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Spectroscopy

Positron

LEPD

RHEPD

Positron work function measurement
Positron re-emission spectroscopy and
MICroscopy

Re-emitted positron energy loss
spectroscopy (REPELS)

Positron tunnelling spectroscopy
Positron backscattering

Ps

Ps emission/formation spectroscopies
Inverse Ps formation spectroscopy”
Ps diffraction”

Gamma photon

Surface ACAR
Positron-annihilation microscopy

Electron

PAES
Positron-induced secondary electron emission
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Positron Diffraction Experiments

e+ scree
sample e
A | N —
croon sample screen sample
TPD LEPD RHEPD
Transmission Low Energy Reflection High
Positron Positron Energy Positron
Diffraction Diffraction Diffraction
100keV * 1MeV| 10 * 500eV 10 * 100keV
Bulk = Study " Surface * Study *




Positron Gun .

Crystal
“ —|

10-500 eV

SCrEeen




Window
irding voltage
ly elastic electrons)

Electron |
gun '

External
detector

/

elerating
oresceng




Derive LEED equation using Bragg’s [.aw for X-ray
diffraction, where appropriate angles are substituted and
A is for the electron wavelength.

Electron ‘-

Diffraction

NAxray =2d sin 6

nA=2(Dsina)(cos @)
nA=Dsin2a
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LEED: Si(111)7x7
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Brightness-enhanced

B A type intensity 1-3%x109/s positrons is obtained
by using 0.5Ci1 source.

m This beam still 1s low optical brightness:

Because a large D (10mm). The 6D product of a
typical beam 1s at least 20 times too large for the
LEPD experiment.
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FIG. 3. Positron-diffraction intensities for a freshly air-

cleaved {lﬂ-D} NﬂF ":IIFSI.H-] potatad hae un--i;:uu-\. mramiebes absaad s .
(110) axis. The curves have If positrons have a mean free path A in a crystal, the

semilog plot by dividing succ full width at half maximum of the simple Bragg peaks in
of 2. Fig. 3 should be

A= d/mA.

From the width of the peak at kd /7w =4 we infer that the

positron mean free path (see Table I) in NaF is about 7 A
at 27 eV,
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Reflection high-energy positron diffraction
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Possible Application of RHEPD

Diffraction pattern Potential of adsorbed atom

Rocking curve surface
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+Adsorbed layer —leo o o
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Present RHEPD apparatus at JAERI
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Characteristics of Positron Beam

Beam Energy 20 keV fixed
Final e+ flux * 3000 et/sec
Beam diameter 0.9 mm

Angular divergence < 1 deg.
“IDE‘I T

“FINN

107 . 1

Max gain 4x10°
One RHEPD pattern :1-10 hrs.
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First RHEPD pattern from Si(111)H

[112] incidence [110] incidence

RHEPD

Direct spot Direct spot
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(a) Electron induced AES (EAES)
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Positron-annihilation induced AES (PAES)

Core holes are created by annihilation of the core electrons with positrons
trapped by the surface state

Auger electrons
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TOF-PAES apparatus
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Applied Surface Science 149 (1999) 260263

Time-of-flight positron-annihilation induced Auger electron
spectroscopy studies of adsorption of oxygen on Sil100)

Toshiyuki Ohdaira *, Ryoichi Suzuki, Tomohisa Mikado

Electrotechnical Laboratory, I1-1-4 Umezono, Tsukuba, Iharaki 303-8368, Japan
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Apphed Surface Science 194 (20002 ) 29 12495

Surface analysis of a well-aligned carbon nanotube film by
positron-annihilation induced Auger-electron spectroscopy

