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PREFACE 

In  the spr ing of 1982 , the Sol id State Sc iences Committ ee 
( SSSC) , in implement ing one of a ser ies of s tu dies impor ­
tant to ma inta in ing the health of th is discipl ine , ask ed 
a group of experts to assess the present s tatus and futur e 
potential of sources for sol id-state research . I n  Au gu st 
1982 , a Subco mmittee of the SSSC un dertook the preparation 
of a report a ddress ing the following concerns : 

Def in it ion of method an d scient ific oppor tunit ies 
Descr ipt ion of exist ing sources an d fac il ities both 
here an d abroa d  
Availab il ity of the var ious sources 
Role of un iversit ies in such research 
I dentif icat ion of new directions in the f ield  
Conclus ions an d recommen dations 

The Sol i d  State Sc iences Committee has rev iewe d the 
Subcommittee 's repor t , unan imously approves its con­
c lus ions an d reco mmendations ,  and recommends that it be 
issue d as a repor t of the sssc. 

Wil iam F .  Br inkman , Chairman 
Mar t in Blum,  Past Cha irman 
Sol id State Sc iences Committee 
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1. S UMMARY 

Muon spin rotation ( �SR) is a relat ively new technique , 
wh ich has e xper ienced cons iderable growth s ince about 1975 
because of the commiss ion ing of several h igh- intens ity , 
meson-produc ing accelerator s aroun d the wor l d. Currently 
there are �R programs in the United States ( LAMPP) ,  
Switzerlan d (SIN and C ERN) , Cana da (TRIUMP) , an d  Japan 
( K EK ) . Future fac il it ies are plan ne d  in the Netherlands 
( NIKHEF) , Great Br i ta in ( Ruther for d-Appleton) ,  and the 

Un ite d States (Brookhaven ) . 

I. THE SCIENC E 

The interest in the �SR technique l ies in the fact that 
a spin-polar ized beam of pos itive or negative muons can 
be implante d in almos t any sample . The time evolution o f  
the polar ization then yiel ds information about the muon 's 
local magnet ic env ironment . The �R technique is 
analogous to nuclear magnetic resonance (NMR) in many 
ways , although there are impor tant differences . 

�SR exper iments can be conveniently grouped accor din g  
to the role that the muon plays : (1) a local probe , (2) 
a l ight interstit ial par t icle , an d ( 3) a hydrogen- like  
a tom (muon ium) . 

As a local probe the muon samples i ts magnetic env iron ­
ment,  at  e ither a n  inter stitial o r  a substitut ional s ite 
( �+) or at a latt ice s ite ( �-) in a crystal . The 
spin precess ion an d r elaxation g ive information about the 
static an d dynamic local f ields .  Th is use of the �R 
technique complements other local probes such as NMR , 
M5ssbauer spectroscopy , per turbe d  angular cor relat ions , 
and neutron scatter ing . In some cases �SR can yiel d 

1 
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informat ion on magnet ic- ion correlation t imes that i s  
inaccess ible to these other techn iques . 

As a l ight inter stit ial par t icle , the muon may be use d 
to study localization and diffus ion phenomena for a 
par t icle mass intermed iate betwe en those of the proton 
and the electron (mplm�me - 938/106/0. 5) . 
Cons i der i ng the muon as a l ight isotope of hy drogen 
a llows one to stu dy nonclass ical d i ffus ion phenomena 
unseen in prev ious exper iments us ing hydrogen . 

Under the th ir d category ,  muonium ( �+e- atom) center s 
can be compared with hydrogen in semicon ductor s ,  an d 
muon ium an d hy drogen reaction rates can be compared in  
l iqu i ds and gases , y ielding complementary informat ion . 
Muon ic radicals can also be stu die d. Un ique informat ion 
is obta ined from �SR in mater ials when hydrogen solub i l i t y  
is  low or , as i n  the case of semiconductor s ,  where no 
hydrogen paramagnet ic states are seen . 

II. US ER MODES AND FACILITIES 

�R exper iments generally r equ ire a minimal group s iz e  
o f  at least four collaborat ing scientists . These in di­
v i duals may come from in-house staff at accelerator 
fac i l ities or from outs i de user groups . The accelerator 
facility generally prov i des computer an d data-acqu isition 
e lectron ics and a general-purpose �SR spectrometer ,  
often inclu ding spec ialized cryogen ic or sample-heating 
capab i l i t ies . 

One way of estimat ing the strength of a ·r esearch 
program is by count ing the number of par t ic ipat ing 
sc ient ists . For th is purpose, • full-time • equ ivalent i s  
use d here to mean a n  indiv i dual with a Ph . D .  degree whos e 
pr imary research act iv ity involves us ing the �SR tech­
n ique . On th is bas i s ,  the largest �SR program in the 
wor l d  is cur rently base d at S IN, wher e about 2 3 full-t i me 
sc ientists, mostly from Europe , are involved. TRIUMF has  
the ne xt largest program,  with about 15 full-t ime peopl e.  
By contrast, the progr ams at LAMPF, C ERN, an d KEK each 
have about 10-13 full-t ime users . The level of suppor t 
for both in-house and outs i de user groups in the Unite d  
States i s  cons i derably below that prov i de d  i n  Europe , 
Cana da ,  an d Japan . 

The accelerator s at SIN and TRIUMF produce h igh­
intens ity de muon beams , wh ich ar e best suited for mos t 
present types of �SR e xper iments . The • t ime- differentia l• 
techn ique appropr i ate to de beams r equ ires a determination 
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o f  the t ime difference between the muon stop an d decay 
s ignals . Th is in turn requires that only one muon be in 
the s ample dur ing the me asurement t ime ,  in or der not ·  to 
confuse s ignals from two or more muon s tops . The acc iden­
t al coinc i dence r ate between two or more muon stop s i gnals 
i s  l owest for a de ( 10 0  percent macroscopic duty factor ) 
muon beam .  

Pulsed be ams are opt imal only i f  the pulse duration is 
qu ite shor t ( -1-10 ns ) . Then all muons can be con­
s i dered to ar r ive s imult aneously, yiel ding a common stop 
s ignal an d allowing , in pr inciple , much h igher data rates 
than a de be am c an prov i de .  The K EK acceler ator curr ently 
produces a relat ively low- intens ity pulse d  beam with a 
w i dth of 50  n s ,  mak ing i t  suitable for a l imite d  but 
useful class of pulse d-beam exper iments . The LAMPF beam 
w i dth of 7 50 �s is inadequ ate for pulsed appl ications , 
and the 10 percent macroscopic duty f actor (compared to 
de ) le ads to a 90 percent reduct ion in the overall data 
r ates compared to S IN ,  for e xample . However , a produc ­
t ive progr am of research h as been c ar r ie d  out at LAMPF , 
even under these less-th an-opt imal conditions . 

III. FUTURE DIRECTIONS 

In the near future ( <3 ye ar s )  new muon ch annels will be 
built at SIN and TRIUMF in or der to prov i de more muon 
beams with greater luminos ity (par t icles/cm2/s) . Brook­
h aven National Labor atory (BNL) installed an d commiss ioned 
a low- intensity ch annel in e ar ly 1 98 3 ,  to be use d in par t  
for �SR r ese arch . The BNL acceler ator is  expecte d to 
produce a data rate about 4 t imes th at of LAMPF but 2-1/2 
t imes lower th an at TRIUMF an d S IN .  A h igh- intens ity 
pulsed muon f ac i l ity is being des igne d for use at  
Ruther for d-Appleton Labor atory ,  to complement the 
mater i als-sc ience pulse d-neutron-scatter ing progr am 
pl anne d there . 

These improvements will l ikely lead to a growth in the 
v ar iety of phenomen a to be studied, as more researcher s 
tra ined pr imar ily in sol i d-state phys ics and in chemistry 
enter the f iel d. Such phenomen a are cer tain to inclu de 
di ffus ion and loc al i z at ion, dynamic effects in magnetism 
( e . g . ,  sol it9ns , effects of disor der , it iner ancy) , sur face 
sc ience , an d muon ium chemistr y .  One should also e xpect 
new types of exper iments us ing pulse d s ample environments 
at the K EK mach ine . 
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In the more dis tant future ( �s years )  the Los Alamo s 
Proton Stora ge Ring ( PSR) coul d prov i de an e xceptional 
pulsed muon source . The PSR ,  now under construction , 
will operate in two modes :  a 1-ns-w i de proton bur .st a t  
720  Hz and a 270-ns- wide proton burst  at  12  Hz . The long­
pulse mode coul d be used to provide a choppe d muon bea m 
with a wi dth between 5 an d 270  ns . The shor t-pulse mode 
wou l d  be very useful as des i gned . 

In th e lon g term the more frequent use of h igher­
luminos i ty de and pulsed beams , as well as h igh time­
resolution SR spectroscopy, will allow routine , h igh­
precis ion measurements of the entire  spin-relaxation 
function or nearly any sample of interest in a var iety of 
sample envir on ments , s tatic or pulsed. The latter cou l d  
inclu de the pulse d appl ication o f  pressure , laser 
i r r a diation , or strong electr ic/magnetic fields .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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2 .  CONCLUSIONS AND REC OMMENDATIONS 

I .  CONCLUS IONS 

Muon spin rotation ( �SR) is a relatively new technique , 
in wh ich most wor k  has been car r ie d  out s ince 1 97 5 . Abou t 
2 0 Amer ican scientists are engage d in �R at present . 
The �SR technique has proved fruitful , and a var iety of 
impor tant results have been obta ine d. Some of these , 
e . g . ,  di ffus ion of the pos it ive muon as an e xample of a 
l ight inters t i t ial par ticle , coul d not have otherwise 
been obta ined. In areas such as magnetism, electron ic 
s tructure of metals , an d muonium in insulator s ,  �R 
yiel ds information complementary to other local-probe 
techn iques an d in some cases extends the range of 
measurable parameter s ( e . g . , electron-spin cor relation 
t imes ) to values unobservable by other methods . 

Pr imar ily because �SR rel ies on fac i l i t ies already 
in e xistence at meson-produc ing accelerators ,  i t is not a 
part icular ly expens ive techn ique . In dee d, the initial  
phases of th is research were suppor te d by the nuclea r­
phys ics program an d by discret ionary funds a t  the se 
fac i l i t ies . The cur rent s tatus of u.s. facil ities and 
r esearch i s  as follows : A product ive re search program is 
under way a t  LAMPF , despi te the 10 percent ma ximum duty  
factor an d the consequent l imitation of the data rate . 
Th is effor t r epresents about half of  the u.s. research in 
�SR. The l imitations of  the beam an d restr icte d 
funding at LAMPF have led other u.s. �R scientists to 
pursue the i r  research at accelerator s outs i de the United 
States , pr inc ipally at TRIUMF (Cana da )  an d at SIN 
( Switzer land) . 

A new muon beam l ine was de dicate d in 1983  at  
Brookhaven Nat ional Laboratory (BNL) . It is expected to 
prov i de a data rate about 4 t imes that cur rently ava il-

5 
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able at  LAMPP but 2-1/2 t imes lower than data rates a t  
other fac i l ities with a de beam (TRIUMF, S IN) . The amoun t 
of beam t ime and the degree of user support ava i lable for 
�SR e xper iments at BNL have yet to be determined. 

As th is f ield  s tar ts to grow ,  i ts fun ding will have to 
be cons idered  relative to other r esearch oppor tunities in 
the solid-state sciences . 

II. REC OMMENDATIONS--SHORT TERM 

The Subcommittee finds that  present accomplishments us i ng 
the �R techn ique are of  suffic ient value to justify 
continued growth of the f iel d. In v iew of the fact that 
the u.s. effor t is s ign i f icantly below that of  other 
nations , we r ecommend the following : 

1 .  Adequate an d stable suppor t ,  sub ject to the pee r 
r ev iew process , shou l d  be prov i de d  for u. s. user an d 
in-house groups at  domestic an d fore ign fac i l i t ies . · Th i s  
shou l d  be a t  a level compatible with the required min i mum 
group s ize . 

2 .  u.s. �SR fac i l i t ies shou l d  be u pgr ade d  to prov i de 
greater access to user s an d to prov i de h igher-qual ity 
data . 

III. RECOMMENDATIONS--LONG TERM 

l .  The impor tance of pulse d muon beams for �R 
research shou l d  be r ev iewe d with in the ne xt year , as  
results accrue from the K EK fac ility .  The subcommittee 
tentatively concludes that pulsed beams have the poten t i a l  
greatly to enhance the technique , both qualitatively an d 
quantita tively . Pew results have been produce d to date , 
however . The Los Alamos Proton Storage Ring ( PSR) has 
the potential of prov i ding a wor l d-class pulsed �SR 
facility in about 5 year s ,  an d the utility of a future 
�SR beam l ine at  the PSR shoul d  therefore be carefully 
evaluated. 

2 .  The s tatus of the f iel d as a whole shoul d be 
reviewe d in about 3 year s .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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3 .  INTRODUCTION 

The f irst  technique used to e xper imentally ver i fy par ity 
v iol at ion in muon dec ay was implemente d by G arwin et 
a l . l in  1957 an d involved the precess ion of the mu� 
magnet ic moment in an applie d f iel d. Th is  measuremen t 
was thus the precur sor of the modern-day muon spin 
rotat ion ( WSR) techn ique . In the ear l iest searches for 
su itable mater ials for the stu dy of pos it ive muon decay , 
i t  was notice d that the muon polar ization rema in ing after 
thermal i z at ion depen de d  s ign ificantly on the type of 
s topping environment ,  vary ing from 10 percent in some 
l iqui ds l ike benzene to 100 percent in most metals . Data 
of th is  n ature containe d the beg inn ings of the appl ica­
t ion of the �SR techn ique to the s tu dy of bas ic 
phenomena in con dense d-matter phys ics an d chemistr y .  

S ince 1 9 7 5  there h as been a large growth in the 
qu al ity an d quantity of �SR r esearch owing to the 
inaugur at ion of several •meson factor ies • around the 
wor l d, wh ich produce h igh- intens ity ,  pol ar ize d beams o f  
pos it ive an d negat ive muons . Cur rently there are �SR 
programs being car r ie d  out in the Un ited States (LAMPP), 
Switzer l an d  (SIN an d C ERN) , C ana da ( TRIUMF) , an d J apan 
( K EK) . Future fac i l it ies are pl anne d in the Uni te d  
States (Brookhaven ) , the Nether l an ds (NIK HEF) , and Grea t 
Br i tian ( Ruther for d-Appleton) .  There h ave been three 
internation al conferences2 on �SR stu dies , the f i r s t  
hel d in Ror schach , Swi tzer land, in 1978 , a n d  the secon d 
in Vancouver , C an ada, in 1980 . The th ir d was hel d in 
Japan in Apr il  198 3 ,  an d a four th is pl anne d for 1986 in 
Upps ala , Swe den . 

