
QeV cross sections then being caused by setting
errors in the ring energy. The 3.2-GeV enhance-
ment would arise from radiative corrections
which give a high-energy tail to the structure.
Vfe have now repeated the measurements using

much finer energy steps and using a nuclear mag-
netic resonance magnetometer to monitor the
ring energy. The magnetometer, coupled with
measurements of the circulating beam position
in the storage ring made at sixteen points around
the orbit, allowed the relative energy to be deter-
mined to 1 part in 104. The determination of the
absolute energy setting of the ring requires the
knowledge of fBdl around the orbit and is accur-
ate to +0.1@.
The data are shown in Fig. 1. All cross sec-

tions are normalized to Bhabha scattering at 20
mrad. The cross section for the production of
hadrons is shown in Fig. 1(a). Hadronic events
are required to have in the final state either ~ 3
detected charged particles or 2 charged particles
noncoplanar by & 20'. ' The observed cross sec-
tion rises sharply from a level of about 25 nb to
a value of 2300 + 200 nb at the peak' and then ex-
hibits the long high-energy tail characteristic of
radiative corrections in e'e reactions. The de-
tection efficiency for hadronic events is 45% over
the region shown. The error quoted above in-
cludes both the statistical error and a 7%%uq contri-
bution from uncertainty in the detection efficiency.
Our mass resolution is determined by the en-

ergy spread in the colliding beams which arises
from quantum fluctuations in the synchrotron
radiation emitted by the beams. The expected
Gaussian c.m. energy distribution (@=0.56 MeV),
folded with the radiative processes, ' is shown as
the dashed curve in Fig. 1(a). The width of the
resonance must be smaller than this spread; thus
an upper limit to the full width at half-maximum
is 1.3 MeV.
Figure 1(b) shows the cross section for e'e

final states. Outside the peak this cross section
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is equal to the Bhabha cross section integrated
over the acceptance of the apparatus. '
Figure 1(c) shows the cross section for the

production of collinear pairs of particles, ex-
cluding electrons. At present, our muon identi-

FIG. 1. Cross section versus energy for (a) multi-
hadron final states, (b) e g final states, and (c) p+p,
~+7t, and K"K final states. The curve in (a) is the ex-
pected shape of a g-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.
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Prof. T. Yamazaki and Dr. K. Nagamine, University of Tokyo, 
as well as two graduate students (R. Hayano and N. Nishida) 
are spending the 74/75 academic year at TRIUMF. They have 
contributed generously to the budding µSR programme here.

…

In addition, the Tokyo group has made a major financial 
contribution through the Toray Foundation, and TRIUMF is 
indeed grateful for their support. 

Annual report 1974



… 
The core of the µSR data 
acquisition system DAS is a 
PDP-11/40 based GT44 
(Graphics) computer 
system, with 64k of memory, 
two large discs (1.2M words 
each), magnetic tape and a 
17 in. CRT,

…

Annual report 1974

Jess Brewer





It is now installed in the MSR beam shack. Other than 
the computer itself, the major components of the DAS 
are a CAMAC crate and type-A controller, an EG&G 
time-digital converter (TDC 100) and an MBD-11, 
which is a microprogrammable branch driver made by 
Bi-Ra of Albuquerque.

Annual report 1974
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Annual report 1975

,!��5:3??7=

Hie +hfGP bd]P gebengai+ •)BRX venh s]Pe naaed'b d]GPb eh]''eu n' >>® 
mgGh 'ie <H; dgGufa']GP 'ngle'7 nPu anP dgGp]ue vG'i +aGPpeP']GPns+ nPu 
+Mg]KGPn+ hfGPb0 FGg ue'n]sb bee 'ie <#=% nPPfns gedGg' nPu HR
yTF 
gedGg' HR
3=>°; •N(deg]heP'ns Fna]s]']eb n' HR
yTFX0

