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Principle of the Momentum
Distribution Techniques

The momentum components p, , perpendicular to the
propagation direction lead to angular deviations ®, , of
the collinearity of the annihilation y-rays according to

These equations hold for small angles. ®x,y can be egistered
simultaneously in both x and y directions by a coincidence
measurement using position-sensitive detection of the y-quanta.




® Due to the limited energy resolution of Doppler-
broadening spectroscopy, electron structure
investigations are carried out mainly by angular
correlation of annihilation radiation.

Because the momentum of valence electrons 1s
significantly lower, the momentum distribution of
annihilating electrons shifts to smaller values. This
means a smaller angular deviation for ACAR and

a smaller Doppler broadening for DOBS.

The curve of defect-rich material 1s thus higher
and narrower than that of defect-free reference
material, when both curves are normalized to
equal area.




1D-ACAR

m The first ACAR measurements in one dimension
were realized with Geiger counters by Behringer
and Montgomery (1942). A position-sensitive
detection can be realized in the simplest way 1n
one dimension (1D-ACAR) by the mechanical
movement of a long scintillation detector
(Hautojarvi and Vehanen 1979; Mijnarends 1979).
The integration in one more dimension compared
with (6) results in a counting rate of

N.(9,)= 4 ' ' S(©, mye. p. p.)dp,dp, .




Coincidence

The angular resolution 1s realized by lead slits . It can be
adjusted 1n the range 0.2 to 5 mrad. The energy resolution
of a corresponding Doppler broadening experiment would
range from 0.05 to 1.3 keV. Thus, ACAR has a much
better momentum resolution than the Doppler-broadening
technique.




b rnnndan-e |
1 Coincidence |

[ 2D-Memory

Coincidence counting rate A

N.(O,,0,)=A4, Iﬂ(@_\.mﬂc, O, myc, p.)dp.

O, ,=Py ,/MyC
Resolution: 0.2~5mrad (0.05~1.2keV)




m The long laboratory', showing one of the
position senstive gamma-ray detectors known as
“Anger Cameras'




m Close-up of one of the
Anger cameras. The
individual

photomultiplier tubes
can clearly be seen.
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Combined perspective and contour plots of the measurement
of two-dimensional angular correlation of annihilation
radiation in gallium arsenide exhibiting no positron trapping
in defects (Tanigawa et al. 1995). The upper panel shows the
contour map of the momentum distribution p in the (100)
plane.



Comparison of the two-dimensional angular correlation of
annihilation radiation contour plot of the momentum
distribution in the (001) plane of gallium arsenide obtained

by ab-initio calculations (left panel) by Saito et al. (1991) with
an experimental spectrum (right panel). The right panel
represents a magnified part of the contour plot of Fig..
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m A 2D-ACAR setup coupled to the intense (8*%107e+/s)
monochromatic slow e+ beam POSH (POSitrons from the
HOR reactor) 1s used for depth-selective research.

The Anger cameras, used to detect the 511-keV 7y radiation

stemming from the annihilation of positrons in the sample,
consist of 41.8-cm-diameter 1.25-cm thick Nal crystal
scintillators, optically coupled to a close packed
honeycomb array of 61 photomultipliers. A detector-
detector distance of ~23 m provides an angular view of
~51*51 mrad? (1 mrad is equivalent to 0.137 momentum
a.u.) in a 256*256 pixel matrix.
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FIG. 2. § parameter vs positron implantation energy for Li im-
planted MgO(100) and MgO(110). Peak 1 corresponds to the Al
layer: peak 2 to the Li implantation range.

VEP (a *’Na based slow positron beam)




m A detailed analysis by means of the fitting code
VEPFIT has shown that the § parameter curves
depicted in Fig. 2 can be fitted very well with a
model consisting of five layers:

= An Al top layer,

® An intermediate MgO layer,

m A Liimplantation layer (MgO:L1),

m A layer with the Li implantation tail,
m the MgO bulk.




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
normalizedto equal total numbers of counts..




l The energy corresponding to optimum implantation in the
lithium layer(MgO:L1) 1s ~4 keV.

M It 1s clear that the 4-keV spectrum 1s much sharper than
the bulk spectrum, consistent with the DBAR results,
which show a strong increase of the S parameter in the L1
implantation range. This increase 1s correlated with the
formation of Li nanoclusters in MgO.

3 The 7.5-keV spectrum 1s still sharp compared to the bulk

spectrum, thus showing that at 7.5 keV the contribution of
the L1 nanoclusters 1s significant.

1 In the 11.5-keV spectrum this contribution, although
weak, 1s still present, but the spectrum resembles more
the bulk spectrum.




