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Abstract

We have performed first four-dimensional age-momentum correlation (4D-AMOC) measurements
ata pulsed high intensity positron micro beam and determined the absolute value of the three-
dimensional momentum of the electrons annihilating with the positrons in coincidence with the
positron age in the sample material. We operated two position sensitive detectors in coincidence to
measure the annihilation radiation: a pixelated HPGe-detector and a microchannel plate image
intensifier with a CeBr; scintillator pixel array. The transversal momentum resolution of the 4D-
AMOC setup was measured to be about 17 x 10~ myc (FWHM) and was circa 3.5 times larger than
the longitudinal momentum resolution. The total time resolution was 540 ps (FWHM). We measured
two samples: a gold foil and a carbon tape at a positron implantation energy of 2 keV. For each sample
discrete electron momentum states and their respective positron lifetimes were extracted.

1. Introduction

Due to their positive charge, positrons are repelled from the atomic nuclei and attractively trapped in open
volume defects when implanted in matter. Therefore positrons are a powerful tool to investigate defects in solids
such as vacancies, voids and dislocations [1]. Since many decades commonly used positron techniques are
positron annihilation lifetime spectroscopy (PALS) [2], two-dimensional angular correlation of annihilation
radiation (2D-ACAR) measurements [3], coincidence Doppler broadening spectroscopy (CDBS) [4, 5] and age-
momentum correlation (AMOC) measurements [6].

When performing PALS with a pulsed positron beam, the time between the implantation of the positron in
the solid and its annihilation is measured and thus an exponentially shaped positron lifetime spectrum is
recorded. The positron lifetime in the open volume defects is enhanced compared to the bulk material and is
thus a measure for the electron density at the annihilation site. By extracting the different positron lifetime
components one can deduce type and concentration of various defects in materials.

To obtain information about the electron momentum distributions in solids CDBS and 2D-ACAR are
utilised. In CDBS the longitudinal momentum of the electron annihilating with the positron is derived by
measuring the energy of both annihilation gamma quanta. CDBS however is limited due to the energy resolution
of the detector of about 1 keV at 511 keV [5, 7]. To measure the momenta of the valence electrons more
precisely, the 2D-ACAR method is used. In 2D-ACAR the angular deviation of the 180° collinearity of the two
annihilation gamma quanta is measured by a coincidence detector setup to derive the transversal momenta of
the electrons. The positron lifetime and the energy of one of the annihilation quanta is measured in coincidence
to perform (2D-)AMOC. It enables the simultaneous detection of the longitudinal electron momenta and the
defect types with its respective concentrations. A detailed description of the above mentioned techniques can be
found in [8-10].

To measure the full three-dimensional momentum of the electron in coincidence with the positron age a
position sensitive fast scintillation detector and a position sensitive HPGe-detector is needed. This measurement
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technique is called four-dimensional AMOC (4D-AMOC). With 4D-AMOC it is possible to detect the defect
type and the chemical vicinity of the annihilation site. In comparison to 2D-AMOC one expects a higher
sensitivity to distinguish the element specific electronic structures. Thus defects should be better characterised
with 4D-AMOC in comparison to 2D-AMOC.

In this work we present first-time 4D-AMOC measurements investigating two different samples to
demonstrate the feasibility of this new technique. Furthermore we discuss which improvements have to be made
to establish 4D-AMOC as a conventional positron annihilation method in the future.

2. Experimental setup and specifications

We performed our measurements at the scanning positron microscope (SPM) interface [11-13] at the positron
source NEPOMUC [14, 15] at the Munich research reactor FRM I1. A pixelated HPGe-detector [16] and a
position sensitive scintillation detector with a CeBr; scintillator pixel array [17] was set up at the newly installed
sample chamber of the SPM interface [11]. We have investigated two samples at the SPM interface: a gold foil
and a carbon tape. A VMEbus-based data acquisition system was used [16] to aquire the various signals in
coincidence.

2.1. Pulsed positron beam at the SPM interface
The SPM interface has been set up to adapt the SPM at NEPOMUC [12, 13]. It produces a pulsed, sub-mm,
mono-energetic positron beam after re-moderating the DC-beam created by NEPOMUC.