The �SR techn ique relies on the product ion an d 
implantat ion of a polar ized beam of pos it ive or neg ative 
muons into the mater ial of interest an d on the subsequent 
an isotropic dec ay of the muon into an e as ily detectable 
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pos i tron (or electron ) an d two unobserve d neutr inos . The 
fact that the decay is  an isotropic a llows one to mon i tor 
the t ime depen dence of  the muon spin polar ization in the 
manner descr ibed in Chapter 4 .  In  the s implest e xper i ­
ments , the techn ique i s  analogous to free induct ion decay 
in nuclear magnetic r esonance (NMR) , e xcept that ( 1 )  the 
muon spin is polar ized, requir ing no appl ie d magnet ic 
f ie l d, an d ( 2 )  the r el axa tion of the spin polar i z ation is 
detecte d by par t icle decay rather than by reson ance 
techn iques . Hence , the spin depolar ization data prov i de 
informat ion on the microscopic magnetic env i ronment 
encountered by the muon , in analogy to what is obta ined 
in NMR measurements of T1 and T2• 

I t  is conven ient to group the var ious types.of WSR 
exper iments into categor ies , accor ding to the role tha t 
the muon plays : ( 1 )  a local proble , ( 2 ) a l igh t inter ­
s t i t i al par t icle , an d ( 3 ) a hydrogen-l ike atom . I n  i t s  
role as a local probe , the muon samples i t s  magnetic 
environment ,  e i ther at an interstiti al or substitutional 
s ite ( �+ ) or at a lattice s ite ( �- ) in a pure crystal . 
The spin precess ion an d rela xation g ive information about 
static an d dynamic loca l f iel ds .  In th is regar d the 
techn ique is complementary to other spin probes routin ely 
use d in con dense d-matter phys ics , such as NMR, electro n 
spin reson ance ( ESR) , Mossbauer effect (ME), an d per turbe d 
angular cor rel ation (PAC ) . Th is complement ar ity is 
i l lustr ate d in Table 3 . 1 .  

The r ange of local-field cor relat ion t imes to wh ich 
�R is sensitive through its dipole coupl ing is qu ite 
large , from about lo -4 s to lo-12 s ,  an d ag ai n  
complements the sens i t iv ity of other techn iques . Bec ause 
the response of the muon spin to its local f ield can be 
detecte d with in at most a few nanosecon ds after implanta­
t ion , rapi d relaxation phenomen a inaccess ible to NMR ( for 
e xample , due to a spectrometer dea d  t ime of  several micro­
secon ds )  are rout inely measure d with �R . Rel axat ion 
t imes greater th an 50-100 muon l i fetimes ( �100 �s ) 
cannot be detecte d, however .  

When v iewed as a l ight interstitial par t icle the muon 
may be use d to study local ization an d di ffus ion phenome na 
in a mass reg ime that is  .l arge compared to an electron 
(m�/me � 200 ) , but small compar e d  to a proton (m �mp � 1/ 9). 

Noncl ass ic al muon di ffus ion h as been observe d in me tals  
s uch as Cu an d Al , where the muon is seen to move more 
rapi dly as the temperature is  lowered. 

Finally, in cer tain mater ials--par t icula r ly insulator s ,  
semicon ductors ,  l iqu i ds ,  an d g ases--the �+ will bin d a n  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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TABLE 3 . 1  Compar ison of Spin-Probe Techni ques for Measurements of Dynamic Phenomena 

l!SR NMR, ESR ME PAC 

Usual probe latt ice s ite Inter stitia l  Substitutional Substitutional Either 
Probe s i te determinat ion Sometimes usually Usually Somet imes 

is easy 
Usual  lower l imit on None l k Oe None None 

applie d f iel d 
D iscr iminates between Yes Yes No No 

s ta t ic ( inhomogeneous ) 
an d dynamic ( homogeneous )  
l ine broa den ing 

Probe- in duce d r a diation damage Min imal No No Sometimes 

Sens i t ive to hype r f ine No Somet imes Yes Yes 
f iel d of probe 
core electron s  

Compl ication due to No Sometimes Yes Somet imes 
probe qua drupole moment 

Sens i t ive to 
quadr upole interactions Indir ectly Somet imes Yes Somet imes 

Inter act ions between No Yes Sometimes Sometime s  
probe spins 

Sens itive to diffus ion Yes Yes No No 
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electron to form muon ium ( �+e- ) ,  an atom analogous to 
hydrogen . In sol ids , the formation mechan ism an d nature  
of the muonium-like s tates are of par t icular interest , 
because of the r elat ion of muon ium to hydrogen in thes e 
mater ials ( for e xample , in semiconductors ) . Muon ium 
formation may also shed l ight on the general problem of 
local moments in sol i ds .  In gases an d l iqu i ds ,  muonium  
can r eact with molecules , allowing the s tu dy of i sotope 
effects in chemical r eaction rates , compare d with hydrog en 
the muon prov i des the l argest mass ratio encountered i n  
chemical reaction dynamics to date . Spin e xchange reac ­
t ions may also be s tudied . Finally , muon ium may attach 
i tself to a comple x molecule , forming a muonic r a dica l  
with an unpa ired  electron spin an d yiel ding a ch ar acter­
ist ic frequency spectrum . Aga in,  isotope effects provid e 
informat ion on di ffer ing molecul ar conformational 
dynamics . In addition , the muon can be use d to • spin­
label• a radic al ,  so th at r a dical-radical reaction r ates 
may be s tu died. Th is yiel ds information unobt ainable by  
any other techn ique . 

A br ief introduction to the �SR technique is g iven 
in Chapter 4 ,  an d the wor l dwi de status of curr ent �R 
fac i l i t ies with regar d to exper imental equ ipment,  user 
modes , an d fun ding are summar ized in Chapter 5. Detai l s  
of scientific contr ibu tions o f  �R to the f ields o f  
condensed-matter phys ics an d chemistry are prov i de d  in 
Ch apter 6 , an d Ch apter 7 de als with new direct ions in the 
science an d fac i l i t ies . 

Th is document is not inten de d  to be an arch iv al or 
review ar t icle in wh ich all relevant �R references ar e 
c i te d. Rather , we h ave attempte d to prov i de a br ief  
overview , relying on  other reviews as references where 
poss ible . In par t icul ar ,  the intereste d  reader is 
refer r e d  to References 3 an d 4 for deta ils  reg ar ding th e 
�SR technique , to References 2 an d 4 for scienti f ic 
studies in sol i d-state phys ics , an d to References 5 an d 6 
for chemistry stu dies . 

REFERENCES TO CHAPTER 3 

1 .  R .  L .  Garwin , L .  M.  Le derman ,  an d M. We inr ich , Phys . 
Rev . 105 ,  1415  ( 19 5 7 ) . 

2 .  Procee dings of the First and Second I nt . �SR 
Conferences, 1978 , Ror schach , Switzer l an d, Hyperf ine 
Interact ions 6 ( 1- 4 )  ( 1979) 7 1980 Vancouver , C ana da, 
Hyper fine Inter act ions ! < 4-6 )  ( 1981) . The th i r d  con ­
ference in th is ser ies was hel d in Japan in Apr il 19 8 3 . 
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3. A. Schenck , Nuclear and Par ticle Ph yics at Intermediate 
Ener gies J .  B. warren , ed . ( Plenum , New Yor k ,  1976) , 
p .  159. 

4. E. Kar lsson , Phys . Rep. �(5) , 272 (1982) . 
5. D .  G .  Fleming , R .  J .  Mikula , and D .  M .  Garner , Phys . 

Rev . 26A, 2527 (1982) . 
6. P .  w .  Percival , E. Roduner , and H .  Fischer , Chem. 

Phys . 32, 353 (1978) : P .  w .  Perc ival , Rad iochem. Acta 
26, 1 (1979) : D .  c. Walker , Y .  c. Jean , and D .  G .  
Fleming , J .  Chem . Phys . �, 4534 (1978) . 
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4 .  T HE  MUON SPIN ROTATION TEC HNIQUE! 

I .  P RODUCTION OF SPIN-POLARIZ ED MUONS 

Muons are produced by accelerator s from the decay o f  
p ions , wh ich themselves a r e  forme d when a h igh-energy 
proton beam str ikes a product ion target . P ions deca y 
w i th a l i fetime of 26  ns into a muon an d a muon neutr i no: 
w+cw- ) + �+c�- ) + v� ( v�>· In the rest frame of the pion 
the muon is 100 percent spin-polar ize d e i ther along c�- ) 
or oppos ite ( �+) to its momentum direction . Some of  the 
properties of the muon r elevant to �SR are g iven in 
Table 4 . 1 .  

Muon beams are bas ically o f  two types , • decay• beams 
and • sur face • beams . 2 In a decay beam , muons or ig inate 
from pions that decay in flight . The muons are collect ed 
in a beam channel and magnet ically separate d into • for­
ward • an d •backwar d• beams , depending on whether the muon 
center-of-mass momentum is parallel or antiparallel to 
the or ig inal pion momentum .  The beam channel component s  
for the pion decay section may b e  ma de from convent iona l 
quadrupole magnets or may cons ist of a h igh-efficiency , 
supercon ducting solenoidal magnet . Muon polar izations of 
about 90 percent can be ach ieve d in decay beams . Backward 
decay beams of -go MeV/c momentum ( r ange -s g/cm2 i n  
CH2 ) can b e  stoppe d in con densed-matter targets of a few 
mill imeter s th ickness ( r ange sprea d -1 g/cm2 of CH2) • 

Sur face muon beams or iginate from the decay of p ions 
that have come to rest near the sur face of the product ion 
target . The muons so produce d are all �+ ( s ince w

-

ar e captured by atomic nuclei in the target ) , of low momen t� 
( -29 MeV/c) ,  and may be completely stoppe d in very th in 
targets ( r ange -140 mg/cm2 of ca2 , range sprea d -40 mg/c m2 

of CH2 ) .  Sur face beams have clear a dvantages for th in 
or expens ive sol i d-state targets . One of their dis -

12 
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TABLE 4.1 Some Propert ies of the Muon Relevant to WSR 

Mass,  m� 106 MeV 

Spin , I � 
Li fet ime, t� 
Magn etic moment , � � 

Gyromagn etic ratio,  y�2w 

207 me 
0.113 mp 
1/2 
2.197 �s 
4.49 X lo-26 J/T 
3.183 �p 
13.5537 MHz/kOe 

advantages is the fact that modest magnetic fields bend 
the be am apprec iably : f ields greater th an -1.5 kOe 
perpendicular to the � + momentum can prevent sur face 
beam from reach ing the sample . Thus it is a dvantageous 
to br ing the be am in par allel to the field, so th at no 
bending t akes place . The muon spin may be rotated 
through 90° us ing a We in f ilter (crosse d electr ic and 
m agnetic f ields ) , wh ich also h as the a dvantage of 
e l iminat ing the l arge pos i tron contaminat ion of the beam . 

The slowing t ime for muons in matter ( from MeV to 
therma l  k inetic energ ies ) depends in par t  on the density 
of the target and r anges from -lo-11 s in condense d 
matter to -lo-8 s in g ases at 1 atm pressure .  In 
gases,  most l iqu ids , and insulating sol i ds ,  muon thermal­
i z ation is  accompan ie d  by muon ium ( � +e - atom ) 
formation ( see Ch apter 6 ,  Section IV. A) . In met als , even 
ferromagnets , the muon spin does not precess dur ing such 
a r apid deceler ation , and the implanted muon rema ins spin 
pol ar ized . 

Pos itive and neg ative muons beh ave differently a fter 
thermal i zat ion . Neg at ive muons are trappe d in tightly 
boun d atomic states near nucle i . The ir hyper f ine anomaly 
[i . e . , the d i fference in hyper f ine field between ( �-, Z )  
and ( Z  - 1) atoms ] reflects the beh av ior o f  the electronic 
wave funct ion in the vic inity of  the nucleus and so has 
some appl ications in condensed-matter phys ics . However , 
the vast major ity of WSR exper iments have been c ar r ied 
out with pos i t i ve muons , wh ich are either tr appe d at 
interstitial (or substitut ion al )  sites in solids or 
d i ffuse between such sites . 

As the muon slows down in a sol i d  t arget, r adiation 
damage is produced by col l is ions between the muon an d the 
host atoms . There is  no e xper iment al e vidence to date 
that muon beh avior after thermali zat ion is influence d by 
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the products of its own radiat ion damage • . Indeed, 
theoret ical calculat ions by Br ice3 have shown that the 
mean distance be tween the muon and the nearest vacancy 
produced by its implantation is typically greater than 
several thousan d  angstroms . 

I I. MEASUREMENT OF MUON POLARIZ ATION 

Pos itive muons decay via the par i ty-violating weak inte r­
action �+ + e+ + ve + v�. The decay pos itrons e xh ibit an 

angular distr ibution of the form 

dNe/d O � 1 + a cos e, (1) 

where a is the ( energy-depen dent )  decay as ymmetry and e 
is the angle between muon spin and pos itron emiss ion 
directions . Th is angular depen dence g ives an indicatio n 
of the degree an d direction of the muon polar izat ion 

S ince the muon spin precesses aroun d  internal or 
e xternal magnetic fields ,  i ts polar i zation will be time 
dependent . Th is  depen dence is man i fest in the pos itron 
counting r ate 

dN ( O, t ) 
e 

1 
• � e -1/T� [1 + AG

�
( t ) cos 9] dndt ,  

� 
( 2 ) 

where A is the init ial energy-average d as ymmetry an d G� (t ) 
r epr esents the t ime depen dence of th is asymmetry.  
Detecte d pos itrons  have an  energy r ange from 0 to  52 . 8  
Mev, with an average energy of 3 5  MeV. For 100 percent 
ini t ial  polar i zation the as ymmetry averaged over all 
energ ies is 1/ 3 .  On occas ion pos itron energy degrader s  
have been place d i n  the pos itron telescopes to increas e 
the observe d asymmetry , 2 wh ich is larger for 
h igh-energy pos itrons . 