Anisotropy of the 2D-ACAR distributions in Fig. 3.
The distributions are symmetrized and normalized to
equal total numbers of counts.




The anisotropic part of each 2D-ACAR spectrum 1n
Fig. 3 was determined by subtracting a radially
smoothed 1sotropic distribution that remains
everywhere within the measured spectrum.

The anisotropy 1s therefore everywhere positive.

One observes a large difference between the
anisotropy of the 4-keV and the bulk distribution.

In the 4-keV 2D-ACAR spectrum the bulk MgO(100)

anisotropy 1s still visible, but the main contribution
consists of four prominent peaks positioned at a radius
of 4.1¥10%’myc, i.e., near the Fermi radius of lithium.

The L1 nanoclusters are coherent or semicoherent with
the MgO(100) host matrix since the anisotropic
contributions displayed in Figs. 4(a) and 4(d) have the
same symmetry and identical mirror planes.
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FIG. 5. Cross sections along p, of the 2D-ACAR distributions
for L1 implanted MgO at a few positron implantation energies. The
cross section of the bulk 2D-ACAR distribution obtained with fast
positrons from a *Na source, and the bulk fractions are also shown.
The cross sections are normalized to the total number of counts in

the distributions.
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Anisotropy in the 2DACAR distributions of MgO measured

with fast positrons, corresponding to the projections along the
(a) [010], (b) [110], and (¢)[111] directions. Parts (d), (e), and (f)
show the corresponding results of KKR theory.




(a) Experimental 2D-ACAR distribution after subtracting
the bulk MgO(100) contribution (43%); (b) theoretical
spectrum of fcc Li(100); (¢) and (d) anisotropies of the
distributions in (a) and (b). The distributions are normalized
with respect to the total number of counts.
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Fermi Surface of Nanocrystalline Embedded Particles in Materials: bec Cuin Fe
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'The Oarai Branch, Institute for Materialy Research, Tohoku University, Oarai, Iharaki 311-1313, Japan
*Advanced Materials Laboratory, National Institute for Materialy Science, Tsukuba 305-0044, Japan
nstitute for Materials Research, Tohoku University, Sendai 980-8577, Japan
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We report that a positron can act as a probe to directly reveal electronic structures of nanocrystalline
embedded particles in materials. The Fermi surface (FS) of *bec”™ Cu nanoparticles in an Fe matrix is ob-
served as the first example. A two-dimensional angular correlation of the positron annihilation radiation
(2D-ACAR) method is used to measure the momentum distribution which reflects the FS topology. The
obtained 2D-ACAR spectra show strong and characteristic anisotropy associated with the necks of the
FS around the {110} Brillouin zone boundaries of the bee Cu, which are well reproduced by full-potential
lingarized argumented plane-wave calculations.




F1G. 1 (color). 3D plot of the FS of bee Cu calculated by
FLAPW (full-potential linearized augmented plane wave) cal-
culations described in the text. The FS has twelve necks at the

center of the {110} Brillouin zone boundaries (N point). The
neck marked by a red arrow and the two necks marked by black

arrows correspond to the peaks in Fig. 4(a) (the anisotropy of the
2D-ACAR. spectrum projected along the [ 100] direction) marked
by red and black amrows, respectively.




(b)

[010]

[100] (au)

FIG. 2 (color). 3D plots of {(a) the FS of bulk Cu (fcc structure)
calculated by FLAPW calculations and (b) anisotropy of experi-
mental 2D-ACAR. projected along the [100] direction. The four

peaks in the plot of the anisotropy correspond to the eight necks
at the center of the {l 11} Brillouin zone boundaries (L. point);

the marked peak (arrow) in (b) arises from the two necks (ar-
rows) in {a). The color scale is determined so that dark red and

dark blue are assigned to the top of the peaks and the bottom of
the valleys, respectively.
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Fiber Optic Scintillator

1st stage Image Intensifier \

Fig, 1. Fiber-optic scintillator coupled to an image intensifier. One
surface side is coated by aluminum for reflecting light, The size of
this scintillator is 100 mm in diameter and 12.7 mm in thickness.
A fiber diameter is 6 wm.

2nd stage Image Intensifier

Final stage Image intensifier
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\

y
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CCD camera

e B0 e,

\

High Voltage Power Supply

Detector system
with a fiber-optic
scientillator and an
image intensifer.




Metal-package position-sensitive
photomultiplier tubes

A compact (28*%28%2(0 mm) metal package
PSPMT (R5900-00-C8) is now available from
Hamamatsu Photonics Co. Ltd. .This PS-PMT
has a sensitive area of 22*22 mm. The insensitive
area of a closely packed array of these PS-PMT's
is only 6 mm wide. By using a light guide between
the scintillator array and the PS-PMT array, it
may be possible to construct a large detector
which has no dead area. In this work we
constructed a prototype of such a position-

sensitive y-ray detector with four metal package
PS-PMTs.




resistor chain

/

3
=
it
;
g
e

L
L=,
3
n.._._\.
r=
=




source “Na BaFs

PMT

Pb collimator

»@ CFD
v
Fast Coinc.