At the SPM interface the NEPOMUC DC-beam, which was set to an energy of 20 eV, is squeezed into
bunches by a sawtooth pre-buncher and a sine wave buncher. After this, the positrons are accelerated to an
energy of 5 keV and focussed onto a tungsten re-moderator which operates in reflection geometry. The re-
emitted positrons are then once again bunched and the remaining continuous background is blanked out by
means of a chopper. The whole pulsing system is operated at a frequency of 50 MHz which results in a time
window of 20 ns. At the exit of the SPM interface the beam enters a sample chamber where it is focused
magnetically onto the specimen [11]. We have characterised the beam size and the pulse width at the sample ata
beam energy of 2 keV, which was also the energy used during the measurements. A beam diameter of 200 pm
(FWHM) and a pulse width of 320 ps (FWHM) was obtained. A higher implantation energy would have been
favourable to avoid positron diffusion back to the surface and annihilation in surface states. Unfortunately this
was not possible as it would have increased the size of the beam spot significantly.

2.2. Detectors

2.2.1. Scintillation detector

We used a Photek IPD340/Q/BI/RS microchannel plate image intensifier (MCPII) with an active diameter of
40 mm. The MCPII exhibits a microchannel plate (MCP) stack in chevron configuration (10 um pores,
thickness to pore diameter ratio 50:1 and 80:1 for the upper and lower MCP) and a bialkali photocathode
evaporated onto the 9 mm thick fused silica entrance window.

By using the high viscosity coupling grease Rhodorsil 47 V 100 000 a Scionix CeBrs; scintillator pixel array
(pixel dimension 2.5 mm X 2.5mm X 8 mm,;each pixel wrapped with polytetrafluoroethylene (PTFE) tape;
pixel pitch 3.3 mm) was coupled to the entrance window and covered the whole active area of the MCPII. The
CeBr; pixels were, due to their high hygroscopicity, hermetically sealed in a metal case with a 1.5 mm thick fused
silica window. In this work a total of 104 pixels were utilised for the determination of the position.

The electron cloud produced in the channels of the MCP stack of the MCPII is collected on a resistive anode.
To derive the two dimensional position, a 2D-backgammon anode is capacitively coupled from the outside of
the MCPII to the resistive anode. At a gamma energy of 511 keV (**Na) the position resolution of the
scintillation detector is limited by the pixel cross section. The best single time resolution at a gamma energy of
511 keV (**Na) was about 320 ps (FWHM) located around the centre of the MCPII. The single time resolution is
about a factor 2 to 3 worse at the edge of the active area of the MCPII. A detailed description of the scintillation
detector can be foundin [17].

2.2.2. Pixelated high purity germanium detector

The position sensitive HPGe-detector (Canberra EGPS 48"48*20-36 PIX) consists of a planar germanium crystal
with a thickness of 20 mm segmented into 6 X 6 pixel contacts (8 mm X 8 mm each). A gamma ray which hitsa
pixel induces a charge in the neighbour pixels. Thus, by taking also these induced charges into account, the
position sensitivity is smaller than the pixel size. At a gamma energy of 662 keV (**’Cs) an energy resolution of
1.33 keV and a position resolution of 1.6 mm has been achieved [16].
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Figure 1. Scheme of the 4D-AMOC detector setup and the signal acquisition. See [18, 19] for a detailed description of the timing
electronics (blue).
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Figure 2. Scheme of the detector arrangement and the angular deviations . and . The two black arrows indicate the annihilation
radiation produced at the sample.

2.2.3. Detector arrangement

A schematic diagramm of our detector arrangement can be seen in figures 1 and 2. The two detectors were in a
180° arrangement to measure both annihilation quanta in coincidence. The detector distance to the sample was
21 cm for the scintillation detector and 15.5 c¢m for the pixelated HPGe-detector in order to have comparable
angular resolutions.