III . TIME DIFF ERENTIAL � R  

The s tan dar d techn ique use d in most �SR e xper iments to 
date is time differential �SR.  An inc i dent muon tr igg ers 
a muon •counter telescope • ( an array of plastic scin­
tillator counter s ) , stops in the target , an d some t i me 
l ater i ts decay pos itron tr iggers  a s imilar counter 
ar ray . The stoppe d-muon event star ts a h igh-f requency 
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clock ,  which is stoppe d by  detraction of the decay 
pos itron . The measure d  t ime interval is s tore d  in 
computer memory as a t ime h istogram , and the process i s  
re�ated many t imes unt i l  typically between 10 6 an d 
10 events are accumulate d. 

Any • second-muon • or • second-pos itron •  events can 
cause severe dis tor t ion , par t icul ar ly at h igh data rates , 
an d these events mus t be discar ded by a pile-up reject ion 
system .  The maximum useful instantaneous stopping rate 
is determine d by Poisson statist ics an d by the pile-up 
re ject ion interval , T, and is g iven by ( e T) -1 • If  one 
deman ds th at no secon d muon may come w ith in a 10- �s 
inter val before or after a g iven muon stop, then T = 2 0 
�s , an d the ma ximum useful instantaneous s topping r ate 
is about 1 . 9  X 104 s-1 . For a 100 percent macroscopic 
duty f actor , th is  is also the maximum useful average 
stopping r ate . It  is  far less than meson f actor ies are 
capable of produc ing . The pile-up con dit ion can be 
overcome i f  a spatia l  select ion of relate d  �+-e+ 

events is done by track r econstruction of muons an d 
pos itrons . Such a device , b ased on PQSit ion-sens i t ive 
detect ion of  both types of par t icles , 2 is  unde r  
development at CERN and is being des igned at LAMPF . 

The r ate at wh ich goo d events are accumulate d depen ds 
on the product of  the average muon stopping r ate and the 
sol i d  angle-efficiency (E) of the pos i tron counter s .  A 
typical v alue of £ is  about 0 . 3 , yielding a ma ximum 
event rate of about 6000 s-1 • Therefore ,  about 3-3 0  
min would be requ ired to accumul at �  10 6-10 7 events , 
u s ing a 100 percent duty-factor beam . 

In transverse �SR, a magnetic f ield is appl ie d  per ­
pen dicular to the direction of initial muon polar ization . 
The muon spins precess at the ir  Larmor precess ion 
f r equency v, an d their  asymmetr ic dec ay patterns sweep 
past the pos itron counter telescope . Th is g ives r ise to 
ch ar acter istic •wiggles • in the t ime h istogram . In Eq . 
( 2 ) ,  8 = 2WV!1 and the t ime d istr ibution funct ion h aS 
the form 

dN ( t )  « e-t/T�[l + AGx ( t )  cos ( 2wvt + �)], 

where the funct ion G x( t )  descr ibes the tr ansverse 
r el axation ,  an d � is  the initi al ph ase angle between 
the muon spin direct ion and the counter telescope . 

In long itudinal geometry , pos itron counter telescope s 
a r e  f i xed at 0 °  and 180 ° with respect to the initia l  muon 
spin d i rect ion . Hence there are two t ime h istogr ams , 

( 3 ) 
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each of which is given by Eq. ( 2 )  with G� (t) • Gz (t) 
and cos 9 • ±1. An external magnetic field may be 
applied in the longitudinal direction, or the experiment 
can be carried out in zero field. The function Gz (t) 
describes the longitudinal or spin-lattice relaxation of 
the muon, in analogy with conventional pulsed nuclear 
magnetic resonance (NMR) .4 

Analysis of time-differential �SR data consists of 
extracting relevant properties of the time-dependent muon 
polarization. These include one or several precession 
frequencies, initial phase angles, initial asymmetries, 
and relaxation rates. The frequencies give information 
on time-averaged internal local fields, and relaxation 
rates reflect either static field distributions or spin­
lattice relaxation processes.4 The initial phase angle 
is determined by the sense of precession, which in turn 
is affected by the direction of the internal field. 

IV. STROBOSCOPIC �SR 

High-precision, frequency-shift measurements require high 
statistics, which are prohibitively time-consuming in the 
conventional time-differential �SR method described 
above. This limitation can be overcome by the use of a 
stroboscopic method developed at SIN,s if the muon beam 
itself is modulated at some radio frequency (rf) . By 
variation of the external transverse field, muons in the 
target are caused to precess at a frequency close to an 
integral multiple of the beam modulation rf. Thus muons 
entering the target have nearly the same precession phase 
as muons tha� have already spent time there. Decay 
positrons are detected in a time window synchronous with 
the beam modulation rf, and in principle all muon stops 
in the target can be counted. Precisions of a few parts 
per million in the measurement of a single frequency have 
been obtained. Since muon frequency shifts (Knight 
shifts) are typically small in paramagnetic or diamag­
netic metals, such precision is often required. More 
than one frequency cannot be measured simultaneously, 
however. In addition, the requisite rf structure is 
often not present or is suppressed owing to time-slewing 
in the muon beam. The technique is applicable to 
accelerators where a beam modulation rf is available from 
the microscopic time structure of the primary proton beam. 
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V .  PULSED-BEAM TECHNIQUES 

This class of techniques has been pioneered by the Tokyo 
University group at KEK6 and has the potential of pro­
ducing a new generation of �R experiments. In the 
pulsed technique, a large number of muons (limited only 
by the beam flux and instrumental maximum data rates) is 
implanted in the target, in a time short compared with 
T� and with any relaxation times that characterize 
G� (t) defined above. Apart from the improvement in 
data rate inherent in such a technique, at least three 
other features are of interest: 

1. The muon beam is off for the time during which 
positrons are detected, so that beam-associated back­
ground is very low. 

2. This in turn allows the muon decay to be followed 
out to long times (>20 �s), so that long muon 
relaxation times can be measured. 

3. Perhaps most importantly, transient experimental 
conditions, such as pulsed rf fields and laser irradia­
tion, can be applied. In particular, pulsed rf fields 
can be used to flip the muon spin, e.g., to produce a 
transverse spin polarization with a field parallel to the 
muon beam. 

These advantages have been stressed in the �SR 
program at KEK. 

REFERENCES TO CHAPTER 4 

1. For review of the technique see A. Schenck, Nuclear 
and Particle Physics at Intermediate Energies, J .  B. 
Warren, ed. (Plenum Press, New York, 1976) ,  p. 1597 
also E. Karlsson, Phys. Rep. 82, 271 (1982) .  

2. w .  F. Lankford et al., Nucl. Instrum. Methods 185, 469 
(1981) . 

3 . D .  K. Brice, Phys. Lett. � ' 53 (1978), 
4. A. Abragam, Principles of Nuclear Magnetism (Clarendon 

Press, Oxford, 1961). 
5. M. Camani et al., Phys. Rev. Lett. �, 679 (1979). 
6. K. Nagamine, Hyperfine Interactions !, 787 (1981) 7 

also UT-MSL Newsletter No. 2, May 1982 (Meson Science 
Laboratory, University of Tokyo). 
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5. CURRENT llSR FACILITIES AND US ER MODES 

I • GENERAL OVERVIEW 

The major muon phys ics facilities at wh ich �SR research 
is now car r ied out are listed in Table 5 . 1 .  There are 
also muon beam l ines at Leningrad , at Dubna , an d at  
NIKHEF in the Nether lands 1 however , l i ttle information 
about these fac ilities is ava ilable for th is report . 
Future fac i l ities under constr uction at Brookhaven 
Nat ional Laboratory and poss ible new beam l ines a t  
Ruther ford-Appleton Laboratory in the United King dom and 
at Los Alamos are discussed in Chapter 7 .  

The laborator ies l is te d  in Table 5. 1 fall into two 
general categor ies de pending on the macroscopic duty 
factor of the accelerator . The mach ines at S IN ,  TRIUMP, 
LAMPF , and C ERN all have relat ively large macroscopic 
duty factors compared with KEK' s .  The implica tion of 
th is is that near ly all  of the exper iments car r ie d  out a t  
these large duty factor mach ines use the t ime-d ifferential 
llSR meth od, wherein the t ime difference between the 
muon ' s  s top and decay s ignals is measured for each 
ind ividual muon . (The except ion to th is is  the strobo­
scopic technique in use at S IN ,  discussed in Chapter 4 . )  
The mach ines at  S IN ,  C ERN, an d TRIUMF all have 100 
percent macroscopic duty factor s ,  allowing , in pr inciple, 
the maximum practical muon stopping rate for time­
differential �SR measurements ( referred to as the 
•maximum useful luminos ity•  in Table 5 . 1* ) . In practice ,  

*The maximum useful instantaneous s topping r ate is 
d iscusse d in Chapter 4 and is about 1 . 9  x lo-4 for a 
10-�s pile-up rejection interval . For a 100 percent 
macroscopic duty factor , th is is  also the maximum useful 
average rate . 

18 
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TABLE 5. 1 Major Existing �SR Facilities 

Number Number of 
of Muon Available •Full-Time• Maximum 

Proton Channels Muon Beams Participants Useful 
Current Duty Decay (D ) , Luminosity 

Facility ( l!A) Factor Total I!SR! Surface (S) Inhouse Outside ( �+;cm2/s) 

SIN 10 0 1 4 1 . 6  D ,  s 0 23 2 X 10 4 ..... 
ID 

(Switzerland) 
TRIUMF 30-130 1 3 0 . 90 D ,  s 1 1  4 2 X 104 b 

(Canada) 
LAMPF 700  0 . 1  3 0 . 2 0 D ,  s 3 8 2 X 10 3 

(U.S.) 
CERN 5-10 1 2 0 . 2 0 D ,  1 9 5 X 10 2 

(Switzerland) 
lo -6 X 10 3 KEK (Japan) 1-2 2 1 . 0  D ,  s 9 4 4 

!This column gives the 
�t 100 llA or above. 

approximate number of channel-years being used exclusively for �SR. 
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however, the proton current at  C ERN is too low to reach 
th is saturation rate .  S imila rly , TRIUMP mus t  r un a t  1 00 
�for satu ration , _a current that is not always 
available . The reduced duty factor at LAMPF means tha t 
the maximum useful stopping rates ach ievable are about 10 
percent of those at  SIN. 

In contrast to the fou r large duty-factor mach ines 
discussed above , the K EK duty factor of lo-6 (a SO -ns­
wide pulse every 50 ms ) means that the instantaneous 
stopping rate is so h igh ( "'4 x lol2  s-1 ) that it i s  
v i rtually imposs ible to t ime each stopping muon . conse­
quently , all muons a rriv ing with in a g iven burs t  are 
ass igned to •time-zero , •  wh ich is therefore known only to 
with in the bur s t  w i dth . Th is means that the maximum 
useful event rate is in pr inciple quite h igh , being g iven 
by the total average stopping rate .  However , the maximum 
frequency that can be measured is someth ing less than one 
half of the reciprocal of the burs t  w i dth ,  or about 10 
MHz at KEK , compared with a few g igahe rtz at  a la rge duty­
factor mach ine . Despi te th is l imitat ion , many exper ime nts 
·that exploit the pulse structure of the KEK ma ch ine can 
be carr ied out , thus extend ing the range of �R 
expe riments in important ways (Chapter 7 ) . All the muon 
channels l isted in Table 5. 1 ,  except C ERN, have the 
capabil ity of r unning sur face muon beams (momentum of 29 
MeV/c an d range about 0 . 14 0  g/cm2 of CH2) .  Th i s  
requ ires that the muon beam channels b e  evacuated from 
the pion pr oduction target to an en d port very nea r the 
expe rimental sample ,  so that the low-momentum sur face 
muons are not s toppe d in the a ir that woul d  otherwise 
f ill  the beam l ine . 

II. DETAILS OF CURRENT FAC ILITIES 

It is appropr iate to l is t  the salient featu res of the 
major exist ing l.ISR facil ities . Each of the five l.ISR 
centers mentioned above prov ides a data-acquisition room 
that conta ins s ignal cabl ing , electron ics , and comput ing 
facilities for on-l ine data acquis ition . Often softwar e  
for on-line data analys is i s  ava ilable a s  well . I n  
addition , the accelerator staff prov i des l ogistic and 
techn ical suppor t for use of the beam l ines and mount i ng 
expe riments . 

The total ava ilable muon flux var ies by order s of 
magnitu de from one accele rator to the next an d depends 
g reatly on the beam momentum and spot s i ze r equ i �e d  for a 

Copyright © National Academy of Sciences. All rights reserved.

Muon Sources for Solid-State Research
http://www.nap.edu/catalog.php?record_id=19337

http://www.nap.edu/catalog.php?record_id=19337


2 1  

given ex per iment . Therefore , rather than trying to 
descr ibe each muon beam l ine at each accelerator under 
several poss ible conditions , we shall l imi t our selves to 
the character istic features of a g iven fac i l i ty .  To make 
this task eas ier , we shall cons i der the two general types 
of beams : •decay beams , •  with a momentum of about 110 
MeV/c and a range spread of about 3 g/cm2 of ca2 , and 
•sur face beams , •  of momentum 2 9  MeV/c and a range sprea d 
of about 0 . 04 0  g jcm2 of CH2 • *  Given these parameter s ,  
a useful quantity for compar ison is the l uminos ity ,  or 
the nu mber of muons per square centimeter per second.  
Except where ment ioned , the �+ decay flux is about 
f ive times the �- decay flux . In the estimates of 
the number of individuals wor k ing a t  each institution ,  a 
•full-time • equivalent is def ined as an individual with a 
Ph . D .  degree , whose pr imary r esearch act ivity involves 
the pSR techn ique . 

S IN. t Located in Vill igen , Swi tzer land , S IN 
cur r ently has the largest pSR phys ics program in the 
wor ld with about 2 3  • full-time • par tic ipants (all from 
outs i de S IN) . These are mostly from Europe , though there 
are some visitor s from the Uni ted States an d Canada . The 
accelerator has a 100 percent macroscopic duty factor , 
with a microscopic pulse structure of 50 MHz . There are 
a t  present three muon beam l ines for decay beams ( � El , 
�E2 , � E4 ) ,  two of wh ich employ a superconducting 
solenoidal  pion-decay sect ion . The �4 channel can 
also be tuned for a sur face muon beam . A fourth muon 
channel is also used for a sur face �+ beam . All o f  
these channels a r e  now use d for other k inds of muon 
exper iments bes ides �SR ,  wh ich is allocate d about 4 0  
percent o f  the total muon beam t ime .  The decay �+ 

luminos ity is about 10 6/cm2;s . A spot s ize as smal l  
a s  3 x 5 mm2 has been ach ieved . 

