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R TRIUMF ) . .
Pion Decay: =+ —u*+v,

A pion stops in the “skin” of the primary production target.
It has zero linear momentum and zero angular momentum.

Conservation of Linear Momentum: The u* is emitted with momentum
equal and opposite to that of the v, .

Conservation of Angular Momentum: u* & v, have equal & opposite spin.

Weak Interaction:

Only “left-handed” v,
are created.

Thus the emerging u*

has its spin pointing
antiparallel to its
momentum
direction.
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S TRIUMF
y

Neutrinos have negative helicity, antineutrinos positive.
An ultrarelativistic positron behaves like an antineutrino.

Thus the positron tends to be emitted along the u+ spin

when v, and v, go off together (highest energy e*).
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..but...

First you need an.
ACCELERATOR!
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,®TRIUMF
CW & Pulsed uSR facilities

ISIS PS|

TRIUMF

cw
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S TRIUMF

TRIUMF

3 ns wide pulse of 480-500 MeV protons every 43 ns.

Average current 100-150 pA.

PSI

1-2(?) ns wide pulse of 590 MeV protons every 20 ns.

Average current up to 2.2 mA.

Proton Beam Time Structure

ISIS

Two 70 ns pulses of 800 MeV protons 340 ns apart
delivered every 50 ms.

50 ms
14

50 ms

Average current 200(?) pA.

J-PARC

Two 70 ns wide pulses of 3 GeV protons 600 ns apart
delivered every 40 ms (with gaps to fill 50 GeV ring).

40 ms

<100ns (In case of 400MeV LINAC)
(*82nS (In case of 181MeV LINAC))

Average current 333 pA.
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@TRlUMF

then you need some-
f]aofarizeo[ MUONS!
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@ TRIUMF
Forward & Backward Decay Muons

DECAY MUON CHANNEL (u™ or u~)

m— decay section pu analyzer
—_— =
\ “Forward” u

pr selector “‘Backward” u
~ 80% polarized
pu~ 65 MeV/c
Range: ~ 4+1 gm cm™

PROTON
BEAM
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R TRIUMF Surface Muons

it : all energies & angles.

100% spin

>< polarized

. Range: 150+30 mg/cm?.

~1 cm

Bright, imageable source.

Proton Beam
/

Some pions stop in “skin” of
production target & decay at rest.
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Qrriomr u Stopping Luminosity

BWD muon beams

S, T
el s ~[100 g | 1965
~ 100 MeV/c
from low—current accel.
5 +
~107 1 /s
BWD ,ui beams
from Meson E () MeV/c 1975
Factories : ~ 1 g SR
~107 1t /s
Surface Muon beams ~
from Meson Factories > 1985
28 MeV/c ~ 50 mg TRIUME

Moderated surface p*  ~10° 11" /s

~10 eV + re—accel. — % N;l% 2005
for depth profiling rel
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Proton Accelerator Complex Neutron Spallation

Paul-Scherrer-Institute

Switzerland

Cockcroft-Walton ]

870 keVi

Source SINQ / X

= 72 MeV ==

o

—— Injector |l

Isotope

Production

l Target E
- — Target M
% A% Ring d=5mm secondary
@ Cyclotron | / (7 beamlines
590 MeV /
=

-~ .
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TRIUMF IS I S
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@TRNMF

Performance of Muon Beams for uSR

REQUIREMENTS: HISTORY of IMPROVEMENTS:
@ HIGH POLARIZATION Before Meson Factories: Q ~102  (1970)
@ HIGH FLUX (>2x10%4 s™1 on target) Decay channels at Meson Factories: Q ~10°  (1975)
Q@ SMALL SPOT SIZE (< 1 cm?) Surface p* beams at Meson Factories: Q ~10°  (1980)
Q@ SHORT STOPPING RANGE “3rd generation” surface muon beams: Q ~ 107  (1990)

= |low momentum
Q@ LOW CONTAMINATION of 17, e etc.

- “QUALITY FACTOR” “104ps .. 25 mglem?
- (POLARIZATION)? x FLUX ¥ 6 mm
(1 + CONTAM.) x RANGE x (SPOT SIZE) (net mass = 9 mg)

Low Energy (moderated) Muons at PSI: Q~10° (2005)
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R TRIUMF

TRIUMF

26 ns wide pulse of 28-90 MeV/c muons every 43 ns.

' (26 ns) (26 ns) (26 ns)
!K ,J

Average rates ~ 106 y*/s.