2.3.Data acquisition and analysis
We adapted a data acquisition and analysis system which was already used in an earlier version for the position
resolution measurements of the HPGe-detector [16]. The data acquisition is based on a VME-system and the
data analysis on the ROOT framework [20, 21] and the Qt application framework [22]. We used the HistPresent
program [23] from the MARaBOU data acquisition system [24, 25] for online histogram visualisation. Six Struck
SIS3302 eight-channel analog-to-digital converters were utilised to process the 36 pre-amplifier pixel outputs of
the HPGe-detector, the four amplifier outputs of the scintillation detector and the TAC signal. In figure 1 a
schematic of the detector signal acquisition is given.

For the scintillation detector as well as for the pixelated HPGe-detector an energy window was set on the
511 keV photopeak. Furthermore the data analysis software only processed events for which the deposited
energy in the HPGe-detector was higher than 511 keV. This reduces the number of small-angle scattered
photons which would increase the background events of our measurements.
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2.3.1. Positron lifetime measurements

To measure the positron lifetime we fed the timing signal of the scintillation detector into a constant fraction
discriminator (CFD) to generate the start signal for the time-to-amplitude converter (TAC). The stop signal was
produced by a fast gate logic (FGL) utilising the 50 MHz oscillator from the beam pulsing and the CFD signal
[18]. From the measured time differences between the start and stop signals we obtained the positron lifetime
spectrum L(#) which can be expressed by:

N
L) = [Eﬁexp(—t/ﬂ-)] x W(t) + BG, (1)
i=1Ti
where 7; is the ith positron lifetime and I; is the ith intensity. W(¢) is defined as the instrument resolution function
and BG is the background that we assume is mainly caused by the chopper of our pulsing unit which does not
completely blank out the remaining DC part of the beam. Background events due to backscattered positrons that
annihilate elsewhere in the sample chamber are mostly suppressed by our coincident detector set-up. The term
exp(—t/m;) is implicitly assumed to be 0 for ¢ < 0.

2.3.2. Three-dimensional electron momentum measurements

To deduce the three-dimensional momentum of the electron annihilating with the positron the angular
correlation of the annihilation radiation was measured with both detectors and the Doppler broadening of one
of the annihilation gamma quanta was acquired with the pixelated HPGe-detector.

The angular correlation of the two gamma quanta was derived by the two-dimensional position of
interaction of the gamma quanta for both detectors as described in section 2.2. Angular deviations from the 180°
angular correlation in x- and y-direction (ay, ) can be deduced by the measured positions. Therefore the
electron momenta in x- and y-direction are given by [1]:

P, = Qi My, (2a)
py = Qy, mocC. (Zb)

The angular deviations o, and o, are depicted in figure 2. A measured angular deviation of 1 mrad is equivalent
to amomentum of 10> mc.

By measuring the Doppler broadening AE of the 511 keV photopeak with the HPGe-detector one receives
the electron momentum in z-direction (longitudinal electron momentum py) [1]:

2AE
pz :pl = c . (3)

The absolute value of the three-dimensional momentum |p| of the electron is given by:

Bl= el +0 +0 = p’+p )

where the transversal electron momentum p, is defined as:
po=\P; TP )

2.4. Samples
We investigated two samples: a gold foil and a double sided adhesive carbon tape. The gold foil had a thickness of
10 um and a purity of 99.999%. The carbon tape has been purchased from Electron Microscopy Sciences
(product code 77817-12) and had a thickness of about 0.16 mm [26].

The samples were tilted by an angle of about 45° relative to the incoming beam to minimise the shielding of
the annihilation radiation in the direction to the detectors by the sample holder. The wall thickness of the sample
chamber was reduced to 1.5 mm between the sample and each detector.

3. Measurements of the positron lifetime at PLEPS

We characterised the samples with PALS measurements at the pulsed low energy positron system (PLEPS)
[27,28] prior to the 4D-AMOC measurements at the SPM interface (section 4). This was done to be able to verify
our lifetime spectra obtained by the 4D-AMOC measurements and to derive the lifetimes and intensities
necessary for the analysis of the 4D-AMOC data (section 4.3.4). PLEPS is also located at NEPOMUC. The
positron implantation energy at the sample was 2 keV and each positron lifetime spectrum contained 4 x 10°
counts. The total time resolution of PLEPS was about 280 ps (FWHM).