*A sur face muon beam generally conta ins an enormous flux 
of posi trons , wh ich mus t be removed to make a useful 
�SR beam, as mentione d in Chapter 4 .  The techn iques 
for removing the pos itrons also reduce the raw �+ 

flux as well . S ince the exact meth ods employed at  each 
laboratory are not known , the sur face �+ fluxes 
quoted here must be cons i dered to be uncerta in by at 
least 50 percen t .  
tThe information regar ding S IN has been obta ine d from 
A .  Schenck and c. Pett i t jean , S IN ,  through pr ivate 
communicat ion . 
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The �R facilities at SIN come from a wide range o f  
well-funded user groups . There exists one stroboscopic 
apparatus for h igh-precis ion frequency determinations , 
four general-purpose transver ses and zero-f ield spec­
trometers ( two for sur face and two for decay beams) , a 
h igh-frequency resolution , transverse-f ield spectrometer 
( -4 . 6  GHZ) J and a superconducting , long i tudinal-field 
spectrometer for sur face beams . Several conventional 
( 2-30 0  K )  cryostats are also in use . 

TRIUMF. * TRIUMF ,  located in vancouver , B . C . , is  a 
var iable-energy cyclotron that operates between 200 and 
500 MeV and has a proton current of between 30-130 � 
and a 100 percent macroscopic duty factor . The accel­
erator operates about 6 months/year in a mode suitable 
for muon phys ics . The �SR pr ogr am is carr ied out by 
about 1 5  • full-time• people , most of whom are-associated 
with TRIUMF itself . 

There are three conventional-magnet muon beam l ines 
(M9, Ml3 , M20 ), but most of the �R research is carr ied 
out at channel M20 , where about 90 percent of the ava i l­
able beam t ime is allocated to �R. M20 can r un both 
decay and sur face muons , whereas Ml3 r uns only sur face 
beams . Currently , at 100-� pr imary proton cur rent , 
the luminos ity for M20 decay muons is about 7 x 10 3/cm2; s · 
and for sur face muons about 4 x 104/cm2/s . There are 
four �SR spectrometer s at  TRIUMF capable of appl ied 
fields up to 10 k Oe .  Several of these are spec ial ized 
for l iquid and gas chemistry exper iments requ ir ing larg e  
targets . Standard cryogenics exists for temperatures 
between 2 -30 0  K, as well  as a 3He evaporation refr ig ­
erator with a l ower temperature o f  about 0 . 5  K .  

LAMPF . t LAMPF , loca ted in Los Alamos , New Mexico , 
is an 800  MeV proton l inear accelerator with a 10 percent 
macroscopic duty factor and a nominal operating cur rent 
c lose to 700  �A . There are at present about 11 
• full-time • �SR scientists wor k ing at Los Al amos , three 
of these are stat ioned at LAMPF , and the rema inder come 
from universities and other laborator ies in the United 
States and abroad . There are two conventional-magnet 
beam l ines available for decay beams (SMC and Biomed ) a nd 

* The information regard ing TRIUMF has been obta ined from 
D. Fleming , Un ivers i ty of Br i t ish Columb ia , through 
pr ivate commun ication . 
tThe information regard ing LAMPF has been obta ined from 
R. H .  Heffner , Los Alamos National Laboratory .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

M u o n  S o u r c e s  f o r  S o l i d - S t a t e  R e s e a r c h
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 3 3 7
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two ava ilable for sur face muon beams ( S MC and p3) .  
Currently , pSR exper iments are car r ied out only at  S MC ,  
us ing abou t  20-2 5 percent o f  the ava ilable r unn ing t ime , 
the rema in der be ing used for nuclear- and par ticle­
phys ics exper iments . For a proton cur rent of 700 pA, the 
decay p+ beam luminos ity at S MC is about 2 x 10 6/cm2/s , 
and the cor responding sur face beam luminos ity is about 
106/ cm2/s . LAMPF has a general-purpose pSR spectrometer 
for use in transver se , zero , and long itudinal appl ied 
f ields ( 5  k Oe  maximum , lo-2 Oe min imum) . Cryogen ic and 
hea t ing systems are ava ilable for sample temperatures 
from about 0 . 03 K (dilution refr iger ator ) to about 900 K. 

C ERN. * The pSR program at  C ERN uses t he 600- MeV SC 
cyclotron , wh ich produces a macroscopically de proton 
beam with a 50 MHz microstructure and 5-10 pA cur rent . 
There are about 10 • full-time • scientists engage d in 
pSR research at  C ERN . Most of the pSR studies are 
car r ie d  out at  a s ingle beam l ine , where about 20  percent 
of the total beam time is used . The decay p+ 

luminos ity is about 5 x l0 2/cm2/s . A second beam 
l ine is ava ilable , with a luminos ity o f  about 2 x 
103/ cm2/s : however , pos itron contamination at th is 
por t is large , and hence few pSR exper iments are 
car r ie d  out there .  

The C ERN pSR apparatus includes transver se and 
long itudinal field spectrometers . I n  addition , C ERN has 
bu ilt a wire-chamber spectrometer used to pro ject the 
t r a jector ies of indiv idual muon and pos itron events back 
to the target reg ion to reduce background . Finally , the 
CERN group has been the first  to use a dilut ion refr ig­
erator to ach ieve very low ( �. 0 3  K) sample temperatures . 

l!!·t 500- MeV proton synchrotron booster at the 
National Laboratory for H igh Energy Physics ( KEK) in 
Tsukuba , Japan , is used to produce pulsed stopping muon 
beams with a 50-ns bur st w idth every 50 ms . The proton 
current is 1- 2 pA. There about 1 3  •full-time " pSR 
scient ists work ing at KEK, 9 of whom are from the Tokyo 
group . The fac ility has a superconduct ing-solenoidal 
muon channel and a convent ional-magnet sur face beam 

* The informat ion regar ding C ERN has been obta ined from R. 
Heugar t and A .  Yaouanc , C ERN, pr ivate co mmunication . 
tThe informat ion regar ding KEK has been obta ined from 
T .  Yamazak i and K. Nagamine , Un iver s i ty o f  TOkyo , pr ivate 
commun ica tion . 
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channel , each o f  wh ich i s  use d about SO percent for 
�SR. The decay �+ luminos i ty is about 4 x 10 3/cm2;s . 

The �SR spectrometers available at KEK inclu de the 
following : transverse f ield ( 0-30 0  Oe ) , long i tu dinal 
f iel d ( 0-1000 Oe ) , an d long i tu dinal ( 0-3000 Oe ) and 
supercon duct ing-longi tu dinal f ield ( 0-40 , 00 0  Oe) for use 
with a 4 0-MHz pulsed rf f iel d. Each of these is · used 
with a convent ional cryostat ( 2-300  K) . There is also a 

dilution refr igerator ava ilable . 

I I I . US ER REQUIREMENTS 

We now br iefly descr ibe the user modes , beam t ime , an d 
ava ilability of  equipment at the accelerators ment ione d 
above . Brookhaven (BNL) is also inclu de d  in anticipation 
of futur e use . 

Approval for use of a beam por t at  LAMPF is obta ined 
by wr iting a proposal an d defen ding it before a sol i d­
s tate program a dvisory committee ( PAC) , wh ich acts in an 
a dv isory capacity to the accelerator director . The PAC 
meets twice a year , and beam t ime is allocate d quar ter ly . 
A typical delay from proposal to exper iment does not 
excee d s ix months . BNL , SIN , an d TRIUMF have s imilar 
formal rev iew proce dures . Approximate �R beam por t 
hour s cur rently used per year at the major PSR facil ities 
are su mmar ize d below . Figures for BNL are not yet 
ava ilable . 

Beam por t hours 

Approximate pSR Use in 1982 
LAMPF S IN TRIUMF KEK 
1000 6000  2 600 600 

C ERN 
1000 

Use of a specific piece of �R apparatus ( such as a 
spectrometer ) is usually poss ible for outs i de user s 
through cooperat ion or collaborat ion with in div i duals a t  
the fac i l i ty respons ible for the equ ipment .  

The computer an d data-acqu is i t ion electron ics ar e 
usually suppl ied by the accelerator fac i l i ty and i ts 
equ ipment pool . The electron ics ar rangemen t has become 
r elat ively stan dar dized an d rema ins near ly set up from 
one r un to the next . Computer programs for collection , 
display , wr iting to magnetic tape , an d analys is of 
on- l ine data are also generally ava ilable . 

Per sonnel r equ irements to car ry out a �SR exper iment 
depen d on one ' s  proximity to the accelerator faci l ity an d 
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TABLE 5. 2 Rough Quali tat ive Compar ison of the 
S i tuat ion Confront ing u. s. Scient ists Who Wish to Do 
Exper iments at Var ious Fac i l itiea! 

L i11 i t a tions for use LAMPP BNL TRIUMP S IN KElt CERN 

Funds for U . S .  group 2 2 2 2 2 2 
Beall por ts o . s  l 0 0 o . s  l 
Beam s tr ucture 2 l 0 0 l 0 
Beam inten s i ty 0 l 0 0 l 2 
T r avel to fac i l i ty 

Prom Eas tern u . s .  l o . s  l 2 2 2 
Prom Western u . s .  o . s  l l 2 2 2 

Ava ilab i l i t� of in-house 1 ? l o . s  l l 
support!:! 

Ad• inistrat ive ava ilab i l ity o£ o£ IE. 2!. 2!. 2!.  
of fac i l i ty to 
u . s .  User s 

!The numbe r s  r epr esen t the degree of d i f f iculty : o ,  no proble11 at 
gl l ;  1 , some proble11 1 2, cons iderable problem . 
-The in-house suppor t determines the amount of help ava ilable to 
ou ts ide user s .  The s iz e  of the loca l pSR com.un ity at SIN makes th is 
l e ss of a pr oblem ther e .  The ava ilabil ity o f  in-house suppor t a t  
Brookhaven i s  ye t to be determ ined . 
£ Funded u . s .  fac i l i t ies a r e  completely ava ilable to funded u . s .  
�ser s w i th approved exper i11ents . 
�t present , . TRIUMP can accomiiOdate a modest number of sma l l  user 
gr oups from the Un i ted States . Large user groups or prograiiS from the 
Un i ted States cou ld be welcome but would be expected to br ing 
cons iderable suppor t and equipment . 
�The Un ited States does not d i r ectly suppor t these for e ign 
ins t i t u t ions , and so noncol labor a t ive exper iments or large u . s .  
pr og r aiiS could face some problems . 

a l so on the extent of  one ' s  collaborat ion with other 
sc ientists . A self-suff icient �SR team nee ds at least 
four sc ientists for a typical 24 -hour-a- day exper iment , 
us ing 2 two-man sh i fts per day .  Less than th is is 
probably unsafe an d would not allow necessary a djustments 
in the apparatus . At least one per son per sh i ft must be 
capable of lea ding the exper iment .  Th is min imal s ize 
group woul d f in d  i t  di fficult to han dle exper iments longer 
than several days an d to ma inta in an d upgrade equ ipment . 
I n  spite of  th is "min imal size , • an outs i de user group 
can be as small as one per son , if that in div i dual col­
laborates closely with an in-house or a larger outs i de 
user group . Funding , includinq overhea d, for a min imal 
un iversity user group , operating in depen dently of 
in-house scientists , might then be as follows : 
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Sr . Scientist Summer Salary $ 
Post-Doc 
Two Graduate Students 
Travel - u . s .  
Travel - Fore ign (SIN)  
Equ ipment and Suppl ies 
Computer Tille 

15 , 0 0 0  
30 , 00 0  
2 5, 00 0  
1 5, 00 0  
20 , 00 0  
10 , 000  

5 , 0 0 0  

$120 , 00 0  

Th is funding scenar io assumes that the group need no t 
bear the costa of a pSR spectrometer an d associate d 
cryogen ics . Por compar ison , the local group a t  LAMPP , 
cur rently suppor ted from med ium-energy phys ics fun ds , •  
r eceives about •280 , 000 , wh ich inclu des resources for the 
construct ion and maintenance of necessary equ ipment . The 
three NSF-funded pSR groups (Rice Un iver sity ,  Will iam 
and Mary ,  and Un iver s ity of Cal ifornia , Riverside ) rece ive 
about $175 , 000  total , and the Depar tment of Energy 
(med ium-energy phys ics ) provides about •20 , 000  for the 
Lawr ence Berkeley Laboratory group . Independent user 
g roups at LAMPP , upon having an approved exper iment , are  
g iven a •dowry •  of up to about $ 5, 00 0  for assor te d 
expenses . 

I n  Table 5 . 2  we show a rough qual itative compar ison o f  
the s ituat ion confronting u . s .  scientists who wish t o  do 
exper iments at var ious facilities . 

*Th is funding will terminate at the and of fiscal year 
1983 . 
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6 . �SR AND BASIC MATERIALS SCIENCE 

I • G ENERAL OVERVI EW 

The muon can generally play one or more of the following 
roles in sol i d-sta te research : 

1 .  A local probe , 
2 . A l ight inter s t i t ial par t icle , 
3. A hydrogen-l ike a tom (muon ium) or par t icle . 

I n  the f ir s t  case , the pr imary interest is a property 
o f  a g iven host mater ial , wh ich may be s tu died through 
i ts effect on the s tatic an d dynamic local f iel d seen by 
the muon . The �SR technique complements other tech­
n iques such as NMR, MOssbauer spectroscopy , per turbed 
angular cor relations ( PAC) , and neutron scatter ing . 

I n  the second and th ir d cases , the concern  is more 
w i th the muon i tsel f .  Qu i te often it is  useful to 
compare the behavior of the muon w i th that of hydrogen , 
wh ich may be cons ider e d  a heav ier isotope . The behavior 
of these par t icles in a sol i d  or in a chemical reaction 
is impor tant both for technolog ical reasons an d for i ts 
r elevance to other bas ic sc iences such as b iology . A 
ma jor interest under the secon d category is � i f fusion an d 
self-trapping in metals , where the intermediate mass of 
the muon makes it a des irable par t icle for studying 
questions of local ization an d quantum dif fus ion . Un der 
the th i r d  category ,  muonium center s can be compared with 
hydrogen in semiconductor s ,  and muon ium an d hydrogen 
r eact ion rates can be compare d in l iqu i ds an d gases , 
y ie l ding complementary information . Unique information 
i s  obta ine d from �SR in mater ials where hy drogen 
solub i l i ty is low . 