PSI

26 ns wide pulse of 0-100 MeV/c muons every 20 ns.

NNNNNNN

Average rates up to 108 p*/s.

Muon Beam Time Structure

ISIS

Two 70 ns pulses of 800 MeV protons 340 ns apart
delivered every 50 ms.

50 ms
14

50 ms

Average rates up to 107 (?) y*/s.

J-PARC

Two 70 ns wide pulses of 3 GeV protons 600 ns apart
delivered every 40 ms (with gaps to fill 50 GeV ring).

40 ms

<100ns (In case of 400MeV LINAC)
(*82nS (In case of 181MeV LINAC))

Average rates up to 108 (?) p*/s.
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R TRIUMF
Pulsed vs. CW muons

“Advantage factor” for Pulsed Nin

over C\WW muon beams: \ . /
Ut

Ap = |09(Nin /Nout)

where Nin Is the number of synchronized
“Inputs” (e.q. the u*, RF, lasers, . . .)

. + \
and Nout is the number of correlated e
“outputs” (e.g. decay e*, n, v, fission S ,L
fragments, recaoils, . . .
J ) Nout
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D TRIUMF
&S Strobo 'I-’SR STROBOSCOPIC SIGNALS
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then you need some-
uUSR Tecﬁniolues!

ooooooooooooooooooooooooooooooo



@TRNMF
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R TRIUMF

ExB velocity selector

("DC Separator" or Wien filter)
for surface muons:

29.8 MeNe

A

S/.:c:ju. :
- i 3
et

» Removes beam positrons

@ Allows TF-py*SR in high field

(otherwise B deflects beam)
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TRIUMF: Fields of up to 8 T are now available, requiring a “business end” of
the spectrometer only 3 cm in diameter (so that 30-50 MeV decay positron
orbits don’t “curl up” and miss the detectors) and a time resolution of ~150 ps.
Muonium precession frequencies of over 2 GHz have been studied.
PSI: 9.5T spectrometer commissioned in 2011.
ISIS: 5T spectrometer (LF only).
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R TRIUMF Complex TF Asymmetry
y

+
Re A(t) = At) = [Ac(t) - Ac(1)]/2
. ‘| o ImAn=am=[ar0-A0)2
Bl z A(t) = Ax(t) + i A1)
w4

For High Transverse Field (HTF),
transform into the
Rotating Reference Frame
(RRF):

ALAB(:IL’:) — 47*({) + 1.4 Y (ll)

TIMNE I(microsec)

A (O 2\ — =i A
ARRF(&Qat) = ALAB“)
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e Rotating Reference Frame

1153: SBSNO.06% C45H 70K 3667G

RRF = 49 MHz .

Vi = 49.70 MHz g 2
v T
g 0

S -
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-

E 2

? 1

g 0

S -

& -2

=

<

| Amplitude
-
o

% MnSiTF=AT
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0 0.5 1 .

T|me (IJS) (g 'l, Time (microsec)
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@TRIUMF

Fourier Transforms

N
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@TRIUMF GeO: D.P. Spencer, 1978

World’s Slowest
Fourier Transform

Power

Instead of Fourier
power, plot decrease

in 2 as a function of e —
one fitted frequency. _wofp WSFT
Rarely used. :
0 . A a1 L LJ L i ol

0 S 0 5 20 ar 30 35 40 45 S0

- = = e

}‘requency (MRz)
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R TRIUMF Muon Spin lmaging

d | Proposed by Noam Kaplan
and tested at TRIUMF but

Crude silver hever developed further.

cutout of a “M”
placed on a

depolarizing
background.

&,

Magnetic field gradients
applied in various directions;

Fourier transforms combined

to produce image of the “M”.
(Well, sort of....)
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Transverse
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Transform 42 _
!
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.

Avoided
Level
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R TRIUMF

MOtiOn Of MUOn SpinS ? — Expectation value of a
in Static Local Fields '

muon's spin direction

(a) All muons "see" same field B: —==>——> for B|| S, nothing happens.

w, = 2wy, |B]

V.= 135.5 MHz/T

for B

Su Larmor precession: . |
1o,

(b) All muons "see" same |B| but random direction:

2/3 of S, precesses at W,

1/3 of S, stays constant
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R TRIUMF

Electronic clock

Zero Field
(ZF)-u*SR

Spin-polarized Backward
muon beam A\ positron
Muon | detector A
detector
ve
D .
Typical asymmetry spectrum
- B-F
- o.h‘ l” (B+F) -
Forward & & h ( )
positron & - -
detector >
%)
<T OHHH
-
¢ i
C _o1f “ L -
-
O
© | | | |
0.2 0.4 0.6 0.8 1
Time (microseconds)
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SR TRIUMF
MOtiOn Of MUOn SpinS ? — Expectation value of a
in Static Local Fields ¢ Mmuoms spindirection

(a) All muons "see" same field B: —==>——> for B|| S, nothing happens.