T. Ohdaira®", R. Suzuki®, Y. Kobayashi®, T, Akahane”, L. Dai

“National Institute of Advanced Indusirial Science and Tecimedogy (AIST), -0-0 Umezone, Tiukuba, Ibaraki 305-8568, Japan
"Wational Institute for Materials Science, Advanced Materials Labsoratory, f-8 Namiki, Taekube, fbaraki 305-0044, Japan
SCSIRO Molecular Seience, Bag 10, Clavton South, Vie, 3169, Australia
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Fig. 2. TOF-PAES spectrum measured for the surface of well-aligned CNT flm.
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: From BNL High Flux Positron Beam

Brookhaven National Lab.
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PHY SICAL REVIEW LETTERS

Measurement of the Energy Spectrum of Secondary Electrons Ejec
from Solids by Positron Impact

N. Overton and P. G, Coleman
School of Physics, University of East Anglia, Norwich NR4 7TJ, United Kingdom

(Recerved 15 August 199 revised manuscript receved 17 Apnl 1997)
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Schematic of the UEA
electrostatic beam
system:

(a) source,

(b)electrostatic reflector,

(¢c) sample,

(d)electrostatic lense,

(e) microchannel plate
detector/RFA assembly.
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M secondary electrons
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FIG. 50 Differential energy spectra of electrons leaving a Cu
surface bombarded by 2 keV electrons (full circles). Solid
line: fit to the form AE ™ + BE". Broken line: AE ™
(secondaries). Dotted line: BE™ (backscatterad).
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Fig. 1. Schematic design of the setup of the positron microbeam
with the 90° deflector, the transport optics consisting of a mag-
netic lens, alignment coils, and a stigmator and the SEM.
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m Transmission electron microscope (TEM)
m Positron reemission microscope (PRM)

= Scanning positron microscope (SPM).
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Schematic showing the positron re-emission
microscope principle.A fraction of the positrons
implanted in the sample thermalise, diffuse to the
surface and are re-emitted, and a magnified image is
formed. Contours of adsorbates on the surface

will also be imaged by the low-energy positrons.
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PHYSICAL REVIEW LETTERS 18 JANUARY 1988

First Results of a Positron Microscope

James Van House and Arthur Rich
University of Michigan, Department of Physics, Ann Arbor, Michigan 48109
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(Received 14 July 1987)
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The transmission positron microscope. Positrons
(e *) from a ¥Na source are incident on a W vane moderator.
The reemitted slow e ¥ are focused into a beam which is trans-
ported to a bending magnet. The beam is subsequently in-
cident on a low-aberration condenser lens which focuses it onto

the target.
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FIG. 3. The first TPM picture. The photograph is a VY NS
film, taken at 55 times magnification. The image was obtained
after adjustment of the objective lens voltage until the filamen-
tary structure of the unbroken areas of the foil between the
grid wires (spacing 250 ym) was in focus. The brightest areas
are tears in the fragile VY NS film.
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Reemited Positrons
The positron Objective Lens Online
reemission Computer
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Lens l
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resolutions below 10 Projector I;“i‘i]
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(b)

FIG. 2. (a) 1150x PRM image of the region of interest out-
lined in Fig. 1. Arrows indicate the path of integration used
(see Fig. 3) to determine the sharpness of the edges of some of
the features. (b) The same region following 5 min of electron
bombardment from behind. In both cases, the images were ob-
tained over a 14-h period with the whitest areas representing
40 counts/pixel in (a) and 65 counts/pixel in (b).
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FIG. 1. PRM schematic showing lens configuration and
detector. 1-keV positrons from the brightness-enhanced posi-
tron beam are focused by the microbeam lens onto the sample.
A magnified real image of the reemitted, thermal energy posi-
trons is formed by the microscope objective and projector at the
surface of the detector. The dimensions of the objective lens are
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Fig. 1. Brandeis second generation PRM. In addition to the PRM optical components {objective, 1st and 2nd projector lenses, and MCP detector), some of the
in situ sample diagnostic and preparation tools are also shown. The ""bug gun’’ is for electrospray deposition of small biological structures.
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FIG. 5. A 100 pixel wide cut through the magnified (4400 X) PRM image of the compound sample shown in Fig. 4(b). The solid
line is the emission profile generated by fitting Eq. (5) to the data [C,=0.1(3), C,=0.95(2), x'=149(1), ¢=7.1(2), and
X*/v=176/77]. One channel equals 355 A.
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FIG. 3. Schematic of double-layer sample used to investigate
the positron implantation and diffusion process. Positrons im-
planted in the underlying right half of the sample have twice as
far to diffuse and will be trapped at the interface if they diffuse
that far. An example of a positron emission curve for this
double-layer sample is shown above the sample drawing. The
inset schematically shows the cutting procedure; the width of
the cuts w is indicated.
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Fig. 1. Setup of the Scanning Positron Microscope: (1) radioactive source and moederator; (2) drift tube for pulse forming (sawtooth); (3}
first buncher; (4) accelerator; {5) beam switch; (6) remoderator unit; (7) second buncher; (8) main accelerator (0.5-30 keV); (9) scanning

