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Introduction to uSR Lecture plan

uon-spin rotati ti
(m on-spin rota IOI’I/TGIGXG IOn) ® Setting muons in their context, which in this

case means a historical context!
® Muons were originally mis-identified. An
important lesson in the history of science!

® Muons were first studied in cosmic rays; now
Stephen J. Blundell produced in large accelerators

Clarendon Laboratory, Department of Physics, University Of Oxford, UK

(see S.J. Blundell, Contemp. Phys. 40, 175 (1999) - also cond-mat/0207699)
Muon training course - 2010

I.I. Rabi (1898-1988) - on the discovery of the muon: insulating collar
How to
“Who ordered that?” detect )
ionising
radiation Wity

GOLD-LEAF ELECTROSCOPE

— mekal rod

. = InSuIAh‘na collar
microscope

metallized
quartz  Fibres

ELECTROMETER

Father Theodor Wulf (Jesuit priest) 1911 Victor F. Hess (1883-1964)

More radiation her% (300m from ground) Nobel prize 1936

(balloon flights 1911-1913)

= And alse'more

% than here
(300m from =
tower ina
horizontal direction)
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Robert A. Millikan (1868-1953)

....but to

Oil drop really make
experiment v progress, you
founded i3 4] .\ need.....
Caltech

first used the
term “cosmic
rays”

... a research
student!

(music of the
spheres)

Robert Millikan
- Nobel Prize 1923

his PhD student:
Carl D. Anderson
- Nobel Prize 1936
(shared with Hess)

Cortl Andecrson

Carl D. Anderson
(1905-1991)

discovered positron in 1931 . .
It is a dangerous thing...
and in 1936

with Seth Neddermeyer
discovered a particle

...when experiments agree with
called

theory

the MESOTRON

mass ~ 200 m,




Yukawa (1907-1981):

p*and e intecact by the cxchange
of wvictual photens (QED)

= if the skrong feree in the
nucleus s mediared by txd\u\jt
of virtual mesokrons, then

need o “borcow” enecgy AE

given by
AE B~ R g
) o
* size of nucleus
c
2 AF o~ 16 3ux0”
2z 107"
~ 1 MeV -
°°w o Hideo Yukawa (1907-1981)
¢ Nobel prize 1949
= Andersen /Nuldarmejzr = Yukawa
particle - packicle

Marcello Conversi

(1917-1988)

Muons STOP in a sample
- they do not diffract, or reflect

O
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yes

no

no

Bruno Rossi

lifetime of “mesotron”= 2.15(7) microseconds (1942)

Justus Liebig
(Erlangen, 1822)
|
Henri V. Regnault
(Ecole Polytech., 1832; Giessen)

Pietro Blaserna
(Paris, 861)
jorana

ari
Qui

John H. Tinlot Riceardo Giacconi
(MIT, 1948) (Milan, 1954; MIT)
Physics Nobel 2002

Gilberto Bernardini|
(Pisa, 1928)

Leon M. Lederman Mareello Conversi
(Columbia, 1951) (Rome, 1940)
Physics Nobel |
88
Carlo Rubbia

(Pisa, 1958)
Physics Nobel 1984

Fig. 1 Dispoaiton of countors, absarber, and magnetised ron plates..
Al countors *D" are connocted i parael.

‘Tabie 1. Results of measurements on f-decay rates
for positve and negative mesons,

Sgn  Absober IV Hours  M/100 hours

@+  SomFo 213 106 15500 67365
® - SomFe 172 158 20600 3
©-  none 7160 10748 -
@+ 4 70 101 17920 36245
(9) - 4cmCesomFe 218 146 24300 27235
M+  62cmFo 128 120 24000 )

Conversi, Pancini, Piccioni experiments (1947)
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Results of the experiment to implant cosmic ray muons
in matter and measure their lifetime:

u* in anything 2 us
winC 2 us
w in Pb 0.07 us

hence, mesotrons (muons) are  (radius of -

orbik) ~ M/ /m, x (radias of e~

»w inferackion :

not interacting strongly enough orbi€ )
to be Yukawa's particle! ) enphust Wo+p >+,

Reason for u interaction: - capture w+p >n+v,

(radius of w orbit is ~ (m,/m,) x radius of e orbit)
so the u occupies an orbit close to the nucleus, and
sees the full +Ze charge on nucleus)

Cecil Powell (1903-1969)
1947 - discovered the pion
Bristol University

Nobel Prize 1950

pion mass 139.6 MeV
muon mass 105.7 MeV

Cosmic rays [mostly muens | ]

Muons at ground level — average energy 4 GeV
For E?> | GV get ~verh'mllj 1 muon cm* min'
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And particle physics has kept on rolling....

Particle properties

charge spin mass moment v /2m lifetime
MHT") ()

=
318 5

i ,A,\r’{’
=105.7 MeV/|

* Muon beams have 100% spin polarization.
* Samples do not have to be deuterated.