Three positron lifetimes and their respective intensities in percent could be extracted for the gold foil PALS
measurements: 7; = 175 ps(22.4%), 7 = 347 ps(77.3%) and 75 = 2454 ps (0.3%). 7; and 7, can be explained
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Figure 3. Non-coincident position spectra of the scintillation detector recorded during the measurement with the gold foil. (a) An
energy window was set for each scintillator pixel on the 511 keV photopeak. Via cuts (red line) only events close to the scintillator pixel
centre were selected to suppress Compton-scattered gamma quanta. (b) Discretized position spectrum of the scintillation detector.
The events in the respective cuts of figure 3(a) were assigned to the physical centre of the appropriate scintillator pixel (indicated as
white points). Thus the discretized position spectrum consists of infinitesimal small points which are at the physical centre of the
scintillator pixel (for better visibility the whole areas around the white points have been coloured).

due to positron annihilation in vacancies [29, 30] and in surface states [31], respectively. 73 is most probably due
to contaminants on the surface.

The four extracted positron lifetimes and their respective intensities of the carbon tape were: 7; = 162 ps
(13.9%), 7» = 380 ps(52.2%), 73 = 1029 ps(5.9%) and 7, = 3013 ps(28.0%). 71 can be assigned to intrinsic
para-positronium annihilation. 7, is due to annihilations of positrons which do not form positronium, i.e. free
positrons. 73 and 74 can be assigned to the annihilation from ortho-positronium pick off annihilation [32, 33].
Another possible explanation for 73 might be a bound state of the positron at the interface between the carbon
particles and the polymer (adhesive). In the rest of this work we assume ortho-positronium annihilation for 7.

4.4D-AMOC measurements: results and discussion

4.1. Momentum sampling function

The momentum sampling function (MSF) gives the probability that a certain angular deviation of two
annihilation quanta can be measured with the utilised coincident detector setup. It is influenced by the position
dependent detection probability of each detector and its arrangement with respect to the other. The MSF can be
determined through the convolution of the non-coincident position spectra of the two detectors [34]. During
the 4D-AMOC measurements the non-coincident events of each detector were recorded together with the
coincident events. Therefore no separate measurement was necessary to determine the MSF.

Figures 3 and 4 show the non-coincident position spectra with an energy window set on the 511 keV
photopeak recorded during the measurement with the gold foil. As the position resolution is limited by the cross
section of the CeBrs; scintillator pixels we have set cuts around the events of each pixel (figure 3(a)) and assigned
each cut to one discrete position defined by the physical centre of the corresponding scintillator pixel
(figure 3(b)). In figure 3(b) the discretized position spectrum can be seen. The random like variations of the
number of events per pixel mainly arise due to the set cuts (figure 3(a)) and energy windows.

In figure 4 the non-coincident position spectrum of the HPGe-detector is shown. The energy window was
seton the 511 keV photopeak. Variations in the number of events arise mainly from charge sharing between the
pixels which decreases the detection probability.

Figure 5 shows the MSF of the measurement with the gold foil that has been calculated from the non-
coincident position spectra from figures 3(b) and 4. From the measurement on the carbon tape a separate MSF
has been determined. The angle resolved measurements presented in this work have all been corrected by the
corresponding reciprocal value of the MSF. Events with a relative detection efficiency below a threshold of 0.1
were disregarded and therefore do not appear in the spectra.
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Figure 4. Non-coincident position spectrum of the pixelated HPGe-detector recorded during the measurement with the gold foil. An
energy window was set on the 511 keV photopeak.
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Figure 5. The momentum sampling function of the measurement with the gold foil: it was determined by convolving the two detector
non-coincident position spectra from figures 3(b) and 4 (converted to mrad relative to the sample position).