< Gate Gate&
Delay

PC




)

]
NN
L]
COIE
0]
iR

o
LOUEO000

Hoooooo
noooog
booooo
Do0o00
000000

o o T
DOO0COOO000000000o0g
EEHEEEEM%EHMEEEEHH#—EHQ

|

HERER
OO ODO00O00Od




Kl at 15K.

Ry
=
O
=8
-
-
-
Lo
(T
-
3
=
=
e
o
R
=
=T,
™
=t
=




o

=

Fig.3. Anisotropy of 2D-ACAR for [Zn(ptz)s](BF4)2 at 30K and 290K.
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Age-momentum correlation study of positronium, fine
particle surface and monovacancy formation energy
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Development of High-Rate Age-Momentum Correlation System with a
Variable-Energy Pulsed Positron Beam

R. Suzuki’, T. Ohdaira', T. Mikado' and G. Venugopal Rao’

' Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba, Ibaraki 305-8568, Japan
¢ Indira Gandhi Centre for Atomic Research, Kalpakkam 603 102, India

The pulse-stretched beam 15 then
short-pulsed to ~150 ps by a pulsing system
developed for positron lifetime measurements
[5]. The positron energy is variable from (0.3
keV to 25 keV, and the pulse interval is
variablc from 26 ns to infinity with 26 ni@step.
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Detector one: @50 X 20mm Bak,,
Hamamatsu R20830Q

Detector two: Ge SSD, +preamp+ Ortec973U

Coincidence count rate: ~2000cps




S1LUN0a




SEASIIERZD

COMBINED LIFETIME-MOMENTUM MEASUREMENT OF ORTHO-
POSITRONIUM IN POLYMERS

M.Y. Ruan, W. Zheng* and J.D. McGervey

Department of Physics, Case Western Reserve U niversity
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Fig. 1 Positron Annihilation Lifetime and Momentum Correlation System
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Performances

B Time resolution 280ps

m Angles range: -13.2 mrd to 13.2 mrd

m Angle resolution: 2.8mrd
m Counting rate: 150/s for 60uCi **Na
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“picked of f” annihilation

\ A

4 N ‘l'.-..‘

e+ thermalizes @ e+ selects e+ in Ps is
within tens of electron of “picked off™ rays
ps; e+ solid and forms § rematurely by with
: : characteristic

preferentially Ps with natural @ another

: o s energy of 511
locates in lifetime of 125 [ electron of keV
channels and ps (para) or solid. are emitted.
cavities 140 ns (ortho)
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ETLT(Elastic Thermalization Lifetime
analysis)
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Ps 1s preterentially localized in
pore before the annihilation occurs.




Tao-Eldrup Model

®m The annihilation rate 1s proportional to the
overlapping the o-Ps wave function with the
environment as it was postulated by Tao 1972
and put into shape by Eldrup et al. 1981. In the
case of spherical cave of radius R it can be
expressed as follows:




m It 1s also common assumption that the Ps has
no 1nternal structure than the wave function
above 1s proportional to the zero-order
spherical Bessel function: W, (r)=const J(r) .
The Ps wave function penetrates the

environment at the de;

oth A From (2) one can

obtain the well known Tao-Eldrup equation

which allows to establ
between the lifetime of 0-Ps with the radius of
the spherical cave:

AR |
R + AR

1sh the direct relation

+ —'-.111| 21




The total o-Ps decay rate A, p. 15 given by

}I"G'-P'Jz }"p+ }?}‘3?

1 -1 - :
where ;=137 ns ~ 15 the o-Ps decay rate 1n a vacuum and

= (0} |2/ (D) E_aﬂm 15 the relative contact density.

J. Phys. Chem. B 2001, 105, 4657—4662 4657
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# GME Data

A comparison of the RTE model with
experimental data acquired in bulk materials.
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These materials crystallize in the face centered cubic (fce) structure which, being a Bravais

lattice. does not exhibit optical phonon branches. The lineshape functions S%t) in Ar and.
even more pronounced. in Kr and Xe show indeed a clear shift of the juvenile Doppler broad-

ening to higher positron ages (Fig. 7).
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Fig. 3: Left side: Lineshape function of methanol, The time-dependent S-parameler is de-
termind by the narrow momentum distribution of shori-lived para-positronium, the mo-
menia of the electons annihilating with positrons not forming Ps (free e’ ), and the “pick-
ofi” annihilation of long-lived ortho-positronium (annihilation of the posiiron of 0-Ps with
a “foreien” electron). Right side: The free radical HTMPQ dissolved in methanol causes
a significant increase of S at old positron ages since long-lived 0-Ps is converted to p-Ps
showing its characteristic small Doppler broadening (corresponding 1o a high

S-parameter) of the annihilation radiation.



