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The momentum components px,y perpendicular to the 
propagation direction lead to angular deviations Θx,y of 
the collinearity of the annihilation γ-rays according to

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

Principle of the Momentum 
Distribution Techniques



� 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 is 
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 is thus higher 
and narrower than that of defect-free reference 
material, when both curves are normalized to 
equal area.



1D-ACAR

� 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 in 
one dimension (1D-ACAR) by the mechanical 
movement of a long scintillation detector 
(Hautojärvi and Vehanen 1979; Mijnarends 1979). 
The integration in one more dimension compared 
with (6) results in a counting rate of



The angular resolution is realized by lead slits . It can be 
adjusted in 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.



2D-ACAR
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�� The `long laboratory', showing one of the The `long laboratory', showing one of the 
position position senstivesenstive gammagamma--ray detectors known as ray detectors known as 
`Anger Cameras'`Anger Cameras'



�� CloseClose--up of one of the up of one of the 
Anger cameras. The Anger cameras. The 
individual individual 
photomultiplier tubes photomultiplier tubes 
can clearly be seen.can clearly be seen.





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..





� A 2D-ACAR setup coupled to the intense (8*107e+/s) 
monochromatic slow e+ beam POSH (POSitrons from the 
HOR reactor) is used for depth-selective research.

� The Anger cameras, used to detect the 511-keV γ radiation 
stemming from the annihilation of positrons in the sample, 
consist of 41.8-cm-diameter 1.25-cm thick NaI 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 mrad2 (1 mrad is equivalent to 0.137 momentum 
a.u.) in a 256*256 pixel matrix.



VEP (a 22Na based slow positron beam)



� A detailed analysis by means of the fitting code 
VEPFIT has shown that the S 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, 
� A Li implantation layer (MgO:Li), 
� A layer with the Li implantation tail, 
� the MgO bulk.



2D-ACAR distributions for Li 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..



The energy corresponding to optimum implantation in the 
lithium layer(MgO:Li) is ~4 keV.
It is clear that the 4-keV spectrum is much sharper than 
the bulk spectrum, consistent with the DBAR results, 
which show a strong increase of the S parameter in the Li 
implantation range. This increase is correlated with the 
formation of Li nanoclusters in MgO.
The 7.5-keV spectrum is still sharp compared to the bulk 
spectrum, thus showing that at 7.5 keV the contribution of 
the Li nanoclusters is significant. 
In the 11.5-keV spectrum this contribution, although 
weak, is 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 in 
Fig. 3 was determined by subtracting a radially
smoothed isotropic distribution that remains 
everywhere within the measured spectrum. 
The anisotropy is 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 is still visible, but the main contribution 
consists of four prominent peaks positioned at a radius 
of 4.1*1023m0c, i.e., near the Fermi radius of lithium.
The Li 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.





Anisotropy in the 2DACAR distributions of MgO measured 
with fast positrons, corresponding to the projections along the 
(a) [010], (b) [110], and (c)[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); (c) 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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Detector system 
with a fiber-optic 
scientillator and an 
image intensifer.



Metal-package position-sensitive 
photomultiplier tubes

� A compact (28*28*20 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-PMTs
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 γγγγ-ray detector with four metal package 
PS-PMTs.
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β+γE Age-momentum-correlation measurements 
with an MeV positron beam
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Max-Planck-institut fur metallforschung Institut fur Physik
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:1.3 10-3 mc

: 2.7 ns

:4.3 10-3 mc

: 4.8 ns

:4.3 10-3 mc

: 220 ps





Detectors



Detector

Detector one: Detector one: ΦΦ5050 20mm BaF20mm BaF22, , 
HamamatsuHamamatsu R2083QR2083Q

Detector two: Detector two: GeGe SSD, +preamp+ Ortec973USSD, +preamp+ Ortec973U

Coincidence count rate: ~2000cpsCoincidence count rate: ~2000cps









Performances

�� Time resolution  280psTime resolution  280ps
�� Angles range: Angles range: --13.2 13.2 mrdmrd to 13.2 to 13.2 mrdmrd
�� Angle resolution: 2.8mrdAngle resolution: 2.8mrd
�� Counting rate: 150/s for 60Counting rate: 150/s for 60µµCi Ci 2222NaNa
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two gamma two gamma 
raysrays
with with 
characteristiccharacteristic
energy of 511 energy of 511 
keVkeV
are emittedare emitted..

e+e+ thermalizesthermalizes
within tens of within tens of 
psps;   e+ ;   e+ 
preferentially preferentially 
locates in   locates in   
channels and channels and 
cavitiescavities

e+ selects e+ selects 
electron of electron of 
solid and forms  solid and forms  
PsPs with natural with natural 
lifetime of 125 lifetime of 125 
psps ((parapara)   or )   or 
140 ns (140 ns (orthoortho))

e+ in Ps is e+ in Ps is 
““picked  offpicked  off””
rematurelyrematurely by by 
another another 
electron of electron of 
solidsolid..



Ps
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�� Infinite spherical modelInfinite spherical model TT--EE
�� ETLT(Elastic ETLT(Elastic ThermalizationThermalization Lifetime Lifetime 

analysis)analysis)
�� Bubble Model (in liquid)Bubble Model (in liquid)



Ps is preferentially localized in 
pore before the annihilation occurs.



Tao-Eldrup Model

�� The annihilation rate is proportional to the The annihilation rate is proportional to the 
overlapping the ooverlapping the o--Ps wave function with the Ps wave function with the 
environment as it was postulated by environment as it was postulated by TaoTao 19721972
and put into shape by and put into shape by EldrupEldrup et al. et al. 1981.1981. In the In the 
case of spherical cave of radius case of spherical cave of radius RR it can be it can be 
expressed as follows: expressed as follows: 

�
∆+

+− =
R

R
boffpick drrr 2)(ψλλ



�� It is also common assumption that the Ps has It is also common assumption that the Ps has 
no internal structure than the wave function no internal structure than the wave function 
above is proportional to the zeroabove is proportional to the zero--order order 
spherical Bessel function: spherical Bessel function: ΨΨ++(r(r)=const J)=const J00(r) . (r) . 
The Ps wave function penetrates the The Ps wave function penetrates the 
environment at the depth environment at the depth ∆∆ From (2) one can From (2) one can 
obtain the well known Taoobtain the well known Tao--EldrupEldrup equation equation 
which allows to establish the direct relation which allows to establish the direct relation 
between the lifetime of obetween the lifetime of o--Ps with the radius of Ps with the radius of 
the spherical cave:the spherical cave:

. 





A comparison of the RTE model with 
experimental data acquired in bulk materials. 
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Thank you!