Hie m]Pns nbbehvs) Gm 'ie venh s]Pe •]Pasfu]Pl dGJeg bfdds) iGGD3fdb mGg 
Gdegn']GP nb n aGPpeP']GPns hfGP s]PeX nPu ]Pb'nssn']GP Gm ]Pu]fh bensb 
]P 'ie gnu]n']GP3ingu msnPleb nu4naeP' 'G <H;7 Jnb aGhdse'eu v) IfPe <0
M venh uepesGdheP' dgGlgnh Jnb velfP biGg's) 'iegenm'eg7 mGg n gnPle Gm 
d]GP hGheP'n mgGh T : :  Tecwa 'G T = _  Tecwa0 Hiege nge dgebeP's) PG b] ]'b 
]P 'ie venh s]Pe7 nPu 'ie d]GP hGheP'fh v]'e7 henbfgeu v) n gnPle afgpe7 
Jnb mGfPu 'G ve nvGf' / ( FgGh ']he3Gm3m<]li' bdea'gn7 'ie ]g»3'G3e» 
gn']G Jnb mGfPu 'G ve T:ws J]'i n <H; 'ngle' Gm <_3ah Ee vf' GPs) T w <  
J]'i <3ah Sf6 hGgeGpeg7 'ie 'G'ns P» )]esu mgGh n Sf 'ngle' ]b GPs)
nvGf' <w> 'in' mgGh 'ie Ee 'ngle'0

:degn']Pl ]P n aGPpeP']GPns hGue7 'ie ainPPes Jnb 'fPeu mGg mGgJngu )» 
nPu 'ie m]gb' )»BR bdea'gfh Jnb Gv'n]Peu mgGh n angvGP 'ngle' ]P h]u3 
Ifs)6 'i]b Jnb geden'eu ]P Mflfb' nPu ]b biGJP ]P F]l0 ;~3 Hie ainPPes 
]b PGJ andnvse Gm dgGufa]Pl T _ z ) » b'GdbwPMwbea ]P n 'i]aD ;>3ah; 'ngle'0 
UgebeP's)7 'iege ]b n sngle +asGfu hfGP+ msf( aGh]Pl u]gea's) mgGh 'ie 
<H; 'ngle'7 nPu 'i]b gebfs'b ]P n sGJ henbfgeu dGsng]Kn']GP Gm 'ie 
b'Gddeu )»— nvGf' >_Q9


P 'ie peg) Peng mf'fge7 ]' ]b dsnPPeu 'G 'fPe 'ie ainPPes mGg Peln']pe 
hfGPb nPu henbfge 'ie msf( nPu dGsng]Kn']GP bG 'in' )’BR e(deg]heP'b anP 
vel]P0 
' ]b iGdeu nsbG 'G ]hdgGpe 'ie dGsng]Kn']GP Gm 'ie hfGP venh v) 
n hGge angemfs 'fP]Pl nPu gnPle besea']GP mGg i]li hGheP'fh hfGPb0 Hie 
dGJeg bfdds]eb mGg Gdegn']GP Gm 'ie )BR ainPPes ]P 'ie Mg]KGPn hGue 
•T:3Tecwa b'Gdd]Pl )»X nge PGJ ]Pb'nsseu7 nPu 'fP]Pl 'ie ainPPes ]P 'i]b 
hGue biGfsu vel]P engs) ]P <#=|0 Hie v]l nupnP'nle mGg )»BR b'fu]eb Gm
'iebe peg) sGJ hGheP'fh hfGPb7 Ji]ai aGhe u]gea's) mgGh ]g» uean) ]P 'ie
bD]P Gm 'ie dgGufa' ]GP 'ngle'7 ]b 'in' 'ie) nge hGPGaigGhn']a nPu peg) 
Pengs) <__Q dGsng]Keu0 Tfai Gm 'ie )»BR nPu nbbGa]n'eu hfGP]fh aieh]b'g) 
b'fu]eb n' HR
yTF J]ss ve naaGhds]bieu J]'i Mg]KGPn hfGPb0

ojM2 ^=2 hj4I q5ITP'O4 qF­Jj.M 5­qjPjDI 
4O­. 5'ITIqqj­. j. Tw',­. j. P'w.qDI'qI 
w557jIR UjI7R ­U G+* p2 lwPw U'­4 w 'O. ­U 
8G F JjPF G//0.A 5'­P­. ,Iw4 ­. G/0T4 fI 
Pw'MIP2 ojPPIR wqE44IP'E > G+2® ; /2"\2

7M

  az z a





 9








9







9







9






 9







9









,***� $

u7 9M

 
; 0+
: 0 0 0 ##
w � AGGG� '

M

  
 °  TTT 



 assss assss assss a







9







9







9








 T
  
 TM  9T
 9TM 7 T
  7TM 5 T
  5 TM  I T


G(ixC 1EJxW□LM
 n JxW16(nR

XL

µ+ in C

A Varian magnet from the University 
of Tokyo, with associated counters, 
provides a very uniform field up to 
10 kG; it was used to obtain the 
carbon µ+SR spectrum →

…

A large collection of experimental 
apparatus has been prepared for 
µSR research, and waits only for a 
consistent and substantial beam to 
begin producing results. 



