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1928  Predicted by Dirac
1930 Foun%%y Z.Y.Zhao
1932  Foundin/osmic Radiations by

Anderson\v@/f/)

1940°s First studies %onic structures
0

1950°s Establishment itron
Annihilation Spectroscopy

1968  First LINAC based Positron
Generation

1982 Slow positron beams
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Relativity + Quantum Theory = Antimatter

FPaul A.M. Dirac (1928)

yf_'_ 0 or 0: c Fy /s EU— 5l 1 or U ¢

L0 0) o) \ 1,

Electron: spin 1/2 Another spin-1/2 particle??

- For v 2 0, upper and lower components mix

- 1929: Positive electron = proton ?2?2?

;{!m‘:&r. 1931: m(e-) = m(e+) | Annihilation possible ...
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Cloud Chamber
Photograph

Lead
plate

Larger curvature
of particle
above plate
means it's
moving slower
(lost energy as it
passed through)

—"

: ?f\r R
923

15, 1933

MARCH

Out of a group of 1300 photographs of cosmic-ray tracks
in a vertical Wilson chamber 13 tracks were of positive
particles which could net have a mass as great as that of
the proton. From an examination of the energy-loss and
ionization produced it is concluded that the charge is less
than twice, and is probably exactly equal to, that of the
proton. [f these particles carry unit positive charge the

Positron

PHYSICAL

Carl Anderson
1905-1991

REVIEW VOLUME 43

The Positive Electron

CarL D). ANpERSON, Caltfornio nstitede of Technology, Pasedene, Californin
{Received February 28, 1933)

eurvatures and ionizations produced require the mass to be
less than twenty times the electron mass. These particles
will be called positrons. Because they occur in groups
associated with other tracks it is concluded that they must
be secondary particles ejected from atomic nueled.

Editor

e

N August 2, 1932, during the course of
photographing cosmic-ray tracks produced

in a vertical Wilson chamber (magnetic field of
L i YaTal A 1 L 1 ° al L 4020

electrons happened to produce two tracks so
placed as to give the impression of a single

particle shooting through the lead plate. This
ad o~ A2 bt 1 S, B D 1 2
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EHF4E o |o

B*-decay (**Na->22Ne +e* + v, +7(1.28 MeV))
pair produc'%n (Y>e " +e)

N
Some Cyclotron-produced p+ Radionuclides

Commion Production ~ Natural Abundance

Product Decay Mode Reaction of Target Isotope (%)
e B “B(d,n)''C 19.7
“B{p‘n)llc 80.3
13N g* 120(d,n)1*N 08.9
50 B’ “N(d,n)"°0 o
8 B+,EC ®Ne(d,a)'*F 90.9

Q we PNa  BTEC »Na(p,2n)*Na 100
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0.511MeV
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OM: Optical Microscopy
TEM: Transmission Electron Microscopy XRS: X—Ray Scattering
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Depth
nS: neutron Scattering

STM: Scanning Tunneling Microscopy AFM: Atomic Force Microscopy
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SCA
“*Na Source 1.27 MeVy
nV AV AL - |m

1.27 MeV Star

sca
Scintillator 211 keV
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Defects in Material@§

Defect Type

Atomic

Vacancies

1 nm

Materials

Metals

Dislocations

1 nm-10 pm

Metals

Voids

1 nm-1um

Composites

Holes

.1 nm-10 um

Polymers
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Mesoporous materials

low-K dielectrics
Zeolites
Silica gels

=g LY ERT:ON
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Positron Lifetime

]
o
=

Theory (ps)
(]
=
=

18 . ' . :
%]BCI 200 220 240 260
Expenment (ps)

Positron lifetimes for some semiconductors. The solid and
ppen circles give the Generalized Gradient Approximation
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*  As—grown Cz 5
*  Pastically ceformed Si

positron [ifetime sprggna corsist of e
exponential decay components

positran trapping in open-volume defects
leads tc long-lived comporers
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10 ! ] longer lifetime due to lower electron density
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Positron interactions with
condensed matter

- Baclscattere d Fs

secondary (~140ns)

e’ reermiss c:-n\ \ electrons

Ty
o-F's dm s

trapping -
(J
@

o-Ps defect trapping p-Fs (0. 125ns) annthilation or
e’ free Annihilation (0.5 ns)

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

LG MRST @

BEAEAL I 45 14

(a) cylindrical pores; (b) voids between packed spheres
and schematic boundary structure showing.

Mg 1% closed (latent) pores; (d) ink bottle; (e) funnel; and
(f) open pores.
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1d40ns

ey

T
400 G000

Channel

m A typical PALS spectrum with three film Ps lifetimes fitted
using POSFIT.
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Fxclnded voluime
(.10 6mn

an"ﬁ"! where 1 ‘ air =100 ns but 1n vacuum 142 ns
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pore radius (hm)

The dependency of o-Ps lifetime versus the pore
%L..g,.. radius according to the Tao-Eldrup equation
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Corresponding s12e régime

Type of porous 51 for dominant porosity (nm
NMicroporous = 2
Mesoporows 2-50
Macroporous =5
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Pore diameter (nm)
1 1 1 4..1' g

T8 90 12 14 16
Other Methods

Comparison on PALS technique with
other methods
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Open Porosity

Ps ZE =10 N IR
A 8 x 106 ¢ 175
ENEERS 5%
10nm S FLA A §/7
F1-2 x 109K Al . 4
Ps F] DA 5 Hi g 8L
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Al-capped
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Closed Porosity
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A Cu-capped porous silica film : 35ns and 3.5 ns;

Oxide-capped silica film : 94 ns;