W, = 2% YM|B‘ for B SM Larmor precession: |——>
v, = 135.5 MHz/T Pu

(b) All muons "see" same |B| but random direction:

2/3 of S, precesses at W,

1/3 of S, stays constant

(¢) Local field B random in both magnitude and direction:
All / do not return to the same orientation at the same time
(dephasing) = SM "relaxes" as Gzz () [Kubo & Toyabe, 1960's]
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@TRIUMF

Electronic clock

Spin-polarized
muon beam
ut Muon
detector

Backward

015

Corrected Asymmetry
0.1

0.05

Zero Field
(ZF)-u+SR

Typical asymmetry spectrum

] T T T T I

(B-F)

(B+ F)

lllxq‘jp¢, l
3 10
TIME [us]
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R TRIUMF
Dynamic Gaussian Kubo-Toyabe

Ga:(t) in Cu: ZF vs. LF

o
%

*

[+ ]

< )
/
e
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QQ!TRIUMF ) ) )
Motion of y+ Spins in

Fluctuating Local Fields

“Strong Collision™ model: local field is reselected at random from the same
distribution each time a fluctuation takes place, either from muon hopping (plausible)
or from reorientation of nearby moments (unlikely to change so completely).

- T ] T ] y . .
\ Kehr’s recursion relation:
i "".\\._ T ol N f \ vt
- I'. ' (T (\_AT t’ 4 )) _ g (g_ ‘AT t) €
= R RN - + v / G(A,t—T7)g(A, 7)e " dr
= VRN Sometimes solvable using Laplace transforms;
o WY \«\,_ ——numerical methods usually work too.
B '_ u/ \ ' ‘\‘\\ *(5'-:,:_1 — _—
[ AU SO %S e .
o L T e e e Used to extract “hop” or fluctuation rate v.
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Time Scales

AC-Susceptibility

uSR

Neutron Scattering

T T 1 1T " T " T " T " T T T ™
10* 10% 10° 10% 10* 10° 10°® 10" 10" 10™

Fluctuation Rate (Hz)
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R TRIUMF

Muonium States in Semiconductors

Muon

Local Magnetic
Field

e -
- -~

// E \

/ ! -~

1 /f. ‘e ,u+é 4\0 A

\ g
N4
Mutium Muonium

A=ium= X'e  X-oniumz XX~

Muonium (Mu=."¢e)

Two spins coupled by HF
contact interaction evolve
less simply with time.
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R TRIUMF

Muonium (Mu=ute-) Spectroscopy

In a uSR experiment one measures
a time spectrum at a given field and
extracts all frequencies via FFT.

Breit-Rabi diagram
10 f v ] e { G " :

i . . N L . . :

| Muonium in vacuum g ® 1 Muonium in vacuum /‘
Y f +-=> ~ ! ]
N { w i —
I 5 [ (1)) 4 L o
CHE S
L% | =
[4)) -
5 O F - acssrrrm |eM >} g 2
= —
] L
% i S 0
- =5 | -
L ! e — — 2

‘ - N

5 - -2

-0, 0.1 0.2
Magnetic Field (T) Magnetic Field (T)

“Signature” of Mu (or other hyperfine-coupled u*e~ spin states)

in high transverse field: two frequencies centred on v,
and separated by the hyperfine splitting Axr 3,
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R TRIUMF

O

Einllﬁ/qHF:

1
0 0.5 1 15

< Breit-Rabi diagram

Mu atom in vacuum: A - = 4463 MHz
Wide-gap insulators: ~ same A - as in vacuum

Semiconductors (Mu;): A,c ~ 2000 MHz
Semiconductors (Mugg): A=~ 100 MHz
Semiconductors (Mu,g): A=~ 0.2 MHz

high field limit

——— Deep vs. “Shallow” Mu centers

B(gp/up_ge/uB)/hAHF —

I ¥ 1 . |

Ex10™>

Fourier Amplitude
> 4x107°
1

2000

1500

|

diamond
Si
Ge
GaAs
GaP

—

IFrequency| of Dia & Mu,, & Mus,

o
Q “
o |
L O 4
X
o N
o
0
O 'S 3 L h 3
o 5 : > . 3 . 8 O 100 200 300 400
o = -
Magnetic Field [T] Frequency (MHz)
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C2 TRIUMF

. Vu
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3
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! ! [ ! [ ' ! !