µ+SR in solid

- µ+ probes B-fields at interstitial sites 
 

µ-SR

- µ-Z atom probes B-fields at lattice sites (as in NMR)

- µ-SR works even if there are no isotopes suitable for NMR

1976：My priority → µ-SR (nobody else was working on it)

Zµ-

Z

Z

Z

Z

Z

Z

Z Z Z

µ+



µ-SR difficulties -  

- µ- spin depolarizes during capture/cascade


- µ- “lifetime” short due to nuclear capture


↓


µ-SR needs much MORE beam intensity
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µ±SR



µ-SR (Experiment 71)  

- … µ-SR is only practical at beam intensities of >10 µA. 


- In 1977 the number of available shifts at 10 µA was 
limited by shutdowns … and the requirements of the 
µ→eγ experiment.  
Thus µ-SR has again been postponed in favour of µ+SR, 
which can be applied more efficiently at low rates.

Annual report 1977
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A NEW UPPER LIMIT FOR THE DECAY/ l  + -+ e + 7  * 

H.P. POVEL, W. DEY, H.K. WALTER, H.-J. PFEIFFER,  
U. SENNHAUSER, J. EGGER, H.]. GERBER, M. SALZMANN 

Institut ftt'r Hochenergiephysik, ETtt-Zffrich, Switzerland 

A. van der SCHAAF, W. EICHENBERGER, R. ENGFER, E. HERMES, F. SCHLEPOTZ, U. WEIDMANN 
Physik-Institut, Universita't Zfirich, Switzerland 

and 

C. PETITJEAN and W. HESSELINK 
SIN, CH.5234 Villigen, Switzerland 

Received 21 October 1977 

A search for the decay ~+ + e % performed at SIN, yields a new upper limit Rtz~ey < 1.1 × 10 -9 (90% confi- 
dence). Electrons and photons from the decay of 7.5 × 1011 stopped/~+ were measured with two NaI(T1) detectors 
at 180 ° (1.2% efficiency for g+ -+ e+7). Their distribution in the region E e, E. r > 26 MeV shows agreement with the 
theory for ~+ ~ e+u~3 ,. 

The present experimental  limit for the branching ra- 
tio Ru_.+e v = P(/.t -+ eT)/P(;l ~ euP) <~ 2.2 X 10 - 8  [1] 
is one of  the strongest constraints on muon number 
nonconservation. The interest in a possible violation 
has increased after it was realized that muon number 
nonconservation can be incorporated in gauge theories 
in a natural way [2] .  A new ~+ -+ e+y experiment was 
motivated by the high intensity and 100% duty cycle 
muon beam available at SIN. 

A / l  + beam of  90 MeV/c momentum,  with n +, e + 
contaminations below 1%, a flux of  ( 2 - 3 )  X 106/~+/s 
entering the moderator  and a stop rate between 4 and 
6 X 105/l+/s was used. The experimental  setup shown 
in fig. 1 is based on the collinearity and fixed energy 
of  the electron and photon from the bt + --* e+T decay. 

The beam is moderated in Cerenkov counter M. The 
target T consists of  two scintillator disks ((t) 40 mm, 
thickness 5 mm) each coupled to a photomult ipl ier  by 
an air light guide. The electron detector  consists of  a 
NaI(T1) crystal ((I) 277 mm, length 330 ram), a trigger 
counter $7, a counter $8 and two multiwire propor- 

*Work supported in part by the Swiss National Science Foun- 
dation, by the Schweizerisches Institut fiir Nuklearforschung 
and the Netherlands Organization for the Advancement of 
Pure Research (Z.W.O.). 

tional chambers WC1 and w e 2  (64 wires per plane, 
2 mm wire spacing); $8 is used for pile-up rejection of  
two electron signals within the 400 ns integration time 
of the Nal signal. 