1890 1900 1910 1920
| | % A A AT I A A A A A A
e~ P
1920 1930 1940 1950
{ Lo { Ll { L I
n et ut at Kt
1950 1960
w0A05% pvstal p v, @ ...and many
Kas- T =0 ©éq more!
pfa
STEP 1:

Production of muons

+ Pions produced by Pp+p—>T+p+n
. Pion decays (n 26 ns

‘IT+—-—> /u++ Y
« This (s a TWO-BODY decay

Pﬁ(@:;/ ﬁ;@/‘P

Bavg/
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¢ 1§ the pion 1S \'nil:fo.\la at rest:

@ Ep = [’“_w;_tmi] & = 1038 MeV

L = m,.c"'r 4.1 MeV
@) Pu= [M;—M,f]c = 298 MeV/e
PRI
i) &= ch/e, = 0

(iv) Muon beam 100% spin-polarized

Relativistic four-momentum :

R= %)E)
EY

Derivation:

me = ¥m,c my = Um,v

gg = E-p = mle
=
Application to pion decay
Pz Bpr by
(mec, @) = (&2, 0 ) + (ARlr)
E, = mpc 4 p,c
2 e L e
E), y/‘ S romie

= B - 2Emy o (e

2oy
e
> Pp Ep —mpe = (T
< 2mp
p=L = £ = = "
c Ele s,

STEP 2:
Muons in matter
implantation +MeV | ut VS
L s
Sample

ionization of atoms,

S

electron scattering (107%)
2-3 keV

muonium  §ormation — (107%)

successive e capture & Lloss

STEP 3: decay

COUNTS

200 eV V ~ 0-002¢
inelastic collsions
bekween muonium and )
hosk aktoms
few oV
Muon decay

+ The muon decey occurs
much more \e\'Su(‘a\S than

the pion decay: half Wfe 2-2/u,5

* —
» g ;’f + Yy + Vu
POSITRON NEUTRINOS

+ This is a THREE- BODY decay

Therefore the decay posttrons
Can have a range of energies:

eg- @_) BEFoRE @

AFTER ) = ((
ﬁn—&q ) Ewn0

@) BEFORE

/;F ‘fe\Q %\‘




Richard L. Garwin

Leon Lederman

Observations of the Failure of Conservation

of Parity and Charge Conjugation in
Meson Decays : the Magnetic
Moment of the Free Muon*

Ricuarp L. Garwin,t LEon M. LEpERMAN,
AND Makesr WEINRICH

Pirysics Deparlm
Columbia Ui
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“T FUNIIEST BODK
PHYSICS FVER WRITTEN ”

IF THE

UNIVERSE

IS THE
NSWER,
AT IS THE

DICK TERESI

"How we violated parity in a
weekend .. and discovered

God”
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*I cannot believe
God is a weak left-
hander”

Wolfgang Pauli
(1900-1958)

Muon decay

Muon decays into a positron:

,u+ . +v,+ v

MUON POSITRON NEUTRINOS
Positron decay is asymmetric
with respect to the initial
muon-spin polarization
because of parity violation (weak interaction)

Decay positron emission probability for angle 6

S1/3
o
2 o
-1/3
o 1/2 1
E=E/Emax

p(8) o 1 + ao(e) cos ()

05(t) = (2e=1)/(3 = 2¢)

Various other materials were investigated for u'
mesons. Nuclear emulsion as a target was found to have
a significantly weaker asymmetry (peak-to-valley ratio
of 1,40=-0,07) and it is interesting to note that this did
not increase with reduced delay and gate width. Neither
was there any evidence for an altered moment. It seems
possible that polarized positive and negative muons will
become a powerful too! for exploring magnetic fields in
nuclei (even in Ph, 29 of the u decay into electrons?),
atoms, and interatomic regions.

Garwin, Lederman and Weinrich, Physical Review, 1957

Spin-precession frequencies
v T L

magnetic angular
moment | - ¥ 7 | momentum
R e =
qyr‘omaqnéh’r ratio

W s value

\6 = 9_/*_Nf\ nuclear

ry magneton
k Classicauj:
b = € M ~
I S %
T A el G
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. . - %+ +
Larmor precession ine”, u* and p
B(M
5 107* 10 001 0.1 1 10
10
Nuclear magneton —_ /
-23 — 2
Py = K/am, = 505xl0T TT! We YeBe 10 & oot
Bohr magneton 10' &8 01
= eh/am, = 423x16  TT-! =B = | &
Mo = eh/am, = 27 0, =Y,B, 7 N 2
S 10 1 4
| 9 | Tm| M | Shr = &S *
PROTON 5.5883 | I | 23934, | 428 MHaT | _ B 107! Q. 10
ELECTRON | 2:00 iy -ps | 281 GHeT-' (X)p_Yp ) R
MUON 2.00 Vo | 8Apy | 3¢ MH2T- 1072 100
L B TR T R T TR
B (G)

Muon production and decay

» Muons produced via pion decay:
at - ut v,

PION MUON NEUTRINO

*  Muons 100% spin polarized, speed~c/4, K.E.~4 MeV.

* Muon decays into a positron:

u+—>e++1/e+17“

MUON POSITRON  NEUTRINOS

» Positron decay is asymmetric with respect to the initial muon-
spin polarization because of parity violation (weak interaction)

(see S.J. Blundell, Contemp. Phys. 40, 175 (1999))




Ex%%ﬁments at the PSI
muon facility __
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uSR and ordered organic
ferromagnets and antiferromagnets

M
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uSR and ordered organic
ferromagnets and antiferromagnets

M
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uSR and ordered organic
ferromagnets and antiferromagnets

@) ()
4

600 mK

500 mK 3
300 mK

45mK

(MHz)

$ IO
(mT) )

Yp

400 mK.
390 mK 0
370 mK.
350 mK

150 mK

50 mK

0
0 200 400 600
T (mK)

Dipole fields

B*(ry) = ZD?ﬁ(ru) mf

. . . N b
Dipole field at muon-site 7 "™ moment

Summary

H
Counts

Ne(t) Ay Z
l Nr(t) 8
K ¢ spin mass moment v /27 lifetime

(MHTY) ()

28x10° | o0