This reduction of the Ps lifetime 1s almost certainly due to Cu
oating on the inner pore surfaces where Ps annihilation would
1. e3¢ enhanced by the high density of free electrons in Cu.
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,,-'/ i, Ful-width j \* Lorentzian

7

A7 7 1 halfmeximumI N T

22-Na source - G‘,hl,,.,p : Bl
Y frequency
L Sample
® Ge Statilizer] MCA
e Detector
V €= > ADC Memory
nSp 511 keV 511 keV
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B Doppler effect
. o & 5
E electron momentum in propagation direction of 511 kev y-ray leads
Doppler broadening of annihilation line
1.0 Fe” annihilation gg, -
>, [in GaAs
= os} -
l: b
k.
S 08} -
i 2 = . ]
8 sl FWHM =26 keV FWHM = 1.4 keV
F Technigue e _
S a2} i
22-Nasource =
.\ 0.0 Aunsslemvesz
\ Sample 506 508 510 512 514 516 518 520
+ LT -
e Ge MCA ~ray energy [keV]
Detector E =
Y N> Y > H|ADC | [Memory| E4-Eo=p.C
511 kel 511 keV E,. E, —energy of y quanta
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- Gahs 513 514 515
e Plastically deformed Sy pe——
Reference - :

B Data Treatment

B Line Parameters
»  "“Shape’ parameter

EyE,
[J-"'n.-"”.fff

L

Fy-E,

Intensity [arbitrary units]

«  “Wing" parameter

) iy
= [N pdE
I

A, .

510 512 514
y-ray energy (keV]

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Doppler coincidence spectrogiopy @

-
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Counts

7y
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Nomalized intensity
69%10° I s0x10" Il zs=1

O i
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e intensity

Coincidence with
E,+E,=2m,c2

Detector B y-—rayenergy [keV]

500 505 510 515 520 525 500 505 510 515 520 525
Detector & J—ray energy [keV]

=ray energy [keV]
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B chemical sensitivity of energy spectra s
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=l R AH(eV) LD =Rl
AlMgCr | 97.25/2.5/0.25 | -4.41/-6.18/-2.62 ®0.6120.80.6

1.4 -
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Zn: [Ar]3d1%4s?

v _ Bk

N L R ™
g 10 138 20 22 30 33 40 43 a0

P o07m )



http://www.pdffactory.com
http://www.pdffactory.com

—=— b

—-a— AQg

Ratic to £

Poi10%m, c)

() Ll Pl Ay, TSm0 0

Racio to Zr

Py 110 )

b LMo Al S s A A

PDF created with pdfFactory Pro trial version www.pdffactory.com

Annihilatich protability density
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Zr: [Kr]4d?25s2
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Mo: [Kr]4d°5s’
Ag: [Kr]4d105sT

In: [Kr]4d195s25p1
Sn: [Kr]4d195s25p2
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/\
R =

iU A AL )

Z: S

B IR,

R~ /mm

TR

Al:Mg:Cr=97.25:2.5:0.25

10 x 10 x 0.79

Be

Fe:Cr:Ni=76

:19:11

10 x 10 x 0.5

P

: Mg\ <
-7.1 -[5..19 . . Ur -4.41/ -6.95
K | Cal| Sc Ti \% Cr ‘(Fe Cog N1 NCu | Zn Ge
-7.051-6.401-5.10|-4.06|-3.44\-2.62 |/3.72 \3 84 1/4.18 \4 -16 4.81|-5.24 -6.69
Rb | Sr Y Zr | Nb| Mo | Tc | Ru | Rh | Pd | Ag | Cd Sn
-6.981-6.411-5.31(-3.98]-2.93(-1.92|-1.67 |-1.92|-3.10|-5.04 |-5.36 |-5.78 -7.60
Cs | Ba|Lu| Hf | Ta | W | Re | Os | Ir Pt | Au Pb
-6.941-6.131-6.90|-3.70|-2.63|-1.31 |-0.97 |-0.89|-1.23 |-3.63 |-4.59 -5.56

LN%F . = = = PN AN e
FAFA R CRILE = f(AL) x @ P CERMIE 3 7 L
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Coincidence
i

2D-Memqar

Coincidence counting rate A

Nc (8.1'1@}' } = Ar: JU(B.TWGC1 8}'HIGC: P: )dp:

O, ,=P, ,/M.C
Resolution: 0.2~5mrad (0.05~1.2keV)
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(Tamzawa et el 1993)  AD-Fermi sutzee ezn b2 reconstructed Tom

measuremerts 11 several d eetions of @ sirgle erystal
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- Thé ‘lo

m A 2D-ACAR setup coupled to the intense
(8%107¢+/s) monochromatic slow e+ beam
POSH (POSitrons from the HOR reactor)
is used for depth-selective research.
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2D-ACAR distributions for L1 implanted MgO(100) at
positron energies of(a)4 keV, (b) 7.5 keV, and(c) 11.5 keV; (d)
2D-ACAR spectrum for bulk MgO(100). The distributions are
normalized to equal total numbers of counts..

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

(a) Experimental 2D-ACAR distribution after subtracting
the bulk MgO(100) contribution (43%); (b) theoretical
pectrum of fec Li(100); (¢) and (d) anisotropies of the
1 Ystributions in (a) and (b). The distributions are normalized
th respect to the total number of counts.
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Positronimplantation profilesin Si
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Gamma photon Surface ACAR
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Positron-induced secondary electron emission
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Scanning positron microscope

B Variable energy micro-beam of
monoenergetic positrons

B Lateral resolution of 2 um is
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dark area is platinum

> I

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Fatigue crack in copper and map of mean positron
etime [ps] at 5 keV positron implantation energy.
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