The front of  the electron collimator is covered by 
scintillation counter $6 with a hole of  Q 80 mm; $6 
suppresses neutral background produced by electrons 
in the collimator.  The photon  energy is measured in a 
second NaI(T1) crystal (@ 277 mm, length 330 mm) 
with a 0.2 mm A1 entrance window. The y-crystal is 
preceded by five anti-counters S 1 - $ 5 .  Their veto signal 
is accepted only if  at least two of  them are in coinci- 
dence to avoid triggering on spurious signals and signals 
caused by  low-energy backward radiation from the 
crystal. Electrons misidentified as photons by an inef- 
ficiency of  the counters are restricted to the energy re- 
gion below 43 MeV due to their energy loss of  about 
10 MeV in S 1 - $ 5 .  About  26% of  the 53 MeV photons 
convert in the NaI(T1) disk C (~) 120 mm, thickness 
20 mm) and give a signal in both planes o f  the hodo- 
scope H consisting of  2 X 10 strips of  plastic scintillator 
(width 14 mm, thickness 3 mm). 

Cosmic-ray background is reduced to a negligible 
level by the anti-counters $ 9 - S 1 8  and by 1.5 m heavy 
concrete above the apparatus. Cadmium plates and 
borated paraffine blocks are used for shielding against 
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New Limit on the Decay p+ ~ e+y
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G. I. Opat&'&
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(Received 16 August 1977)

Using two large NaI detectors, a limit on the branching ratio for the p,+-e+y decay has
been found to be R& &

——Hp+—e+y)/I'(p+ —e+v v&) & 3.6x 10 at a 90% confidence level.

Evidence for the conservation of muon number
rests primarily on the absence of the processes
p. -e'y, ' p, '-e'e'e, and p. +N-e +N. ' The
present limits (90% confidence level) on these re-
actions are

I'(p, '- e'y)
I' p, e vv&

total number of pions stopped during the experi-
ment was N, = 3.61 x10".
Two NaI(Tl) crystals (TINA, 45.7 cm diam

x50.8 cm and MINA, 35.5 cm diamx35. 5 cm)

I'(p'-e'e'e )
l'(p 8 v

&(g +N-e +N)
Ru s 8 sl ( N-N) 1.6 10

(2)

(3)

)OOMeV ~+
C

Recent developments in gauge theories allow fi-
nite values for these ratios, usually by postulat-
ing the existence of new intermediate leptons. 4
If muon-number nonconservation does occur, the
relative values of the ratios (1), (2), and (3) will
help distinguish among models.
%e report here the results of a new search for

the p, '-e'y decay carried out at TRIUMF using
two large NaI(Tl) crystals. The experiment was
performed on the stopped v/p. channel (M9) with
a 1 00- eMV/c beam composed of 61% v+, 29% g',
and 10% e'. The setup is shown in Fig. 1. Pions
were stopped in a j.5~15x0.6 cm' scintillation-
counter target (counter 3) oriented at 20' to the
incident beam. The stopping rate was 2 x10'/sec;
the decay m'- p. 'v„was the source of muons. The
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FIG. 1. Diagram of the setup used in the present ex-
periment. The scintillation counters Nos. 1—10 (thick-
ness not to scale) were used to identify charged parti-
cles.
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1977 TRIUMF µ→eγ 1977 SIN (PSI)  µ→eγ

Aug 1977 
Rµeγ<3.6 x 10-9

Oct 1977 
Rµeγ<1.1 x 10-9



1978 - my thesis was due in < 1 year

A new setup 

- In Tokyo, I found an old pair of air-core coils 
previously used for beta spectrometer


- Instead of transverse B-field, why not longitudinal?

- µ± depolarization may be suppressed by applying a 

longitudinal (holding) field
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FIG. 1. Schematic drawing of the longitudinal-field setup.

sample placed at the center of the longitudinal coils
as shown in the figure. Two sets of positron tele-
scopes are placed at 0 ' (EFl,EF2) and at 180 '
(EB1,EB2) to the beam to detect p, —e decay posi-
trons. Each counter is square in shape (30 x 30 cm2),
and has a 7.5 cm round hole in the center so that it
does not see the muon beam directly. Two time
spectra, one for each telescope, are accumulated.
Since the angular distribution of decay positrons is
expressed by Eq. (2), G, (t) is obtained by taking the
time-differential ratio of two spectra

N, (0, t) —aN, (rr, t)
N, (o, t) + aN, (~,t)

after proper background subtraction. Thc instrumen-
tal forward/backward asymmetry e is usually close to
1 in this setup. In many, cases, a can be determined
self-consiste~. tly by fitting the data, when thc relaxa-
tion time is definitely shorter than the observation
time window, 0—16 p,sec. This simple method has
been proven to be quite powerful an studyang the
spin-lattice relaxation time (T~) of the tt, spin in
magnetic substances. ' This method is readily appli-
cable to the studies of zero- and low-field relaxation
phenomena.