UALCR

< | |

< [/ 1

10.4

10.6 10.8 1N
Field / kG

14952

Muonated Radicals

Organic Free Radicals in Superheated Water

Paul W. Percival, Jean-Claude Brodovitch, Khashayar Ghandi, Brett
M. McCollum, and lain McKenzie

Apparatus has been developed to permit muon avoided level-crossing
spectroscopy (#LCR) of organic free radicals in water at high
temperatures and pressures. The combination of xLLCR with transverse-
field muon spin rotation (TF-uSR) provides the means to identify and
characterize free radicals via their nuclear hyperfine constants. Muon
spin spectroscopy is currently the only technique capable of studying
transient free radicals under hydrothermal conditions in an
unambiguous manner, free from interference from other reaction
intermediates. We have utilized the technique to investigate
hydrothermnal chemistry in two areas: dehydration of alcohols, and the
enolization of acetone. Spectra have been recorded and hyperfine
constants determined for the following free radicals in superheated
water (typically 350°C at 250 bar): 2-propyl, 2-methyl-2-propyl (tert-
butyl), and 2-hydroxy-2-propyl. The latter radical is the product of
muonium addition to the enol form of acetone and is the subject of an
earlier Research Highlight. The figure shows spectra for the 2-propyl
radical detected in an aqueous solution of 2-propanol at 350°C and 250
bar.
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@TRlUMF

Quadrupolar yALCR

I | 1 I
0.04 | | .
—~ I
, 0.03 | £\ .
002
< J
O 01 \\4:.- % \\\\)\
0.00 1+ —
| | | | )
0 20 40 60 80 100 120
Longitudinal Field (Oe)
W /55
e
I [, w b
Fe ot W] = # TCL‘-:Q'\/"-——*Cu
".\ 1 Q | /
) - S __!—-—-.4.
o Cu
Lt tv
/.L+ e #J;,{, (&

First observation of yALCR (1986):

Matching muon Zeeman splitting
with the electric quadrupole
splitting of Cu nuclei due to the
muon’s electric field gradient.

Normally, longitudinal field (LF)
decouples u* spin from Cu nuclear
dipolar fields (~ 4 Oe) and so
quenches u* spin relaxation.

But when ®, = Y, B matches wq®",
energy can be transferred between
the u* and Cu (via the dipole-dipole
iInteraction) with no net change in
angular momentum (“Flip-Flop”
transitions).

Speculated at the time: there should
be many other types of UALCR . . .
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Quadrupolar pALCR
in Cu <100>11 B

Celio’s calculation of static “relaxation” function

LALLM ...andin MﬂSi :
LA Wil 432 ——— . . ‘

\\\\ A \*\I\\ \\I A A\ 1|
ARRRRRRRANN B S W | ]
? \‘\ .\"\:N'\\ . W\ ":..\. W\ N \‘\ “ ! :: ‘440 L
Wi\ A0 SRR \ Hi
I s N gt 28| . |
AU W HLULH B it
TR NN it . ‘
oI EHRHITHITTHET L) ML
) { I
\ |
o

-"n:' ." \ N \ l-:||.~‘u|. \\
LSRN \ \\ \\\\\:\%

W \ :\\\\\\0\," \\ '\‘\,\“
\\‘ \ l\\. \ \\\x ﬂ-‘I'.\:

922 (t' wLF)

100 ihbabaimo

agil 435}

ts)
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AXZ
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420 1 430

K881 292+
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.280] o ]‘ZOK l * 284 o

O 100 200 300 G 100 200 300
2 {Oe)

decoupling
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ut

Spin ("~ momentum

Time-integral u*SR

L

I = rate of arrival of muons

€. = efficiency of e detector along(+)
or opposite(—) p polarization

B. = backgound rate in said e detector

Al = Intrinsic asymmetry of e detector

Count rate ~ (1 £ A.) for muons
fully polarized along (opposite)
detector axis of symmetry.|

(+..(t) = longitudinal relaxation function

The number of counts in time 7" > 7, 1s

Ni = B.T + RTe. + RTe.A. L(G..),

e L dt
where L(G..) E/ e =@, (1) —

S () Tll

is the Laplace Transform of G..(t).