2 7 
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There is obviously a good deal of over lap among these 
three categor ies . Por example , the muon cannot be used 
as a rel iable probe of i ts local field unless the mutual 
effects of the field and the muon on one another are 
understood . Specific examples and details are g iven in 
the following sect ions . 

I I .  THE MUON AS A LOCAL PROBE 

Qualitat ive compar isons of �R with other techniques 
for investigating proper ties of sol ids are conta ined in 
Table 3 . 1 .  These may be referred to and kept in mind 
when reading the following examples . 

A .  Electronic Structure o f  Metals 

The muon can be used as a probe of electron ic structure 
via the Knight shift of its resonance , wh ich is propor ­
tional to the spin susceptibility t imes the probabil ity 
ampl itude 1 � 1 2 of the conduction electrons at the 
muon position . Whereas the NMR of a host nucleus such as 
Cu measures a • true •  1 � 1 2 , the muon does pe r turb the 
electronic wave function . However ,  the alteration of 
1 � 1 2 is itself of fundamental interest because th is 
represents a par ticularly s imple per turbation--that of a 
s ingle pos itive charge . Hydrogen in metals provides t he 
same s impl ici ty in pr inciple but is not suff iciently 
soluble in s imple alkal i and other nontrans ition metals 
for NMR s tudies , whereas the muon can be implanted in 
essent ially any system . 

This s imple impur ity problem has generated cons i der­
able theoretical interest , and much effor t has gone into 
calculating quantities that can be compared with observed 
Knight sh i fts . l Mos t  compar isons between theory an d 
exper iment have been based on nonl inear-response jell ium 
theory ,  and these have not been overly successful . l 

More near ly , ab initio cluster band-structure calcula­
t ions do tend to be in agreement with data , however ;  bu t 
s ince only a few such calculations have been per forme d, 
the ir  ability to reproduce systematic trends has not yet 
been tested . A str ik ing e�r imental trend found in 
cubic nontransition metals1 concerns an exponential 
dependence of 1 � 1 2 on p (Bp) , the unper turbe d  
dens ity o f  states . The former is extracted from the 
combine d Knight  shift and spin susceptibil ity data , wh i le 
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the latter is obtained from the electronic specific 
heat. This finding presents an interesting challenge to 
theoretical understanding. 

In metals where proton NMR is possible, the muon and 
proton Knight shift data correspond closely to each 
other, indicating that both particles are indeed 
associated with the same local electronic structure. The 
small isotope effects that are found are nonetheless 
interesting in their own light, however. In particular 
the a-electron- and d-electron-induced Knight shifts 
change in opposite directions when the muon and proton 
data are compared. The Knight shift can also be used to 
investigate phase transitions in which the electronic 
structure changes. Studies of the valence transition in 
cerium and a cerium-thorium alloy have shown that the 4f 
electron charge distribution is the same in both phases. 1 
Finally, an interesting set of measurements in single­
crystal antimony2 has revealed a strongly temperature­
dependent, anisotropic Knight shift, increasing to very 
large values ( 10-2) at temperatures below 20 K. This 
was interpreted as being due to the formation of a local 
moment or virtual bound state. Antimony-based alloys 
such as SbSn and SbBi thus provide the opportunity3 to 
study muonium formation in systems intermediate between 
metals · and semiconductors. 

B. Static Local Fields in Magnetic Materials 

Since the first observation of muon spin precession in Ni 
and Fe, much work has been devoted to the study of muons 
in magnetically ordered materials. This work has perhaps 
been most successful in clarifying the nature and origin 
of the �+ hyperfine field at interstitial sites in 
e lemental ferromagnets. 4,5 The principal features that 
distinguish �SR from other hyperfine techniques are the 
following : 

1 .  The muon samples a local field at an interstitial 
site and therefore yields information difficult to obtain 
by other techniques. 

2 .  The muon inevitably perturbs the host more or less 
strongly. This complicates the problem but provides a 
sensitive test of theories of impurities in magnetic 
materials. 

3 .  Signals often remain visible through magnetic 
phase transitions, owing to the very good initial time 
resolution (short dead time) inherent in the technique. 
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A somewhat ar tificial but useful distinction between 
two contr ibutions to the local f ield B � ( R�) at the �+ 

s i te R� can be made : 

( 1 )  

where Bbf (R� ) ar ises from the interaction with the 
polar ized conduction-electron cloud around the muon , and 
Bd ip< R�) comes from the interaction with all magnetic 
moments local ized at host lattice s i tes . (The contr ibu­
tion from any applied field is neglected here . )  The sym­
metry of the d ipolar interaction sometimes allows a 
determination of the muon stopping s i te .  This determina­
t ion is necessary for detailed compar ison with the theory 
and is often nontr ivial . 

Values of B� (R�) are obta ined from the zero-f ield 
�+ precession frequency in metals , and the s ign of B � can 
often be obtained from the var iation of the frequency with 
appl ied f iel d. 4 Measurements of Pe , co , Ni , Gd ,  and Dy 
are summar i ze d  in Table 6 . 1 .  The data have stimulated a 
cons iderable amount of recent theoretical act ivity , S wh ich 
indicates the degree of interest in both the inter stitial 
electron ic polar ization and the extent to wh ich the 
presence of the muon per turbs th is polar ization . Both 
properties are sensitive tests of the val idity of the 
wave functions used in the calculation and emphas ize the 
utility of hyperf ine techniques in the study of magnet ic 
mater ials . 

Zero-f ield �+ precess ion frequencies have also been 
observe d  in a number of insulating magnetic compounds ,  
such a s  a-Fe203 , FeTiOJ , an d or thoferr ites . In  some of 

TABLE 6 . 1  Summary of �R Results in Fer romagnetic Metals4 •� 

Saturation 
Structure Moment ( kG)  B � ( kG) 

Fe bee 1 .  750 -3 . 67 ± 0 . 10 
Co hcp 1 . 415  -0 . 317 ± 0 . 0 10 
Ni fcc 0 . 528 +1 . 4 8  ± 0 . 10 
Gd hcp 2 . 0 10 +1 . 10 ± o . o s  
D y  hcp 2 . 995 ±12 . 30 ± 0 . 20 

aAll data are extrapolated to 0 x.  

-11 . 1  ± 0 . 2  
-6 . 1  ± 0 . 2  
-0 . 7 1  ± 0 . 01 
-6 . 98 ± 0 . 10 

- 25 . 2  or 
-o . 1 ± 1 . 0  

Muon 
Site 

? 
octah . 
? 
octah . 
? 
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these mater ials the existence o f  a muon bond , analogous 
to the hydrogen bond , has been inferred from the data . S 

C r i t ical behav ior of the paramagnetic-state frequency 
sh i f t  and the zero-f ield precess ion frequency can be 
s tud ied near a magnetic phase trans ition . Data have been 
r epor ted for Ni and the weak i t inerant magnet MnSi . 6 

Such measurements should also be informative for anti­
fer romagnet& and systems that exh ibit  more compl icated 
k inds of order , because a local spin probe such as the 
�+ couples more d irectly to the order par ameter than 
to the uniform magnetization . I t  must be shown , however ,  
that the presence of a muon does not ser iously per turb 
the cr i t ical properties under investigation . 

Finally , �SR s tud ies of spin glasses near the tem­
perature at wh ich a frozen- in , random-spin con f iguration 
sets in have revealed deta ils of the freez ing process in 
both zero an d nonzero appl ied f ields . 7 • 8 I t  is  hoped 
that fur ther exper imental results and analys is of 
theoret ical models will help to determine whether th i s  
•glass trans ition• is a true cooperative phase trans i t ion . 

c. Dynamic Effects in Magnetism 

E lectron ic moments produce a local f ield at the s ite of 
the muon , and time- dependent f luctuat ions of the elec­
trQn ic moments are mir rored in the t ime dependence of the 
local field . Fluctuat ions in the local f ield in turn 
produce a decay of  the muon polar ization , wh ich can be 
observe d v ia the angular distr ibut ion of the decay 
pos itrons as descr ibed in Chapter 4 .  The techn ique is 
s im i lar to nuclear spin-latt ice relaxat ion measurements 
in nuclear magnetic resonance (NMR) , and much of the 
relevant theory can be taken from the NMR literature . 9 

The problem of muon mot ion i tsel f  mus t  be a ddressed , and 
th i s  can often be determined from auxil iary measurements , 
discussed below . Also , one generally assumes that the 
muon populates a random distr ibut ion of interstitial 
s i tes . 

Like  NMR, the M6ssbauer effect , and per turbe d  angular 
cor relat ion ( PAC) , �SR is a local probe from wh ich 
informat ion is obta ined about the cor relations of an 
electronic moment with i tself (at  a different time )  and 
w i th nearby spins . These techniques are complementary to 
inelastic neutron scatter ing , wh ich y ields data on the 
s patial Four ier trans form of spin-correlation functions . 
Spin probes also respon d s trongly to slow fluctuations , 
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to which neutron scatter ing i s  insens it ive owing t o  the 
smal l  energy transfer involved . ! � SR is compared 
with the other spin-probe techniques in  Table 3 . 1 .  Spin­
probe techniques are useful tests of var ious models of 
the spin dynamics , because compa r i sons can be made with 
pred icted values for the temperature and f ield dependences 
of  e lectronic cor relation t imes , local f ield d istr ibu­
tions , and other parame ters .  

� SR measurements can be made on paramagnets , systems 
with long-range magnetic order ( e . g . , ferromagnets and 
antifer romagnets ) ,  and random spin systems , including 
spin g lasses . The latter have perhaps been of greatest 
cur rent interest , with g roups at  TRIUMF, a LAMPF , 7 and 
S IN11 involved in  active programs invest igat ing the 
systems Q_UMn , �Fe , and �Mn . The muon is known to be 
essentially immobile in these systems at the low tempera­
tures of interest ( see Section I I I . C  below) . � SR 
measurements in spin g lasses have concentrated on 
eluc idating the nature of impur ity-spin fluctuat ions i n  
the ne ighborhood o f  the g lass temperature Tg ( defined 
by the cusp in the low-frequency ac suscept lbil ityl 2 ) 
and at  low temperatures T << Tg • Just below Tg the 
most recent studies have found a frozen-in static f ield 
d istr ibution , reminiscent of an •order parameter • 
behavior . ' The data do not seem to suggest super­
paramagnetic block ing of clusters . l 2  At low tempera­
tures the measured � + relaxat ion rates in  spin-glass 
�Mn are orders of magnitude more rap id than expected 
from a spectrum of harmonic exc itations7 7 thi s  may 
ind icate the impor tance of slow fluctuat ions between 
near ly degenerate equi l ibr ium conf igurat ions .  The latte r 
are a spec i f ic consequence of the random nature of the 
spin system and mus t  be understood more thoroughly before 
the r andom problem can be cons idered solved . I t  is  impor­
tant to note that there is good over lap between the 
cor relation t ime •window" ava ilable to � SR and the 
r eg ion ( lo- 5-lo-lO s )  impor tant for spin-glass 
phenomena near Tg • NMR, in  par t icular , is l imited by 
the "dead t ime " of pulsed NMR spectrometers (�1-10 � s ) 7 
many of the impor tant relaxat ion phenomena in spin 
glasses are inaccess ible to NMR. 

In  crystall ine magnets , � SR has been used to s tudy 
dynamic c r i t ical phenomena in the v ic in i ty of phase 
trans it ions in the itinerant-electron magnet MnS i 
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( Reference 6 )  and recently i n  Ni . *  The effects o f  
superconductivity on magnet ic fluctuations i n  the mag­
netic  superconductor s (Ho , Lu ) Rh4B4 (Reference 13 ) and 
ErRh 4B4 (Reference 14 ) have also been investigated . 
These s tudies have revealed a s trong influence of the 
r a re-ear th crystall ine electr ic f ield on the spin fluctua­
t ion spectrum ,  as well as an anomalous enhancement of muon 
r elaxat ion in the re-entrant superconduct ing state of 
HOQ . 7Luo . 3Rh4B4 . 13 Crystal- field effects are also 
i nvolved in studies of paramagnet ic rare-ear th (RE) 
compounds REA12 . t  

The exper imental s i tuation i s  not so mature in the 
s tudy of dynamic effects as , for example ,  in measurements 
o f  static local f ields . As a consequence , perhaps , not 
so much theoretical interest has been drawn to interpreta­
t ion of the results to date . The availab i l i ty of 
accurate data is  increas ing , however , as the programs 
ment ioned above cont i nue to character ize relaxation 
behav ior in a var iety of systems . Intr ins ic interest in  
dynamic phenomena is  h igh , and theore t ical treatment of 
spin-probe measurements should incr ease . 

D .  �sa w i th Negat ive Muons 

Although the major i ty of �SR exper iments use pos itive 
muons , there have been several exper iments on �-sa. 
These exper iments are more difficult , in  par t  because 
�- beams of comparable qual i ty to �+ beams have 
been less common and in par t because �-sa is much 
more d i f ficult . This  diff iculty ar ises from the fact 
that in cascad ing down to the atomic ls state where the 
d ecay is  observed , the �- loses much of i ts polar iza­
t ion ( typically 80 percent ) .  In add i t ion , a cer ta in 
fract ion of the muons is captured by the nucleus and thus 
produces no decay events at all . (The decays from 
d i f ferent elements in a compound target can be separated 
by the d i fferent capture l ifetimes if the nuclear charges 
are suf f ic iently d i f ferent . Otherw ise , th is  can be an 
inherent diff iculty in �-sR. ) 

* K .  Nish iyama , Sc ience Labor ator y ,  Un iver s i ty of TOkyo , 
Japan , pr ivate commun icat ion . 
tM . Kalv ius , Techn ical Un ive r s i ty of Mun ich , Germany , 
pr ivate commun ication . 
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Only limited use has been made of negative muons (� -SR) 
to date. S ince the ls bound state of the � - is highly 
localized in the vicinity of the nucleus (see Section I) ,  
� -sR probes hyperfine fields in a manner similar to NMR .  
Two classes of exper iments have been reported. In the 
f irst, a �- bound state around an even-even nucleus 
(I • 0 )  perm its hyperfine studies in cases where NMR is 
nor�ssible. Experimen�l have been carried out (� -
+ 0) in MnO and (� - + Si )  in MnSi, which are both 
ordered magnets. In the second kind of experiment the 
hyperfine f ield at  a nucleus of atomic number ( Z  - 1 )  is 
compared with that at a (� - + Z )  bound state. These 
hyperfine f ields should be the same to a f irst approxi­
mation, since the •nuclear • charges are equal. Such a 
comparison has been carried out between Rh and (� - + Pd )  
in pallad ium metal, where the surprisingly large hyperfine 
anomaly [Hhf (�-Pd) - Hhf (Rh) ] /Hhf (Rh) • - 36 percent was 
observed.l5 This g ives detailed information on charge and 
polarization densities in the vicinity of the nucleus. It 
appears that the use of � -sR will become more widespread 
if associated technical difficulties can be overcome. 