field relaxation function; G, (t) at zero field initially
sho~s a Gaussian-like decay, but is followed by a
recovery of asymmetry to —, . According to thea

Kubo-Toyabe theory, this recovery of asymmetry to
3 is an unmistakable evidence for the static character
of random fields. In other words, the p,

+ is definitely

(T =285K)

III. RELAXATION DUE TO STATIC NUCLEAR
DIPOLAR FIELDS—p,+ IN MnSi

As a typical example, we measured G, (t) of the tt,
+

in MnSi at room temperature for longitudinal fields
of 0, 10, and 30 Oe, as sho~n in Fig. 2. From the
figure, we note the characteristic feature of the zero-

6 8
TIME (p, sec)

FIG. 2. Observed p,+ longitudinal relaxation functions in
MnSi at room temperature with 0, 10, and 30 Oe external
fields. . The solid curves are the best fits to Eq, (10).

The new setup, Hayano et al. (1978)



Nishida Imazato RH Uemura Yamazaki
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sample placed at the center of the longitudinal coils
as shown in the figure. Two sets of positron tele-
scopes are placed at 0 ' (EFl,EF2) and at 180 '
(EB1,EB2) to the beam to detect p, —e decay posi-
trons. Each counter is square in shape (30 x 30 cm2),
and has a 7.5 cm round hole in the center so that it
does not see the muon beam directly. Two time
spectra, one for each telescope, are accumulated.
Since the angular distribution of decay positrons is
expressed by Eq. (2), G, (t) is obtained by taking the
time-differential ratio of two spectra

N, (0, t) —aN, (rr, t)
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after proper background subtraction. Thc instrumen-
tal forward/backward asymmetry e is usually close to
1 in this setup. In many, cases, a can be determined
self-consiste~. tly by fitting the data, when thc relaxa-
tion time is definitely shorter than the observation
time window, 0—16 p,sec. This simple method has
been proven to be quite powerful an studyang the
spin-lattice relaxation time (T~) of the tt, spin in
magnetic substances. ' This method is readily appli-
cable to the studies of zero- and low-field relaxation
phenomena.

field relaxation function; G, (t) at zero field initially
sho~s a Gaussian-like decay, but is followed by a
recovery of asymmetry to —, . According to thea

Kubo-Toyabe theory, this recovery of asymmetry to
3 is an unmistakable evidence for the static character
of random fields. In other words, the p,

+ is definitely

(T =285K)

III. RELAXATION DUE TO STATIC NUCLEAR
DIPOLAR FIELDS—p,+ IN MnSi

As a typical example, we measured G, (t) of the tt,
+

in MnSi at room temperature for longitudinal fields
of 0, 10, and 30 Oe, as sho~n in Fig. 2. From the
figure, we note the characteristic feature of the zero-
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TIME (p, sec)

FIG. 2. Observed p,+ longitudinal relaxation functions in
MnSi at room temperature with 0, 10, and 30 Oe external
fields. . The solid curves are the best fits to Eq, (10).
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sample placed at the center of the longitudinal coils
as shown in the figure. Two sets of positron tele-
scopes are placed at 0 ' (EFl,EF2) and at 180 '
(EB1,EB2) to the beam to detect p, —e decay posi-
trons. Each counter is square in shape (30 x 30 cm2),
and has a 7.5 cm round hole in the center so that it
does not see the muon beam directly. Two time
spectra, one for each telescope, are accumulated.
Since the angular distribution of decay positrons is
expressed by Eq. (2), G, (t) is obtained by taking the
time-differential ratio of two spectra

N, (0, t) —aN, (rr, t)
N, (o, t) + aN, (~,t)

after proper background subtraction. Thc instrumen-
tal forward/backward asymmetry e is usually close to
1 in this setup. In many, cases, a can be determined
self-consiste~. tly by fitting the data, when thc relaxa-
tion time is definitely shorter than the observation
time window, 0—16 p,sec. This simple method has
been proven to be quite powerful an studyang the
spin-lattice relaxation time (T~) of the tt, spin in
magnetic substances. ' This method is readily appli-
cable to the studies of zero- and low-field relaxation
phenomena.