coils; (10) specimen chamber with manipulator; (11) probe forming lens with detector in the central bore; (12) load lock; (13) electron gun;
P: pumping ports. {Some components are rotated into the plane of the drawing).




FIG. 4. Scanning-electron-microscope image of the com-
pound sample. The image shows a region where the two foils
appear to be in good contact and a region where they are
separated. The white bar in the bottom right of the image is 1
pm in length. (b) PRM image (M =44002X) of the compound
sample boundary. The positron microbeam (E =35 keV) has
been shifted to straddle the boundarv. The image acquisition
time was 24.6 h.
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Fig. 3. Positron image of a gold mesh of 360 pwm spacing and 30
wm bar width, placed at the remoderator position, obtained with

the primary beam.




Depth defect profiling with positron microbeam

positron I Energy s constant at 8 keV

microbeam

£ =8 keV B Sample is wedged at 0.6°

—» sandrecion Il Defect profile of 10 um is
defect depth “stretched” to 1 mm
il 10 pm g

= dleral resoiuticn .
=00 .2 um B Depth resolution can be
optimized

M

o

defect

lifetime (ps)

oS Lron

" Ul

( . | mm
scan width :

B First time used to study Rp/2 effect in Si after self-implantation



Defects in high-energy self-implanted Si— The R /2 effect

B after high-energy (3.5 MeV) self-implantation of Si (5 x 10" cm?) and RTA
annealing (900°C, 30s): two new gettering zones appear at F{p an RPIZ
(Rp — projected range of Si¥)

E visible by SIMS profiling after intentional Cu contamination
TEM image by P, Werner, MP1 Halle .

1
]

at FE gettering by interstitial-type
dislocatior loops (formed by excess
interstitials during RTA)

] * no defects visible by TEM at R,/2
| * What type are these defects?

A

Interstitial type Vacancy type
1 [34] [1.2]

1] R. A. Brown, et al., I. Appl. Phys. 84 {1998) 2459
| J. Xu, etal., Appl. Phys. Lett. 74 (1999) 997

| R. Kdgler, et al., Appl. Phys, Lett. 75 (1999} 1279
|

A. Peeva, et al., NIM B 161 {2000} 1090

Cu concentration (cm™)

[
2
3
[¢

4

Depth (um)



R, /2 effect investigation | :

B Both defect regions are gut visible

* vacancy clusters with increasing
concentration up to 2 um {RPHZ)

*In Rp region: lifetime 1,=320 ps;
open volume corresponds to di-
vacancy,; defects are stabilized by
dislocation loops

B very good agreement with the SIMS
profile of in-diffused Cu
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Positron lifetime image of fatigue crack with SPM

The Munchen scanning positron microscope (SPM)

E Lifetime measurements around &
fatigue crack created in technical
copper was measured

B e* Energy = 16 keV
B spatial resolution about 5 um

F two lifetimes were observed:

« 190 ps — dislocations

« 360-420 ps — within 40 um from
the crack — vacancy clusters

1

have been for the first time
microscopically observed

100\ Egger et al, Applied Surface Sci. 194 (2002)

Fig. 1. Fatigue crack in copper and map of mean positron
lifetime[ps] at 16 keV positron implantation energy.