III. THE MUON AS A LIGHT INTERSTITIAL PARTICLE 

A fundamental question at the forefront of current 
solid-state physics research concerns the formation and 
properties of localized versus extended states of a light 
particle. Mass is a crucial parameter in determining 
whether a particle is localized. Because the muon mass 
often falls in the intermediate range between definite 
local ization (for protons} and definite band states (for 
�lectrons and positrons} ,  it is perhaps uniquely suited 
to investigate these problems. The details of both site 
location and diffusion are relevant to the issue of 
localization. 

A .  Localization and S ite Identification i n  Pure Materials 

The depolarization rate of a muon depends on its dipolar 
coupling with host nuclei, which in turn depends on the 
type of site the muon occupies and whether it is in a 
localized or extended state. Copper is the only nonmag­
netic metal for which a static, interst i tial site 
location has been determined in the nominally pure 
material. Here data show the muon to be localized in an 
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octahedral s ite be tween about 10  and 1 0 0  K . l 6  The 
s trong electron ic d ipole f ie lds can be used to d i s tinguish 
muon s i tes in magnetic mater ials , as d i scussed above i n  
Sect ion I I . B .  

B .  Localization and S ite Identif ication in Impure 
Mate r ials 

I n  the absence of defects , the muon is  h ighly delocal ized 
in Al and the bee metals ,  as evidenced by the lack of 
depolar ization in samples of the h ighest pur i ty . l 7 

( The depolar izat ion r ate averages to zero for rapid mot ion 
or a h ighly deloca l ized wave function , owing to mot ional 
nar rowing . )  Impu r i t ies or vacancies can provide trapping 
cente r s  at wh ich a muon i s  local i zed for a suff ic iently 
long t ime to be depola r i zed by the local f ields of the 
hos t and impur i ty nucle i . 

Two types of informat ion have been obta ined in  studies 
of defect- induced depolar ization in  Al and the bee 
metalsl 7 : ( a )  trapping prope r t ies , such as the trap 
locat ion and the spatial extent and bind ing energy of the 
t r ap ,  and ( b ) the manner in  wh ich a muon d i f fuses to the 
t r ap .  Muon trapping at vacanc ies has been observed in  
e lectron- irrad iated , neutron-ir rad iated , and quenched Al : 
i n  deformed metallic samples :  and in  nonstoichiometr ic 
compounds . l8 No trapping by vacanc ies in thermal 
equ il ibr ium was found in Cu or Al at high temperatures . l 8 

Fur ther examples under ( a )  include measurements of the 
energet ics and trap rad i i  assoc iated with muon trapping 
near extr insic defects such as Mn in Al or N in  Nb . 
Spec i f ic informat ion about traps is  germane to the broad 
s ubject of defects in metals and me tallurg ical stud ies , 
and � SR can be regarded as complementary to the pos itron 
ann i h i la t ion technique . Information about d i ffus ion in  
the  presence of traps ( b )  i s  d i scussed below . 

C .  Diffusion 

The problem of muon d i f fus ion is part  of the larger one 
conce r n ing the mot ion of l ight interstitials  in sol ids . 
Th i s  mot ion may involve coherent ( band l i ke )  or incoherent 
hopping and may or  may not include induced latt ice dis­
tor t ion accompan ied by self-trapping ( small  polaron 
formation ) . Cons ider ing the muon as an isotope of 
hydrogen prov ides for an extremely w ide range over wh ich 
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i sotope effects can be s tudied ( a factor of 2 7  between 
3H and � +) ,  and such effects generally involve 
fundamental quantum considerations . 

Muon d iffus ion rates are infer red from the observed 
depola r i zation r ate A .  True s ingle-particle mot ion can 
be observed without the complicat ion of interact ions 
present in NMR, where fa i r ly large concentrations of the 
heavier hydrogen i sotopes are requ i red .  The s ituation i s  
straightforward in  a system l ike cu , which h a s  abundant 
host nucle i with s trong magnet ic moments . In such a case 
a muon at rest exper iences a large s tatic loca l f ield and 
therefore a large depolar i zat ion r ate . A rapidly moving 
muon sees a f ield that averages to zero as the par ticle 
j umps f rom s i te to s i te ,  and thus has a small A .  Such 
behavior has been ver if ied in cu , where A is observed 
to decrease with temperature above about 10 0  K . l 7  Thi s  
is interpreted i n  terms o f  incoherent hopping , which 
increases with temperature . However ,  A decreases 
somewhat with dec reas ing temperature below 10  K, which 
impl ies some delocal i za t ion as the temperature is 
lowered . l7 The muon mot ion in  this  reg ime is very 
slow , however ,  and is not under stood theoretically . 

S imilar behavior has also been suggested in Al . l 7 

As d iscussed i n  the previous section , no muon depola r i za­
t ion i s  seen in pure Al , presumably because the muon 
d iffuses too r apidly or is too delocal i zed over the ent ire  
temperature range . Impu r ities and vacanc ies , however ,  do 
produce trapping center s  at which depolar i za t ion occur s . 
Because the overall time for depolar i zation includes the 
t ime required to reach a trap , the observed A can yield 
information about d i ffus ion . 1 7 Systematic s tud ies have 
revealed that muon d iffus ion to these traps is incoherent 
above 1 K but suggest coherent bandlike motion below 1 
K . l9  

Diffus ion rates nave also been inferred in the bee 
metals v, Nb , and Ta from the trap-induced depolar iza­
t ion . 1 7 As noted ear l ier , no depolar ization is 
observed in  the h ighest-pu r i ty samples because of the 
r apid d i ffus ion . Di ffus ion can also be measured in pure 
Fe because of the large hyperf ine f ield and magnet ically 
inequivalent s i tes . The anomalous temperature dependence 
of A in the reg ion of 50 K may be due to coherent d i f­
fus ion , but i t  i s  not yet clear whether th is  behavior 
could also be caused by a small  concentration of 
impu r i t ies . 

Metals such as Ag and Au do not have suff ic iently 
strong nuclea r moments to produce depolar i zation . Her e  a 
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successful  techn ique has been to introduce paramagnetic 
impu r i ties that relax the muon spin v ia the strong inter­
action w i th the impu r i ty ' s  electron spin . 20  The 
s ituation is analogous to NMR of rapidly mov ing nuclei in 
super ion ic conductors and hydr ides , where paramagnetic 
impu r ities are known to be a dominant source of relaxa­
t ion . Muon d i f fus ion in Ag and Au is absent at low 
temperatures (T < 50 K) , and at  h igh temper atures has 
been found to be well descr ibed by a class ical , bar r ier­
hopping picture , much l ike that found for hydrogen in 
these metals . Th is behavior is  in sharp contrast to muon 
mot ion in Cu , where  bar r ier tunnel ing is involved . 

The quantum motion of l ight interstitials has generally 
been analyzed in the context of small polaron theory , 
wher eby the par t icle self-traps . However , the muon band­
width is suffic iently large that the usual approximations 
for polaron formation are questionable . The dependence 
of hopp ing rates on temperature and the temperature at  
wh ich crossover from incoherent to coherent  mot ion occur s 
do not conform to s tandard polaron theory ,  and s iyn i f icant 
theoret ical revis ions are l i kely to be necessary . 9 

IV.  THE MUON AS THE HYDROGEN-LIKE ATOM MUONIUM 

Much of the interest in the muon stems from the impor ­
tance of hydrogen as a s imple and abundant e lement . The 
compar ison and contrast of muon ium and hydrogen atoms 
appear to have impor tant phys ical and chemical 
consequences .  

A .  Muonium-l ike States in Sol ids 

When a pos i t ive muon enters  a sol id it undergoes a large 
n umber of inelastic col l i s ions , slowing it down to k inetic 
energ ies  of a few kev .  From th i s  energy to a few hundred 
eV i ts veloc i ty is comparable w i th that of the valence 
electrons , and the electron capture cross sect ions are 
large . The �+ therefore captures and loses electrons 
unt i l  i ts energy decreases to about 200 ev , after wh ich 
muon ium can form . A bare muon may also capture electrons  
r esult ing from the ion izat ion i t  produces as  it  thermal­
izes fur ther . In e i ther case muon ium ,  or muonium-l ike 
center s ,  results for some fraction of the muons . The 
t ime to thermal ize is shor t , <lo- 10 s ,  and l ittle 
polar ization is  los t .  
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Muonium or muon ium-l ike center s have been observed in  
only a relatively few nonmetals . Although th is may mean 
that the muon ium formation probability is too low or tha t  
muon ium i s  not stable , in many cases it may also result 
from muonium depolar ization result ing from nuclear hyper ­
f ine interactions . Exper iments to determine why muon ium 
is not seen in many mater ials are not yet abundant enough 
to generalize . 

The ear l iest observation of muonium in a solid by �SR 
was in quar tz , which is currently the only well-studied 
insulator . At h igh temperatures ( >200  K) muonium diffuses 
rapidly in a-s io2 . Consequently the hyper f ine interact ion 
is nea r ly isotropic and has an average spl itting about 1 
percent greater than free muon ium . 2 1 , 2 2 The hyper fine 
trans ition at 4496 . 2  MHz has been observed directly , and 
the temperature dependence has been measured . 22 At low 
temperatures ( < 100 K) the muonium s i te has lower 
symmetry,  and several differently or iented but otherwise 
equivalent cente r s  have been observed . 21 , 22 The 
r esults are somewhat s imilar to the results of EPR on 
hydrogen in a-Si02 , with several s ign i f icant differences 
r esulting from the much smaller mass of muonium .  

A double-resonance technique , which is a var iant of 
�R, has been demonstrated us ing muon ium in quar tz . 23 

I t  is  called DEMUR, for double electron muon resonance , 
and involves dr iving allowed magnetic dipole trans itions 
of  the electron spin with an intense near-resonant r f  
magnetic f ield and observing structure in the �SR 
frequency spectrum .  DEMUR can permit the observation of 
EPR trans i t ions of muon ium-l ike center s  even if they are 
not vis ible in the �SR spectrum .  

The s tudy o f  �SR i n  semiconductor s has produced 
several unexpected results , par t icularly the observation 
of  two unusual muon ium-like defect centers in each of the 
group IV crystals , diamond , s i l icon , and german ium ,  in 
addition to �+ . Although the EPR of hydrogen in many 
insulator s has been observed and studied , no observations 
of EPR from hydrogen-l ike center s have been repor ted for 
any semiconductor . Consequently �SR is the only way at 
present to s tudy hydrogen-like centers , even if  only by 
inference and analogy . 

The two muonium-like centers found in the group IV 
crystals have been called normal muon ium (Mu )  and 
anomalous muon ium (Mu*) . Normal muon ium has an isotropic 
hyper f ine interaction ( l ike free muon ium) ,  but the 
hyperfine spl itting is about 1/2 the free value . 
Anomalous muon ium has a very small , h ighly anisotropic 
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hype r f ine interact ion , whose pr incipal axis  i s  
<1 11> . The hype r f ine parameters  (A) measured for Mu 
and Mu* in diamond , 2 6  s il icon , 24 and german ium2 5 , 2 7 

are  g iven in Table 6 . 2 .  Although no atomic-hydrogen­
l i k e  center has been observed in these mater ials (or i n  
any semiconductor ) ,  those a tomic hydrogen centers  that 
have been s tudied in other sol ids have hyper f ine 
inte r actions that are within a few percent of the free 
hydrogen value . Thus both Mu and Mu*  represent centers  
that  as yet  have no  observed hydrogen analogs . 

The hyper f ine parameter s for the Mu and Mu* s tate s 
have been determined to a precis ion of 1 : 10 4 , and the 
temperature dependence has been measured over the entire 
temperature range in wh ich the �SR can be observed . 
The electron ic g-factor is close to 2 in all cases and 
has been shown to be an isotropic for Mu* . Evidence for 
nuclear hyper f ine interact ions has been obta ined at low 
magnetic f ields . Th is interact ion is the pr inc ipal 
r ea son that Mu* in Ge and Si has not been observed at 
ver y  low fields . 

Depolar ization measurements have been made on both Mu 
and Mu* at var ious temperatures . The most interest ing of 
these s tudies shows that Mu becomes Mu* at h igh tempera­
tures ( -600 K) in d iamond . 2 6  In  Si  and Ge doped w i th 
sha llow donor s or acceptor s ,  there is a depolar ization of 
Mu at  low temperatures that increases as the dopant 
concentration increases . 27 Th is has been ascr ibed to 
exchange coupl ing be tween normal muon ium and the shallow 
impur ity .  The r elaxat ion due to car r iers  in the conduc­
t ion or valence band has been observed for Mu*  in Ge . 

Although many proper t ies of normal and anomalous 
muon ium are known , the nature of the ir  structure and 
o ther properties is  still  unclear . Because a point 
pos i t ive charge i s  a s imple impur ity ,  and because the 

TABLE 6 . 2 Hype r f ine Parameter s of Muon ium-l ike Centers  
at  T = 0 K ( in Megaher tz ) 

For Mu* 
Sys tem A for Mu A u  Al 

D iamond 3 7 1 1  ± 2 1  -167 . 98 ± 0 . 0 6  3 9 2 . 59 0 . 06 
S i l icon 2 0 0 6  ± 2 16 . 819 ± 0 . 0 1 1  9 2 . 59  0 . 0 5  
German ium 2 3 59 . 5  ± 0 . 2  2 7 . 26 9  ± 0 . 0 1 3  131 . 04 0 . 0 3 
Free muon ium 4 4 63 . 3026  ± 0 . 00 1 5  
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g roup IV crystals have been o f  interest to theor ists  
descr ibing point defects , the theoret ical activity in 
these problems i s  cons iderable . Vir tually all  of thi s  
theoretical effort has been d irected toward normal 
muonium and has assumed a tetrahedral interstitia l  
pos i t ion . Although a l l  theor ies a r e  successful i n  
obtaining a low hype r f ine interval for normal muonium , 
the actual nature of the state is still  unce r tain . 
Anomalous muonium rema ins a mys tery.  