field relaxation function; G, (t) at zero field initially
sho~s a Gaussian-like decay, but is followed by a
recovery of asymmetry to —, . According to thea

Kubo-Toyabe theory, this recovery of asymmetry to
3 is an unmistakable evidence for the static character
of random fields. In other words, the p,

+ is definitely

(T =285K)

III. RELAXATION DUE TO STATIC NUCLEAR
DIPOLAR FIELDS—p,+ IN MnSi

As a typical example, we measured G, (t) of the tt,
+

in MnSi at room temperature for longitudinal fields
of 0, 10, and 30 Oe, as sho~n in Fig. 2. From the
figure, we note the characteristic feature of the zero-
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MnSi at room temperature with 0, 10, and 30 Oe external
fields. . The solid curves are the best fits to Eq, (10).
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sample placed at the center of the longitudinal coils
as shown in the figure. Two sets of positron tele-
scopes are placed at 0 ' (EFl,EF2) and at 180 '
(EB1,EB2) to the beam to detect p, —e decay posi-
trons. Each counter is square in shape (30 x 30 cm2),
and has a 7.5 cm round hole in the center so that it
does not see the muon beam directly. Two time
spectra, one for each telescope, are accumulated.
Since the angular distribution of decay positrons is
expressed by Eq. (2), G, (t) is obtained by taking the
time-differential ratio of two spectra

N, (0, t) —aN, (rr, t)
N, (o, t) + aN, (~,t)

after proper background subtraction. Thc instrumen-
tal forward/backward asymmetry e is usually close to
1 in this setup. In many, cases, a can be determined
self-consiste~. tly by fitting the data, when thc relaxa-
tion time is definitely shorter than the observation
time window, 0—16 p,sec. This simple method has
been proven to be quite powerful an studyang the
spin-lattice relaxation time (T~) of the tt, spin in
magnetic substances. ' This method is readily appli-
cable to the studies of zero- and low-field relaxation
phenomena.

field relaxation function; G, (t) at zero field initially
sho~s a Gaussian-like decay, but is followed by a
recovery of asymmetry to —, . According to thea

Kubo-Toyabe theory, this recovery of asymmetry to
3 is an unmistakable evidence for the static character
of random fields. In other words, the p,

+ is definitely

(T =285K)

III. RELAXATION DUE TO STATIC NUCLEAR
DIPOLAR FIELDS—p,+ IN MnSi

As a typical example, we measured G, (t) of the tt,
+

in MnSi at room temperature for longitudinal fields
of 0, 10, and 30 Oe, as sho~n in Fig. 2. From the
figure, we note the characteristic feature of the zero-
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FIG. 2. Observed p,+ longitudinal relaxation functions in
MnSi at room temperature with 0, 10, and 30 Oe external
fields. . The solid curves are the best fits to Eq, (10).
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sample placed at the center of the longitudinal coils
as shown in the figure. Two sets of positron tele-
scopes are placed at 0 ' (EFl,EF2) and at 180 '
(EB1,EB2) to the beam to detect p, —e decay posi-
trons. Each counter is square in shape (30 x 30 cm2),
and has a 7.5 cm round hole in the center so that it
does not see the muon beam directly. Two time
spectra, one for each telescope, are accumulated.
Since the angular distribution of decay positrons is
expressed by Eq. (2), G, (t) is obtained by taking the
time-differential ratio of two spectra

N, (0, t) —aN, (rr, t)
N, (o, t) + aN, (~,t)

after proper background subtraction. Thc instrumen-
tal forward/backward asymmetry e is usually close to
1 in this setup. In many, cases, a can be determined
self-consiste~. tly by fitting the data, when thc relaxa-
tion time is definitely shorter than the observation
time window, 0—16 p,sec. This simple method has
been proven to be quite powerful an studyang the
spin-lattice relaxation time (T~) of the tt, spin in
magnetic substances. ' This method is readily appli-
cable to the studies of zero- and low-field relaxation
phenomena.

field relaxation function; G, (t) at zero field initially
sho~s a Gaussian-like decay, but is followed by a
recovery of asymmetry to —, . According to thea

Kubo-Toyabe theory, this recovery of asymmetry to
3 is an unmistakable evidence for the static character
of random fields. In other words, the p,

+ is definitely

(T =285K)