Simply
Hll z SCALE
decay e*
>@ -------&F > Z y©
counts
“+” “_” In -‘I‘- )
and “—
Experimental Asymmetry:
N — N_
A= N N 01
A b+ (1l —a)+ (1 +af)A L(G..)
b+ (14 o)+ (1—ap)ALL(G..)
B.+ B_ e~ A_
where b, = , , = —, B= —.
Re. € AL
Approximations: B. ~0, A, ~ A and e. ~ e_,
giving a~f 1, by~ 0 and
(1 — a) 2 |
A~x —— + ——AL(G,,
(1+ ) (1 4+ ) (Gz)
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@TruvE  Paramagnetic pALCR

“Muornated” FREe RADICALS:
ﬂ,j\Wv e;amwfi (ﬂucm:) ﬁ Fg(_."\u AL Mos T IDENTICAL

P NYF Mu‘ - P03 to “Hydrogenated”
Mu HFS - Y\IAC’ HFS fA_ 2F . . \\.,/,.-'«p VEYSiov |
uon - nudewns - % (.-unpaireof. electron
» “ o : . o m \ has RYPERFINE
HIGH LF: "AcCIDENTAL DEGENERACY™ FLIP-FLOP At Leve OCQT i R:f.thnuh-d: &z (SPIN-SPIN) INTERACTIONS
A 1t pol {ion trang “€Z> EuEtea/ 1"-vt-"'c s f .,“iz]sm*eg % | with u¥spin amd
rizalion transfor > . with” PF ‘sping
Resonant pola i - /"'”N' ($14) and (§14) are eauac ; SRR
E e }u* te nudeavspm g meF’ MEE
—-*‘*"’{i*T> = TransiCion. take p!’ucf 1:?";!;1"; and
g y MUIN GETS DEPSLARIEE) /
—
~ $p s NOT .
/ = ﬂf.;l. CsFs Muonic Radical LCR @ 50°C
i >
Bo B § 03 I - ' v o ¥
X, 02
! o~ " @ o0
QCANNING Ton REFONANCES: For SPEED, use <
“Time lh‘t&']‘ra‘ /U.SR l 0
-F 8 —.01
A = .[}'——E' wheve B‘, F = ™TAL CounT RATES in j 02
B+ Bwd ¢ Fwd €% detectys. n
< -03
2 ok : 0 2 4 6 8 10 12
To bYeat systematic Hmdm‘mms, use
. ) \ Longitudinol Field (kOe)
"Field- Diflevemtial’ Time-Integrn! poR: .
= MEASUREMENT of e F NTERACTIONS —— V‘-'f;ﬁ"'iy
At each Bo , Measuve identical to those of H;,:_{rv«lr?gnqted” Vv ersvom,
i g ! ' + — -
= a(BxB,) then lokat 4a= Q. =@, vsB, | peacion QATES of TRANS(ENT RADICALS
AN THGLE FIELD" (amd hope B, 2 line wad it ) (important in biochemis -"V},, *‘°4j4 Mer Synshesis, ... )

—> From TEMP. ~DEPENDENCE, [Carn DYNAMICS of MOLEC. STRUCT
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R TRIUMF Paramagnetic uALCR

Muon—Nuclear LCR in GaAs & GaP at 10K

Field- Differential T ~/4$R :

v . N - ' 0 - .,*."f"'
T Syrematics” cawse @z B 4o < W‘M’“’ﬁmwmmwﬁwﬁqum
s T \\’ GaP <100> -
= : : < ~004
LACTUA TE w('\\l& all \hJQP, Var ard “Qld, ““S'/%né . "'k/ 4
Try Ywiss s iy | ‘ooz [ . GaAs <100> 4
> = - |||"|itt““ 'mlqv _______
G@ — H, | —.002 E Mﬂl JWA ,NM N‘W@
—_ 4 —.004 ﬂlll ]
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'To Corl” ' o I'I Y 3
’ N a\{ ?L"Fﬂ' "? /er ‘wswﬁ
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Jvid < ] | i !
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VTE: MOT o true peRvaTvE da /  Longitudinal Magnetic Field (T)
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QL TRIUMF Paramagnetic uALCR