B .  Chemistry of Muonium 

Although the formation of muonium i s  i tself of fundamental 
interes t ,  the pr imary motive in muon ium chemistry s tudies 
l ie s  in  exploiting the chemical reactivity of the muonium 
atom compared with hydrogen . There are bas ically two 
r easons for this . The f i rst is the isotopic ratio of 
l/9 : there is  s imply no comparable isotope effect in any 
other system , and the s tudy of mass effects in chemical 
react ion dynamics has long been central to an under­
s tanding of the theory of react ion rates . The second 
reason has to do with the fact that many of the repor ted 
hydrogen rate constants for the same reaction typ ically 
d i ffer by factor s of 2 or more , often because of the 
d if f iculty encountered in determin ing the hydrogen 
concentrations accurately . Because there  is only one 
muonium atom in the reaction system at a t ime ( in the 
usual t ime-di fferent ial mode) , there can be no • second­
order • e ffects involving muonium ,  so that the react ion 
k inet ics are in pr inc iple much more straightforward than 
in hydrogen chemistry . Indeed , i f  the isotope effects 
between muonium and hydrogen are ever pred ictable a 
pr ior i ,  one could measure a var iety of •hydrogen • 
reactions in d i f ferent med ia , par t icular ly those of 
b iolog ical interes t .  

The ma in drawback w i th the muonium chemistry techn ique 
is that it  measures a bulk thermal rate constant ,  wh ich 
r epresents a we ighted average of the react ion cross 
sect ion a (E) , whereas mos t of the theoretical interes t 
l ies  in  a determinat ion of the energy dependence of 
a (E) .  It is  unl i kely that one will ever be able to 
approach the soph i s t icat ion now ava i lable in atomic- and 
molecular-beam stud ies , which in some cases are now 
measur ing • state-to-s tate • r eact ion cross sections 
( routine in nuclear phys ics stud ies for over 30 years ) . 
Neve r theless , muonium now plays a unique role in react ion 
k inetic studies . 28 
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The large mass d ifference affects a (E )  and therefor e 
the r ate constant k v ia the zero-po int energy and 
tunnel ing . The ratio kMufk8 has been measured for the 
X + G react ion (X • Mu or H ,  G • F2 , c12 , Br2 , HBr , c2H4 , 
H2 , o2 , NO) , and a s ign if icant isotope effect has been 
found . 2 8  Deta iled theoretical calculations have been 
car r ied out for F2 r c1 2 , and H2 . 28  Success ,  par t icularly 
with H2 , points to the poss ibility that measurements o f  
muon ium reaction rates can predict the topology o f  
potential energy sur faces . 

There have also been wide-rang ing studies of muonium 
react ion k inet ics in the l iqu id phase , 28  but relatively 
l i t tle theoretical input to date . Indeed , from the point 
of v iew of tes t ing reaction-rate theor ies , the gas phase 
w i l l  most l ikely rema in the prefe r r ed med ium ;  many-body 
effects often tend to obscure the interpretat ion of 
r eact ion r ates in l iqu ids . There is , never theless , much 
inter est in the now rather impress ive array of muon ium 
r eact ion rates in l iquid (pr ima r i ly aqueous ) media . Over 
50  r ate constants have been measured , and the var iat ion 
seen in kMu/k8 is generally much wider than observed 
in the gas phase ; from 150 in the react ion Mu + NO) 
to <0 . 0 1  in the react ion Mu + ethanol . 

c .  Muon ic Rad icals 

I n  i ts chemical react ion with conj ugated bond systems , 
muon ium will  inevitably form a muonic rad ical where the 
( st i l l  polar ized) muon will  interact with an unpa ired 
electron via a much reduced hyper f ine interact ion 
( compared to muon ium i tsel f ) . The class ic example is the 
reac t ion of muon ium with benzene , wh ich forms the muon ic 
analog of the cyclohexyldienyl r adica l .  Th is is probably 
the bes t  known and mos t widely s tud ied radical  by ESR . 

To date , someth ing l ike 3 0  muon ic radicals have been 
ident i f ied , includ ing a recent observat ion of a radica l  
i n  solid . 2 8 The ir resonance frequenc ies show large 
isotope effects when compared with ESR results for 
cor respond ing proton radicals , even after account is 
taken of the differ ing magnet ic moments of the proton and 
muon . These are indicat ive of d i ffer ing conformat ions 
between muon ic and protonic radicals ; the increased 
zero-po int v ibrat ions of the muon ium-substi tuted r ad icals 
prov ide larger internal  bar r ier s to rotat ion , with the 
r esult that muon ium-subst i tuted r ad icals tend to favor 
equ il ibr ium conformat ion where  muon ium is ecl ipsed by the 
half-filled Pz orb ital . 
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In addit ion t o  be ing able t o  determine conformationa l 
dynamics , �SR prov ides an impor tant handle on the 
measurement of chemical reaction rates of the radical 
itself . These rates are generally difficult to determine 
in  ESR studies because the chemical r eact ion of r adica l  R 
with react ive solute S competes with the reaction of R 
with itself ,  i . e . , R-R recombinat ion processes . Hav ing a 
radical • spin labeled • by a muon is then a very n ice 
feature ,  because there can be no interaction of the muon 
rad ical with itself : thus the desired reaction R + S + 

products can be s tudied free of competing R + R processes , 
a tremendous advantage of �R s tudies . 
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7 .  NEW DIRECTIONS 

I .  FUTURE FACILITIES : PROPOSED AND UNDER CONSTRUCTION 

We now br iefly discuss the known plans for expans ion of 
� SR fac i l i t ies around the wor ld , focus ing on the per iod 
of the next 5 years . 

At SIN,  cur rent plans call for conver ting another beam 
line , nMJ , into a surface � + facil ity somet ime i n  
1984 . This will provide sur face muons to a dedicated 
� SR area , with a spin rotator and low-temperature 
(dilution refr igerator ) fac il i ty .  Finally , the upgrade 
to produce 1-2 mA of beam for the SIN accelerator w i l l  
have been completed within the next 2 years .  

TRIUMP i s  unde r taking an upgrade o f  its M20 channe l to 
increase the flux and to provide two legs to be used 
e i ther for surface or decay beams . The channel will  have 
a de separator and spin rotator and should be installed 
dur ing the per iod January through May 1983 . In add i t ion , 
with in the next 2 years TRIUMF i s  planning to bui ld a new 
sur face muon channel (MlS) , wh ich will  use two de 
separators and new beam opt ics to provide an exceptional ly 
clean , h igh-luminos i ty-sur face muon beam . The expected 
luminos ity will be about 5 x l 0 5/cm2/s at 100  �A.  They 
are also planning a � SR fac i l i ty that will  include a 
dilution refr igerator and its assoc iated spectrometer to 
be used a t  th is beam l i ne .  I f  TRIUMF builds · a  • kaon 
factory , •  very-high-luminos i ty de or pulsed beams would 
be available in a decade . 

The des ign of a new � SR spec trometer to increase the 
useful data rates at LAMPF is under way . The scheme 
would utilize the capabi l i ty of spatially cor relating the 
muon and pos itron trajector ies , in effect subd ividing the 
targets so that the maximum s topping rate would be 
assoc iated with each subsect ion , instead of the target as 
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a whole . · .  Th is  technique has been under development a t  
CERN. I t  seems l i kely that s uch a scheme could increase 
data r ates by at least a factor of 5 ,  mak ing the LAMPF 
data r ates competitive with those now at SIN . Another 
way to increase data rates at LAMPF would be to utilize  
the de  beams potentially ava ilable a t  a new LAMPF I I  
accelerator in about a decade . 

Des ign s tudies are also under way to assess the future 
of  pulsed muon beams at LAMPF . One scheme under inves­
t igation is  the feas ibil i ty of prov id ing a chopped sur face 
muon beam at one of the exist ing muon beam l ines . Pulses 
o f  shor t duration could provide h igher data rates (Chapter 
4 )  and provide pulsed-beam capab i l i ties as well . Sur face 
beams are impor tant for th is appl ication , because thei r  
low momentum makes rapid chopping feas ible . 

The Los Alamos Proton Storage Ring ( PSR) would provide 
an ideal pulsed �SR source . The �SR,  now under 
cons tr uct ion , will  operate in two modes , a 1-ns-wide 
proton bur s t  at 7 2 0  Hz with an average cur rent of 12 �A 
and a 2 70-ns-wide bur st at 12 Hz with an average current 
of  100 �A . The PSR could provide a un ique capab il ity 
because of  i ts h igh inten s i ty and shor t pulse mode ( 1-ns 
w id th) . The long pulse mode could also be used to 
prov ide a chopped sur face beam w ith a pulse w idth between 
5 and 270  ns . A proposa l to bu ild a muon beam facil ity 
at  the PSR is cur rently being wr i tten . 

The KEK fac il ity has come on- line w i th in the last 2 
year s at a beam intensity of  about 1 �A . An upgrade to 
prov ide 10 �A of beam is planned in about 2 year s .  The 
construction of a h igh-frequency r f  system and the pro­
v is ion for laser i r r adiat ion of samples will  be used to 
fur ther explo i t  the cur rently un ique KEK pulsed-beam 
s tr ucture .  Thoughts are also be ing g iven to upgrading the 
beam intens ity to abou t 100 �A . 

A new s topping muon channel has been assembled at  BNL 
us ing many of the components from the old Space Rad iation 
Rffects Labor atory (SREL) . A 1-�A proton beam of 2 8-
GeV energy imping ing on a th ick product ion target will  be 
used to produce an est imated �+ decay luminos ity o f  
about 1 . 2  x 104/cm2;s , with a momentum spread of 2 MeV/c 
and macroscopic duty factor of 4 0  percent . The mach ine 
can also produce 2 0- to 3 0-ns-wide bunches about every 2 
sec , w i th an average intens ity of about 103/cm2;s . Th e 
feas ibil ity of mak ing a sur face muon beam is also be ing 
s tudied . 

The new SNS mach ine at  Ruther ford-Appleton Laboratory 
w i l l  be an 800-MeV proton synchrotron with 20 0-�A 
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des ign intens ity ,  produc ing two lOO-ns-long pulses 230 ns  
apart  every 20 ms .  The pr imary purpose for th is mach ine 
has been to produce an intense source of pulsed neutrons . 
An add i tional plan is  under way to place an in-l ine target 
upstream of the neutron product ion target , to produce a 
surface muon beam for � SR research . Two k icker magnets 
will be used to provide two s imultaneous chopped beams of 
10- to lOO-ns width , each using 100  �A of beam. 

I I .  NDi DIRECTIONS : THE TECHNIQUE 

Very-high-luminos i ty low-momentum muon beams will be 
needed to extend � SR to a wider range of samples .  
Assuming de beams , intens i t ies  of the order of 5 x 10 6 

� +;cm2/s would allow maximum useful rates with 
samples whose cross-sect ional area is  as small as 1 mm2 . 
Per formances comparable with this are cur rently avai lable 
at beam l ine wE3 at SIN and will  be exceeded when SIN 
increase the proton beam current to the 1-2 mA value . 
Comparable per formance exists for sur face beams at LAMPF , 
except for the duty factor loss of about a factor of 1 0 . 
In the more d istant future ( � lo years )  h igher-
intens ity stopping muon beams will poss ibly be ava i lable 
from proton synchrotrons ( 100  �A at 16-30 GeV energy) 
in the planning s tages at  LAMPF and TRIUMF. 

A second impor tant new d i rection of � SR research , 
which will extend the technique to new phenomena , 
involves the use of pulsed sources . The advantages of a 

pulsed source are twofold : ( a )  increased event rates and 
(b)  exploitat ion of pulsed environments . The increased 
event rate ar ises from the fact that the muon p i leup 
problems are vir tually el iminated , since all the muons 
a r r ive • s imultaneously . •  In order to obtain excellent 
time resolut ion , however ,  the pulse width must be of the 
order of a few nanoseconds or less . Th is can be 
accompl ished by chopping a wider pulse , with loss of 
i ntens i ty ( as proposed at both the SNS and PSR) or by 
us ing the intr ins ically nar row pulse structure that would 
be avai lable at  mach ines l i ke the PSR at Los Alamos . 

The limitat ion on the event rate with a pulsed beam i s  
therefore determined by the ava ilable luminos i ty and by 
the speed of the pulse-process ing electronics . It is  
estimated that for 20-ns time resolut ion , mach ines at  
Ruther ford or Los Alamos could produce useful muon 
stopping rates of the order of l0 6/cm2/s , compared 
w i th 5 x 10 4/cm2/s at  a de accelerator . A small , 
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Table 7 . 1  Present and Poss ible Future Pulsed Muon 
Fac i l i t ies 

Pulse Repet i t ion Proton 
Width Rate Current 

Fac i l i ty (ns ) (HZ )  ( �A) 

KEK 50 2 0 1-2 
SNS 5-10 0 (chopped) 50 10 0 
PSR ( long ) 5-270 (chopped ) 12 10 0  
PSR ( short)  5 720 12  

br ight beam spot i s  requ ired in order that essentially 
all of  the muons s top in  the target ( and not in the 
surrounding mater ial ) , because the h igh instantaneous 
rate precludes the use of a beam-def in ing counter . 

The fac i l i ty a t  KEK has already demonstrated the power 
of pulsed muon techn iques . One obta ins a s ignal/noise 
r atio about 100 times that ach ieved a t  a de source , s ince 
the beam is shu t off when the decay pos i trons are counted . 
Because of th is the s ignal can be eas ily followed for up 
to 20 �s , compared with a typical t ime r ange of 10 �s 
at a de source , wh ich represents another two decades 
change in the relaxat ion func t ion . Finally , muon spin 
r esonance measurements have been car r ied out ,  us ing a 
h igh-power pulsed-r f source , for muons stopped in several 
mater ials . Th is is  the first example of exper iments 
requ ir ing very intense magnet ic or electr ic f ields , wh ich 
are only poss ible with pulsed f ields and , cor respondingly , 
pulsed muons . As an extreme example ,  i f  intens ities 
>>106 �+;cm2;s were ava ilable in the future , i t  might 
even be poss ible to do exper iments in wh ich the samples 
were actually destroyed , but suffic ient data were 
obta ined , in a s ingle beam pulse . Table 7 . 1  shows some 
character istics of the KEK and other poss ible future  
pulsed fac i l i t ies . 