SRNBGER TR/

Lauff and Nilen #/f 57 J diamond £ G R4

HIE

- F

AMOC,

¥, 15927 1E

SRR

i

= E

KN—1EHIE 1R o

R, A= T diamond [

J%AAMOQﬁ
TGRS LY




connits

0.60

Tn 055

0.50[

positron age [ns]

Fig 4 Positron-lifetime spectrum (upper
diagram) and lineshape lunction S '(1)
(lower diagram) of a natural type Ha
diamond. Influence of white light. The
solid and dasched lines represent fits of a
o state trapping model. Parameters are

given in Table 1.



@ 20007 H 4~ N.Suzuki/f
p'PS%—J‘/ﬁEo

O Uﬂﬂﬁiﬁf_&

L= Y0 = [ Mp. 0,

=]




NN - 5§,
i) = ——— - L)oo (S50e) — 540 - Lii).

5 — 5




H.\

HPGe

Zmm Ph

I.'!,Sampl& +ENa

H.V

&

Mam Ampl

—

L

| |Fast

Coincidence

v

Gate & Delay
Ganerator

pd

ADC

!

:

Biased Amp = [TAC
' Z‘\* *

ADC

Te

Personal Computer




o
g
a 3.
=
= :
(=)
= i
Fili
O
5
0
5
10 10
15 o &
20 -5
-10
t (ns) A E (keV)

Fig. 2. AMOC spectrum for a-5i0,.




(1)
=
il il

0. 3%

0. 3

=(t)

0. 6%

1

The shortest hetmes obLamne
[48.1 + 1.0 ps Tor a-510-, 111 +6 ps Tor a<quartz and
144.9 + 2.4 ps for 510, powder. The errors mdude

rom Lhe |I.|.|.II'I._'_’ dIC

0.
0. 'EI' T

Fig. 3. Tme evalution of

der.

| 2
time (ns)

5000 For a-510),, s-guartz, 5i0), pow-

tn e




1999 EABATE2e4E T 2RI TAE, W= T Znk]

EAEEE FHRAMOCHEE:, Tl E

L) B

152 1 M7 a0 iR HI A4 .

3 , """-.‘:.lll-.ﬂ:'_hfﬁl %II]L[ __:- &

g

FIG. 2. Time evolution of S(¢) for £n at 383, 453,

'].

e

and 513 K.




0 21207

.k

E
FIG. 3. Reconstruct: o 1001
lifetime component for . — I

i ] i i i i ] i . i i ] i
400 450 SO0
temperature (K)

FIG. 4. The short ifetime 7, plotted against the temperature.



—a

| —a

@ A=

JK7|<

InFIZ N T BRERE . AT TP K B

5Py NI B

1F 5,

LAt .

] T AMOCH

, WNsir Zlizf}?{ jﬁ% HIN.SuzukiZs

ﬁ*’ {IJ_IJ%T ] ’fZIKIn,

i, ABATIE T SRR RS,

:@\EJﬁ/J\ ey

BN HEE -

ST AN, 15

SOWARES
TR AR T SR

KA T

2T




| EImperiiure (k)
-“HII'I:I

o

S

trapping rateins )

-

—=3 .
LO0O/T [ 17K

Fig. 4. Temperature dependence of the positron tmpping x n
L1 vs temperature.

2000 FHyodoJl| &
T B RLRE,
wHVERE, 153
T IEFFHIIRZFEE
S RIARAL, H
RFR G5B E ST
TERLEERI R RTUE
ﬁﬁ?%ﬁ%&

ot
He o




HIIERES

TR AR B
AR
TR R




buncher

ADC

TEA,
. e & Dhetlary
Digcr.
[
Coinc.
| ADC
Gate & Delay
|
™ merias

PC (2D memory)

20014FR.Suzukik & T —
&R T ke e R R4
TJAMOC, 2R 555N
108e+/s, Hem M0.3-
25keV, KT & TR
$112000cps.

The pulse-stretched beam is  then
short-pulsed to ~150 ps by a pulsing system
developed for positron lifetime measurements
[5]. The positron energy is variable from 0.3
keV to 25 keV, and the pulse interval is
variable from 26 ns to infinity with 26 ns step.






SHTFE

BT

zf) e 55 I ) 1 < Bk




Thank you!