Fig. 2. Fatigue crack in copper and map of mean positron
lifetime [ps] at 5 keV positron implantation energy.




YOLUME 87, NUMBER 6 PHYSICAL REVIEW LETTERS 6 AvcGusT 2001

Lifetime Measurements with a Scanning Positron Microscope

A, David, G. Kogel, P. Sperr, and W. Triftshiuser
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components of the scanning positron microscope

Positron spot size 1s less than 20
mm the positrons are reemitted
with a measured efficiency of 23 6
2%.




Scanning positron microscope

B Variable energy micro-beam of
monoenergetic positrons

B Lateral resolution of 2 um is
achieved

B Lifetime measurements at different
beam energies are possible

|

B Principle disadvantage: broad
positron implantation profile at high pm 79
energies

150"

~—"150

i~

i
Phys. Rev. Lett. 87, 067402 (2001)

Electron and positron beam image of the
surface of a test chip. Light area is Si0O,
dark area is platinum




4.1 Line scan

Positron beam image of the same test chip as of Fig. 2.
The mean positron lifetime is plotted as a function of
the x and y dimensions. The coordinates of the line
scan are indicated. The positron energy is 8 keV.




Lad

=]

=
1

mean lifetime [ps]
o ]
o
|

FIG. 4. Tmage of the GaAs waler (scratched and unscratched
area) as oblained with a light microscope (b), with the electron
microbeam (¢}, and from the lifetime results of the positron
microbeam (a). Incident energies of the electron and positron
beam are 12 and 17 keV, respectively. The frames are aligned
by means of the edge of a Pt foil which can be identified in all
three images (left arrow). The right arrow points to the ip of
the scratch.
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Line scans of the positron microbeam, perpendicular
to the scratch, are shown for different incident positron

energies. The mean positron lifetime 1s plotted as a
function of position and of positron energy.




3D-pulsed positron microbeam
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10. Polarized positron




The spin polarized slow positron beam and the reemitted
polarized slow positron spectroscopy

Terunobu Nakajyo **, Mutsumi Tashiro *, Tomoya Koizumi ?*, Ikuzo Kanazawa *
Fumio Komori °, Yasuo Ito ¢

* Department of Physics, Tokyo Gakugei University, Koganeishi, Tokyo 184, Japan
® Institute for Solid Srare Physics, University of Tokyo, Minatoku, Tokye 106, Japan
° Research Center for Nuclear Science and Technology, University of Tokyo, Tokai, Ibaraki 319-11, Japan

Received 2 June 1996; accepted 15 July 1996

v

IN\\e\il[ElZeyz] =1

|

insulator

TMP

im B B Helmhoitz Coil
P—

Steering Coil

-

\.";\\"Q] Solenoid Coil

imsuldtor

Photomultiplier

Fig. 1. The apparatus of the spin polarized slow positron beam.
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Fig. 4. The schematic system for the reemitted spin-polarized slow-positron spectrometer. Using the first-spin rotator (the Wien filter). the
* spin direction of incident slow positrons is variable. -




—— Schematic design for a polarized positron

ﬂ-m‘" b o

Circularly Polarized

Laser Light

A =3532nm ‘

1.28GeV “‘

e~ beam

e beam

Polarized y-ray

i Spin

Tungsten

-‘—

- m— +
'\ e

Compton scattering

Pair creation




In high energy region, g-rays and
positrons are highly polarized.
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Schematic design for positron

polarization measurement

Pb converter

Polarized
Y-ray Separation / Maonetm field
magnet
f & transmltted .
y-ray = -
W- target polauzed < Af
(0.3mm) ”
Fe target f Cherenkov

i : Pb converter = counter
Circulary polarized y-ray

Positron beam polarimeter
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