(a) (b)

100 x10°
s0f- 80 12| f
60F 70-’9; [ - data
: g 1+ —fit
3 0= B |
= 20F x Eosk
gk . S0F = [ FWHM
g (U : E & -
S 405: ‘;f o6 19.7 mrad
s 08 5 F
—40F 2 S 04f
= c =
—60 - 202 [ ;
- 02 ¥ ¢
—80 . 10 [ & Y
5 . . [ ¢ .
- . o '
_100'...I....I...I...1...I..I...I...I...I'. 0 0 A et m.hlln
~100 80 —60 —40 —20 0 20 40 60 80 100 ~100 -80 —60 —40 —20 0 20 40 60 80 100

P, [mrad] p, [mrad]

Figure 6. (a) 2D-ACAR spectrum of the gold foil. (b) Projection of the events inside the box of figure 6(a) onto the y-axis. A width of
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Figure 7. 4D-AMOC spectra of (a) the gold foil and (b) the carbon tape.

4.2. Determination of the angular resolution

In the 2D-ACAR spectrum of the gold foil (figure 6(a)) the transversal momenta (p,, p,) of the electrons
annihilating with the positrons are shown. To determine the angular resolution in y-direction of our 4D-AMOC
setup we projected the events of the 2D-ACAR spectrum onto the y-axis. Only events from p, = —10 mrad to
+10 mrad were taken into account. The width of the distribution was determined to be 20 mrad (FWHM). This
width is defined by the angular resolution and the contribution of the transversal electron momenta. By taking
the contribution of the transversal electron momenta into account one can deduce an angular resolution of
about 17 mrad. The angular resolution in p,-direction has been determined to be also 17 mrad (FWHM). By
Gaussian error propagation of formula 5 (section 2.3.2) one can deduce the transversal momentum resolution
which is hence also 17 mrad (FWHM). The same angular resolutions were also determined from the carbon tape
measurements. Thus, by taking a conversion factor of 0.26 keV mrad ™" [35], the longitudinal momentum
resolution, as given by the energy resolution of the HPGe-detector (see section 2.2.2), is about a factor 3.5 better
compared to the transversal momentum resolution.

4.3.4D-AMOC

In figure 7 the 4D-AMOC spectra of both samples are shown. The absolute value of the three-dimensional
momentum of the electron annihilating with the positron as a function of the positron age is depicted. For each
4D-AMOC spectrum the count rate was about 0.3 s~ and the total number of events was about 4 x 10*. The
number of positrons annihilating at the sample per second were about 6 x 10° [36].

4.3.1. Positron lifetime

By histogramming only the positron age of each event in the 4D-AMOC spectra we obtained two coincident
positron lifetime spectra. In figure 8 the spectra as well as the fit of the positron lifetime components to the data
are shown. Formula 1 from section 2.3.1 was used for the fit so that the absolute values of the residuals of the fit
were as small as possible (figure 8).

Our instrument function W(#) was determined from the gold foil measurement by fixing the positron
lifetimes 73 and 7, to the values obtained by the PLEPS measurement (section 3). Additionally the ratio I /I, was
kept constant as given by the measurements at PLEPS. With these boundary conditions we fitted through the
positron lifetime spectrum of the gold foil. We received 73, I, I, and I5 and the instrument function W(¢)
consisting of two Gaussian distributions with an overall width of 540 ps (FWHM).

For the fitting procedure of the positron lifetimes and intensities of the carbon tape the above mentioned
instrument function W(#) from the gold foil measurement was used. Additionally 73, 7, 73 and I/, were fixed as
determined by the PLEPS measurements.

In table I the positron lifetimes and their respective intensities of the gold foil and the carbon tape are
summarised for the measurements done at PLEPS and the SPM interface. The PLEPS values could be well
reproduced at the 4D-AMOC measurements done at the SPM interface. The absolute values of the residuals of
the fit of the positron lifetime spectra were for the gold foil and the carbon tape less than a value of about three
(figure 8). 74 (carbon tape) of the measurement done at PLEPS could not be reproduced with the 4AD-AMOC
measurement. This can be explained on the one hand by the worse statistics at the SPM interface measurements
as the positron lifetime spectra at PLEPS contained 100 times more events. On the other hand the peak to
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Figure 8. Positron lifetime spectra of (a) the gold foil and (b) the carbon tape. See table 1 for the obtained lifetimes and their intensities.

Table 1. Positron lifetimes and their intensities from the gold foil and the carbon tape measured at PLEPS (see
section 3) and the SPM interface. Italic bold values were taken for the fit procedure of the positron lifetimes and
intensities for the SPM interface measurements (for more details see text).