III. RELAXATION DUE TO STATIC NUCLEAR
DIPOLAR FIELDS—p,+ IN MnSi

As a typical example, we measured G, (t) of the tt,
+

in MnSi at room temperature for longitudinal fields
of 0, 10, and 30 Oe, as sho~n in Fig. 2. From the
figure, we note the characteristic feature of the zero-
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FIG. 2. Observed p,+ longitudinal relaxation functions in
MnSi at room temperature with 0, 10, and 30 Oe external
fields. . The solid curves are the best fits to Eq, (10).
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sample placed at the center of the longitudinal coils
as shown in the figure. Two sets of positron tele-
scopes are placed at 0 ' (EFl,EF2) and at 180 '
(EB1,EB2) to the beam to detect p, —e decay posi-
trons. Each counter is square in shape (30 x 30 cm2),
and has a 7.5 cm round hole in the center so that it
does not see the muon beam directly. Two time
spectra, one for each telescope, are accumulated.
Since the angular distribution of decay positrons is
expressed by Eq. (2), G, (t) is obtained by taking the
time-differential ratio of two spectra

N, (0, t) —aN, (rr, t)
N, (o, t) + aN, (~,t)

after proper background subtraction. Thc instrumen-
tal forward/backward asymmetry e is usually close to
1 in this setup. In many, cases, a can be determined
self-consiste~. tly by fitting the data, when thc relaxa-
tion time is definitely shorter than the observation
time window, 0—16 p,sec. This simple method has
been proven to be quite powerful an studyang the
spin-lattice relaxation time (T~) of the tt, spin in
magnetic substances. ' This method is readily appli-
cable to the studies of zero- and low-field relaxation
phenomena.

field relaxation function; G, (t) at zero field initially
sho~s a Gaussian-like decay, but is followed by a
recovery of asymmetry to —, . According to thea

Kubo-Toyabe theory, this recovery of asymmetry to
3 is an unmistakable evidence for the static character
of random fields. In other words, the p,

+ is definitely

(T =285K)

III. RELAXATION DUE TO STATIC NUCLEAR
DIPOLAR FIELDS—p,+ IN MnSi

As a typical example, we measured G, (t) of the tt,
+

in MnSi at room temperature for longitudinal fields
of 0, 10, and 30 Oe, as sho~n in Fig. 2. From the
figure, we note the characteristic feature of the zero-
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FIG. 2. Observed p,+ longitudinal relaxation functions in
MnSi at room temperature with 0, 10, and 30 Oe external
fields. . The solid curves are the best fits to Eq, (10).
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sample placed at the center of the longitudinal coils
as shown in the figure. Two sets of positron tele-
scopes are placed at 0 ' (EFl,EF2) and at 180 '
(EB1,EB2) to the beam to detect p, —e decay posi-
trons. Each counter is square in shape (30 x 30 cm2),
and has a 7.5 cm round hole in the center so that it
does not see the muon beam directly. Two time
spectra, one for each telescope, are accumulated.
Since the angular distribution of decay positrons is
expressed by Eq. (2), G, (t) is obtained by taking the
time-differential ratio of two spectra

N, (0, t) —aN, (rr, t)
N, (o, t) + aN, (~,t)

after proper background subtraction. Thc instrumen-
tal forward/backward asymmetry e is usually close to
1 in this setup. In many, cases, a can be determined
self-consiste~. tly by fitting the data, when thc relaxa-
tion time is definitely shorter than the observation
time window, 0—16 p,sec. This simple method has
been proven to be quite powerful an studyang the
spin-lattice relaxation time (T~) of the tt, spin in
magnetic substances. ' This method is readily appli-
cable to the studies of zero- and low-field relaxation
phenomena.

field relaxation function; G, (t) at zero field initially
sho~s a Gaussian-like decay, but is followed by a
recovery of asymmetry to —, . According to thea

Kubo-Toyabe theory, this recovery of asymmetry to
3 is an unmistakable evidence for the static character
of random fields. In other words, the p,

+ is definitely

(T =285K)

III. RELAXATION DUE TO STATIC NUCLEAR
DIPOLAR FIELDS—p,+ IN MnSi

As a typical example, we measured G, (t) of the tt,
+

in MnSi at room temperature for longitudinal fields
of 0, 10, and 30 Oe, as sho~n in Fig. 2. From the
figure, we note the characteristic feature of the zero-
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FIG. 2. Observed p,+ longitudinal relaxation functions in
MnSi at room temperature with 0, 10, and 30 Oe external
fields. . The solid curves are the best fits to Eq, (10).

The first experimental observation 
of the “Kubo-Toyabe” function.