1.02

100 <HHOD /B 1
If the beam is very ogaww{\‘h ‘Alﬂ% F w V“N_
stable and there are  c.96; CuCI A -
no “gremlins” inthe 2 1 v e A
counters or fast 5 oosl '\ TS Y fff
electronics, it is T oal IA' *~ L
possible to skip the £ ..l H ]
“field-differential” 2 o092} | 100> 18
method and look at § 100F A M L 1
the resonances 0.98} va MI\[ UW 1
directly. o9sF ¥ i -

0.94 | --

0927305 a2 44 46 48 50

8 (T)
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Transverse
Field

Fourier
Transform 42

2
ISR

Muon

Spin '/ AII

Resonance

Al

6AII

AP.P.F

—

3 4SE |
:.-"--..’ M. *'&M :
e vﬁ"ﬁT jﬁm

Longitudinal
Field

Zero Field

Avoided
Level
Crossing

Resonance

Muon

Spin '/

Echo
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@TRIUMF RF RESONANCE of /Jf in SILICON :

METASTARILITY

1.0 G I T T T
"z-\ . /-sy‘. +e-9\{u.‘-
o High Purity Si G S Mup—>p
5 08 e -
¢ §
B = Mu, —>u*‘e-/ 1‘\
O =0.6F 7
m : \) i
i 8 /
& N .
RF Resonance 3 <04
& uy te>Mup
= 0.2 F Huméyﬁ-e'/ My :!-,\ .
N Y
oy \9‘&
Al ==mE 1'1'/ ! | L \\":"‘
0 100 200 300 400 500

TEMPERATURE (K)

MuT = neutenl mueniam aform @ tetmhedra |
interstifial sife : vacuum-like state,
nra‘d{y o(s‘ﬂ»‘usfng (delocalized ). memBsmou

Mu , = Mu atom @ S! —#—S! bond centre
interstitial site: axisymm. state,

localinzed .

/‘-* - geuric non-rammajne‘tu‘c state

Mete: H PASSIvATES MANY INPRTAVT Dergers & impmongs !

2011 Aug 08-19 TRIUMF Summer School on ySR and 3-NMR 58

Monday, August 8, 2011



,®TRI

UMF

RF Resonance

on Muonium

v 0.03
T - p-—type Si 0”13 Mu
~ 0.02 0 K ,
— Vog | 12
2 0.01| 127 MHz | |
E | | I |
T 0.00 il .
70 80 90 100 110

Magnetic Field (G)

Done at TRIUMF,

one muon at a time

(inefficient!)

Fourier Power

“x2” RF pulse

N

amorphous MnSi

Polarization
initially along z

“tips” into
xy plane.

Amarphous MnSi 300K RF 90° pulse on LF=2.92k0e
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2 TRIUMF

“Themes” in uSR

Muonium as light Hydrogen The Muon as a Probe

(Mu = u*e”) (H=p’e’) . . i
®* Probing Magnetism: unequalled sensitivity

* Mu vs. H atom Chemistry:
Y - Local fields: electronic structure; ordering

- gases, liquids & solids , , .
- Dynamics: electronic, nuclear spins

- Best test of reaction rate theories.

- Study "unobservable” H atom rxns.
* Probing Superconductivity: (esp. HT,SC)
- Discover new radical species.
- Coexistence of SC & Magnetism

* Muvs. H in Semiconductors: - Magnetic Penetration Depth A

- Until recently, t"SR — only dataon  _ coherence Length ¢

metastable H states in semiconductors!

® Quantum Diffusion: 1" in metals (compare H); Mu in nonmetals (compare H).
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Recent

Applications
of uSR

> Molecular Structure & Conformational
Motion of Organic Free Radicals

> Hydrogen Atom Kinetics

> “Green Chemistry” in Supercritical CO,

> Catalysis

> Mass Effects in Chemical Processes

> Jonic Processes at Interfaces

> Reactions in Supercritical Water
> Radiation Chemistry & Track Effects

in Condensed Media

> Reaction Studies of Importance to Atmospheric Chemistry
> Reaction Kinetics as Probes of Potential Energy Surfaces
Electron Spin Exchange Phenomena in

Gases & Condensed Media.

> Molecular Magnets & Clusters
> Hydrogen in Semiconductors
> Magnetic Polarons

> Charged Particle Transport

> Quantum Impurities

> Metal-Insulator Transitions

> Colossal Magnetoresistance
> Spin Ice Systems

> Thermoelectric Oxides

> Photo-Induced Magnetism

> Magnetic Vortices

> Heavy Fermions

> Frustrated Magnetic Systems
> Quantum Diffusion

> Exotic Superconductors
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