I I I . NEW DIRECTIONS : THE SCIENCE 

•rhe pr inc ipal value that �SR enjoys as a resonance 
probe of mater ials is its complementary relation to other 
techn iques such as neutron scatter ing , M5ssbauer 
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spectroscopy , and NMR . Given th is  complementar y .role , 
one can expect that �SR will continue to be appl ied to 
new mater ials and phenomena in much the same way that 
other techniques have been . In  what follows we br iefly 
outl ine some of the scienti f ic areas to wh ich the �SR 
technique i s  likely to contr ibute . In the immediate 
future the most dramatic contr ibutions are l i kely to come 
from a growth in the var iety of phenomena to be s tudied 
with �R as more researchers tra ined pr imar ily in 
sol id-state phys ics and chemistry enter the field . In 
the more d istant future ( >3 years )  the impact of new 
techniques and facil ities ( such as pulsed and h igh­
luminos ity de beams ) will be felt .  

A .  Immediate Future ( <3 Years )  

Electron ic Structure o f  Metals 

Kn ight sh ifts in the s imple metals show trends that have 
yet to be expla ined by theory , so there is a more 
immed iate need for theory than exper iments in th is area . 
However , i t  would be i lluminat ing to see what exper imental 
trends exist in alloys and intermetallic compounds . 
Relatively l i ttle �SR has been done in metal hydr ides , 
whereas cons iderable work has been done on proton NMR and 
the theory of electronic prope r t ies . Given the inter­
esting s imilar ities and d i f ferences between muon and 
proton probes , it seems natural that �R be used to 
explore the electron ic structure of the hydr ides . Muons 
could also be used to moni tor changes in electronic 
structures at phase trans itions in metal systems . The 
mos t obvious candidate is the metal-insulator tr ans it ion , 
but other more subtle structural trans i t ions are l ikely 
to show effects s imilar to those already observed for the 
valence trans i tions in cer ium . 

Static Local Fields 

�SR measurements of paramagnetic-state sh ifts and 
zero-f ield resonance frequencies near magnet ic phase 
trans itions will be par t icularly useful in mater ials for 
wh ich no NMR exists or where r apid spin-latt ice relaxation 
broadens the NMR s ignal excess ively . 
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Of  part icular interest for the future should be s tudies 
of metals whete s trong hybr idization between unf illed 
( 3d ,  4 f ,  Sf )  e lectronic shells and the conduct ion band 
render s  an otherwise local i zed magnetic moment e i ther 
i t inerant or unstable (Kondo instability or intermed iate 
valence ) . 

Dynamic Effects in Magnet i sm 

For the future , � SR appear s  to be a useful and even 
unique probe of spin fluctuation phenomena in numerous 
systems of current interest . A par tial list  of topics 
might be the following : 

1 .  Stud ies of nonl inear exc i tations ( e . g . , soli tons ) 
in  appropr iate systems . 

2 .  Fluctuations in systems without phase trans itions , 
i . e . , below lower c r i t ical d imens ionality .  

3 . The effect of d i sorder on c r i t ical dynamics , e . g . , 
near  percolation thresholds . 

4 .  The development of new k inds of fluctuations in  
d i sordered systems at  low temperatures ( e . g . , bar r ier  
modes in spin g lasses ) . 

5 .  Fluctuat ions in unstable-moment rare-ear th 
compounds ,  where mixing with conduct ion e lectrons 
produces a many-body s inglet g round s tate . Examples are 
CeAl 3 , CeCu 2S i 2 , and CeB6 . 

6 .  Spin fluctuation phenomena in i tinerant magne t ic 
sys tems . 

D i ffus ion , Trapping , and LOcal izat ion 

The role of d i sorder in produc ing localization is of 
fundamental cur rent interes t ,  and th is could be stud ied 
effectively by , for example , a systematic measurement of 
cu or Al alloys ( as opposed to the small impu r i ty con­
centrations investigated so far in Al ) . Amorphous metals 
and semiconductors are also good cand idates . Low­
d imens ional mot ion is  known both in electronic and ionic 
conductors . I f  low-dimens ional muon mot ion could be 
observed in favorable structures , i t  would prov ide a 
unique means of studying true s ingle-par t icle hopping and 
local ization phenomena in one or two d imens ions . 

Di ffus ion in a "pure "  nonmagnet ic metal has been 
observed only in Cu . It clear ly would be des i rable to 
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extend this list , poss i bly by careful search ing with 
improved sensi t ivity among elements with nuclear moments , 
such as the alka l i  metals .  

The wide range of mass d i f ferences between the muon 
and the normal hydrogen isotopes has only rarely been 
exploi ted to determine isotope effects in the same 
mater ial at the same temperature . Effor ts , both in H and 
muon d i ffus ion , should be made to obtain more ove r lap . 
Another case where over lap is  needed concerns muon 
d iffusion in Cu compared with muon d iffusion in Au and 
Ag . The former has a much lower act ivation energy and 
prefactor than the latter two , suggest ing fundamental 
d ifferences . However , different measurement techniques 
and temperatures ( relative to the Debye temperature ) are 
involved . 

Muon d iffus ion in metal hydr ides is  another h igh­
interest area where li ttle has been done . Here one has 
the poss ibil i ty of s tudying the motion of a tagged 
par t icle (muon ) in the presence of a large number of 
d iffus ing par t icles ( protons) ,  and str i k ing correlation 
effects are expected . S ince the muon hopping is  l ikely 
to be influenced by the mobility of hydrogen vacanc ies , 
the exper iments can also lead to informat ion about 
hydrogen d iffus ion . 

Trapping studies where the defect type (charge or 
s i ze ,  for example) and concentration have been var ied 
systemat ically are largely lack ing . Such investigat ions 
are needed to shed ins ight on the nature of the trapping 
phenomena and per turbed potentials . 

Muonium Chemistry 

A strong case can be made for pursu ing the present k inds 
of Mu react ion stud ies for some year s to come , since many 
more data need to be accumulated in order to prov ide a 
wide-rang ing compar ison between H and Mu react ion con­
s tants . This  is par t icularly true in the gas phase . 
Concomitantly , it  will be impor tant to have more accurate 
H atom data . 

In a like manner , fur ther stud ies of � + rad icals , 
par t icular ly measurements of the ir chemical reactivity ,  
will continue to be o f  impor tance to the vast f ield of 
ESR s tudies in chemistry . Add it ional and more detailed 
information about the location of the muon in the molecule 
and i ts conformat ional dynamics can be obtained from 
detailed analys is of f ine-structure spl ittings at lower 
magne t ic f ields . 
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Unl i ke the study o f  muonic rad icals , very l i ttle i s  
known about the diamagnetic envi ronment of the � + . 
Th is miss ing informat ion i s ,  in some instances ,  one of 
the big drawbacks in the s tudy of muonium chemistry.  
Knowing the environment of the � + i s  clear ly impor -
tant to the cor rect interpretation o f  d iamagnet ic yields 
observed in the slowing-down process  of the � + , which 
could be helpful i n  dec iding between spur and hot-atom 
modelsl in condensed media , for example .  S imilar ly ,  in 
the gas phase i t  seems likely that molecular ions form in  
the s lowing-down process ( e . g . , Ne� +) ,  but there is  
no d i rect evidence for thi s .  Also , be ing able to ident i fy 
react ion products in  chemical react ions would be useful 
i n  understanding the deta i led nature of the react ion 
process ( e . g . , Mu + HBr + MuH or MuBr ? ) , wh ich to date 
rel ies totally on compar ison with the analogous ( and 
often not wel l  under stood) H atom reactions . Information 
could be obtained from prec ise chemical sh ift measure­
ments and poss ibly by observing l ight emitted from 
v ibrational exc ited s tates . 

Insulators and Semiconductor s 

'l'he s tudy of the poss ible existence and characte r i zation 
of muonium or muon ium-l ike defects should be extended to 
a much wider class of insulator s and semiconductors . 
Such stud ies could have impor tant impl icat ions for the 
understand ing of local moment format ion . In th is context 
the study of mater ials whose behavior is between a metal 
and a semiconductor could be impor tan t .  

More theoretical wor k is requi red t o  under stand the Mu 
and Mu* states seen in d iamond , s i l icon , and german ium.  
The lack of v i s ible hydrogen analogs is  interesting here . 

Sur face Sc ience 

Another new r eg ime in wh ich muons may be useful probes is  
the s tudy of sur face sc ience , wh ich may include s tudies 
of  catalytic react ions . Prel iminary measurements on 
quartz  powder s  have ind icated that muon ium might be 
d i ffus ing to and migrat ing about the sur face , becoming 
trapped and detrapped as the temperature is changed . The 
use of muonic x rays emanat ing from the capture of 
ultralow-energy negative muons (< 1 eV) may also become 
a power ful probe of sur face molecules . The x-ray energ ies 
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and intensities are excellent determinants of the 
e lemental charge and the chemical environment of the 
captur ing species . Low-energy muons could be stopped in 
a thin layer of hydrogen and subsequently transferred to 
a monolayer of mater ial . The production of such muon 
beams requi res h igh intens it ies , such as those cur rently 
available at LAMPF and SIN or in a decade at  the possible 
h igh-intensi ty upgrades of LAMPF and TRIUMF. 

B .  Long Range (> 3 Years)  

Stat ics and Dynamics in Magnetism 

The study of the topics ment ioned above in Sect ion A are 
l ikely to be greatly enhanced by the h igher counting 
stat istics available with a good t ime-resolut ion (< 10  ns ) 
pulsed beam. Such s tudies would allow h igh-prec is ion 
measurement of the entire relaxation function in essen­
t ially all magnetic mater ials . Fur thermore ,  the beam 
t ime structure would permit monitor ing the return to 
equ i l ibr ium of a system !!!!£ an initial per turbat ion . 
I t  is poss ible , for example , that the relaxat ion spectrum 
of a spin glass depends on changes in appl ied magnet ic 
f ield . 

Static and Dynamic High Pressure 

Pressure is a powerful tool in studying solid-state 
phenomena , so i t  is natural that it be combined with 
u SR.  Knight shi fts versus pressure could be par t icu­
larly valuable in elucidating how the var ious band and 
core terms depend on interatomic spac ing . A new area of 
phys ics and chemistry concerns behavior under shock . 
Shock waves have been shown to induce polar ization , free 
r ad icals , and numerous point defects . By combining shock 
waves with pulsed u SR,  one would have the poss ibility 
of doing real-time , local-probe s tudies of shock-induced 
processes . 

D iffus ion , Trapping , and Localization 

Most exper iments have so far measured only the character ­
istic t ime A - 1 ( inverse depolar izat ion rate) for the 
relaxa t ion funct ion G ( t )  to decay to 1/e of i ts initial 
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value . Considerable add it ional information and detai led 
compar ison with theory is poss ible if the complete t ime 
dependence of G ( t )  were measured . For example , the 
long-t ime behavior in zero f ield can distingu ish between 
d i ffus ion to a trap and release from a trap .  I t  would be 
poss ible as well  to measure much smaller A ' s ,  with the 
hope of detecting the rapid d i ffus ion or h igh delocal i za­
t ion that apparently exists in many metals . 

Quest ions of loca l i zat ion are closely t ied to latt ice 
relaxat ion . If subnanosecond � SR or combined t ime­
resolved phonon spectroscopy with � SR could be done , 
then the exc i ting poss ibil ity exists of studying the 
dynamics of polaron formation . 

I n  add i t ion to s tud ies of point defects in metals , i t  
i s  wor thwh i le to examine the effects o f  dislocat ions , 
grain  boundar ies , and microscopic cracks  on muon d i ffus ion 
and trapping . Par t  of th is interest s tems from problems 
of hydrogen embr ittlement . I t  is  believed that such 
defects play a s ignif icant role in the embr ittlement 
problem , but the small amounts of hydrogen involved 
preclude proton NMR as a local probe , whereas the 
s i tuat ion is wel l  suited for � SR. 

Muon ium Chemistry 

There are a number of exc i t ing poss ibil i t ies  in the 
future usi ng pulsed muons in conj unct ion with pulsed 
laser s .  I n  the study of react ion dynamics , very of ten 
the r eact ion from the v ibrat ional ground state of the 
target molecule (v = 0 )  is thermoneutral or even endo­
thermic , in wh ich case the react ion rate is very slow and 
d if f icult to measure (Mu + H2 , Mu + HCl are cases in 
point) . I f  one were able to exc ite the v = 1 state , the 
r eaction rate would increase by several orders  of mag­
n i tude , wh ich would provide add it ional , and in some cases 
c r uc ia l ,  informat ion per t inent to test ing d ifferent 
reaction theor ies . 

The production of a muoni um beam would truly revolu­
t ionize the subject of k inet ic stud ies , by permitting 
measurements of cross sect ions rathe r than bulk rate 
cons tants . 

General Pulsed Techn iques 

As an example of an untr ied class of measurements in 
wh ich h igh intens i t ies  and shor t pulses would be impor-
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tant , we discuss optical- �R exper iments . Laser s ar e 
currently ava ilable that can cover the wavelength r ange 
from the extreme UV into the far IR , and cont inuous 
tunab il i ty is ava ilable over much of th is r ange . For 
example , YAG-pumped dye laser s , tunable from 19 5  to 500 0 
nm with 10-ns pulse lengths ,  3 0-Hz r epetition r ates , and 
107-w peak powers are ava ilable . 2 These pulse lengths 
and repet ition rates are comparable with those that could 
be obta ined at present and future pulsed-muon facil ities . 
Thus i t  should be poss ible to do exper iments in a wide 
var iety of opt ical env ironments . 

Cons ider the search for the optical trans it ions from 
the ground state of muon ium or a muon ium-l ike defect 
center in a nonmetall ic crystal .  A tunable laser could 
be s tepped in wavelength , with separate �SR spectra 
obta ined for each wavelength . Wh ile on or near an optical 
tr ans it ion the �R spectrum would be weakened or 
destroyed , thus allowing the location of the transitions . 
I f  the exc ited state is long-l ived ( l i fetime � . 1  �s ) , 
opt ical trans ition can be pumped w ith a shor t pulse c -1 
ns )  and the subsequent �SR spectr um will  be a super­
pos i t ion of the ground and exci ted state �R spectra . 
If  long laser pulses are used , then the system may be 
coherently dr iven between ground and excited s tate , with 
char acter ist ic effects on the �SR spectrum ,  such as the 
production of s idebands . S imilar ly , product ion of 
opt ically induced spin polar izat ion , us ing c ircular ly 
polar ized l ight ,  might be observable . 
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