Ryogo Kubo, 1920-1995
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sample placed at the center of the longitudinal coils
as shown in the figure. Two sets of positron tele-
scopes are placed at 0 ' (EFl,EF2) and at 180 '
(EB1,EB2) to the beam to detect p, —e decay posi-
trons. Each counter is square in shape (30 x 30 cm2),
and has a 7.5 cm round hole in the center so that it
does not see the muon beam directly. Two time
spectra, one for each telescope, are accumulated.
Since the angular distribution of decay positrons is
expressed by Eq. (2), G, (t) is obtained by taking the
time-differential ratio of two spectra

N, (0, t) —aN, (rr, t)
N, (o, t) + aN, (~,t)

after proper background subtraction. Thc instrumen-
tal forward/backward asymmetry e is usually close to
1 in this setup. In many, cases, a can be determined
self-consiste~. tly by fitting the data, when thc relaxa-
tion time is definitely shorter than the observation
time window, 0—16 p,sec. This simple method has
been proven to be quite powerful an studyang the
spin-lattice relaxation time (T~) of the tt, spin in
magnetic substances. ' This method is readily appli-
cable to the studies of zero- and low-field relaxation
phenomena.

field relaxation function; G, (t) at zero field initially
sho~s a Gaussian-like decay, but is followed by a
recovery of asymmetry to —, . According to thea

Kubo-Toyabe theory, this recovery of asymmetry to
3 is an unmistakable evidence for the static character
of random fields. In other words, the p,

+ is definitely

(T =285K)

III. RELAXATION DUE TO STATIC NUCLEAR
DIPOLAR FIELDS—p,+ IN MnSi

As a typical example, we measured G, (t) of the tt,
+

in MnSi at room temperature for longitudinal fields
of 0, 10, and 30 Oe, as sho~n in Fig. 2. From the
figure, we note the characteristic feature of the zero-
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TIME (p, sec)

FIG. 2. Observed p,+ longitudinal relaxation functions in
MnSi at room temperature with 0, 10, and 30 Oe external
fields. . The solid curves are the best fits to Eq, (10).

“I never expected that the 
zero-field spin relaxation 
experiment would ever 
become possible” 
R. Kubo, 1978

Ryogo Kubo, 1920-1995
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sample placed at the center of the longitudinal coils
as shown in the figure. Two sets of positron tele-
scopes are placed at 0 ' (EFl,EF2) and at 180 '
(EB1,EB2) to the beam to detect p, —e decay posi-
trons. Each counter is square in shape (30 x 30 cm2),
and has a 7.5 cm round hole in the center so that it
does not see the muon beam directly. Two time
spectra, one for each telescope, are accumulated.
Since the angular distribution of decay positrons is
expressed by Eq. (2), G, (t) is obtained by taking the
time-differential ratio of two spectra

N, (0, t) —aN, (rr, t)
N, (o, t) + aN, (~,t)

after proper background subtraction. Thc instrumen-
tal forward/backward asymmetry e is usually close to
1 in this setup. In many, cases, a can be determined
self-consiste~. tly by fitting the data, when thc relaxa-
tion time is definitely shorter than the observation
time window, 0—16 p,sec. This simple method has
been proven to be quite powerful an studyang the
spin-lattice relaxation time (T~) of the tt, spin in
magnetic substances. ' This method is readily appli-
cable to the studies of zero- and low-field relaxation
phenomena.

field relaxation function; G, (t) at zero field initially
sho~s a Gaussian-like decay, but is followed by a
recovery of asymmetry to —, . According to thea

Kubo-Toyabe theory, this recovery of asymmetry to
3 is an unmistakable evidence for the static character
of random fields. In other words, the p,

+ is definitely

(T =285K)

III. RELAXATION DUE TO STATIC NUCLEAR
DIPOLAR FIELDS—p,+ IN MnSi

As a typical example, we measured G, (t) of the tt,
+

in MnSi at room temperature for longitudinal fields
of 0, 10, and 30 Oe, as sho~n in Fig. 2. From the
figure, we note the characteristic feature of the zero-
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FIG. 2. Observed p,+ longitudinal relaxation functions in
MnSi at room temperature with 0, 10, and 30 Oe external
fields. . The solid curves are the best fits to Eq, (10).

The x,y-components of random 
field relax the asymmetry.

The z-component “holds” the 
spin.

Asymmetry recovers to 1/3.
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