Gold foil 7 (ps) 1,(%) 7, (ps) L (%) 73 (pS) I3 (%)
PLEPS 175 22.4 347 77.3 2454 0.3
SPM intf. 175 22.1 347 76.1 2550 1.8
Carbon tape 71(ps) I (%) 72 (ps) L (%) 73 (ps) I3 (%) 74(ps) 14 (%)
PLEPS 162 13.9 380 52.2 1029 5.9 3013 28.0
SPM intf. 162 13.7 380 51.5 1029 7.8 2650 27.0

background ratio was a factor 100 better at the PLEPS measurements. Additionally the fact that not exactly the

same piece of the carbon tape was taken for the measurements at PLEPS and at the SPM interface could have

influenced the positron lifetime 7;.

4.3.2. Annihilation probability

The measured positron lifetime spectra from figure 8 are given by the different possible states in which the
positrons can annihilate. Equation (1) from section 2.3.1 can also be written as:
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N
L(t)= Z[£ exp(—t/7) * W(t)] + BG

i=1L "1

N
=S ¢,(t) + BG. ()
i=1

The annihilation probability w,(¢) or rather w;,(¢) that a positron is annihilating at the time ¢ in the ith state or
rather contributes to the background is given by:

wity = 5D = BS

> - * 7)
L) L) (
In figure 9 the positron age dependent annihilation probabilities from the gold foil and carbon tape
measurements are depicted. For the calculation of the annihilation probabilities the positron lifetimes 7; and
intensities I; were taken from figure 8 (table 1).

4.3.3. Absolute value of the three-dimensional electron momentum
By projecting the counts of the 4D-AMOC spectra from figure 7 onto the electron momentum axis we obtained
the spectra of the absolute value of the three-dimensional electron momentum (figure 10(a)).

In figure 10(b) the ratio of the gold foil spectrum to the carbon tape spectrum is depicted. The ratio is smaller
than 1 for momenta between 0 x 107> mgcand 15 x 107> mgc due to a more elevated valence electron
contribution to the positron annihilation in the carbon tape (minimum ratio value: about 0.8). For momenta
from 15 x 10> mocto40 x 10> myc the ratio is larger than 1 (maximum ratio value: about 1.2) because of an
increased core electron contribution of the gold foil. The statistical noise is larger than the mean ratios for
momenta higher than 40 x 1072 m;c.

4.3.4. Momentum states
The mean absolute values of the three-dimensional electron momenta versus the positron age are plotted in
figure 11. For each data point at least 1000 events were taken from the respective 4D-AMOC spectrum (figure 7).

The mean momenta of the gold foil (figure 11(a)) up to a value of 1.3 ns can be assigned to annihilation in
vacancies and in surface states (see section 3). The maximum mean momentum value at about 3.9 ns is probably
due to contaminants on the surface.

For the carbon tape (figure 11(b)) the mean momentum is at its lowest value at around 0 ns due to the
contribution of para-positronium annihilation. The maximum at about 0.9 ns can be assigned to positrons that
do not form positronium. Above circa 2 ns ortho-positronium annihilation gets dominant and contributes the
most to the mean momentum. Up to a positron age of approximately 2.5 ns the shape of the mean momentum
data of the carbon tape is comparable to 2D-AMOC data from e.g. [37] where the S parameter is plotted as a
function of the positron age. (A high S parameter corresponds to alow mean momentum.) In our measurements
the mean momentum rises again for positron ages above 2.5 ns while in [37] the S parameter stays constant. Due
to the low statistics at higher positron ages this rise might not be significant.
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Figure 11. Mean absolute value of the three-dimensional electron momentum as a function of the time in the (a) gold foil and (b)
carbon tape. The lines describe the fit through the data points (see formula 8). Only data points where the line is not dashed were taken
into account for the fit.

By utilising the annihilation probabilities from figure 9 the discrete mean momentum states P; could be
derived by fitting the equation

N
P(t) = Y _Piwi(1) ®)
i=1
to the data points from figure 1 1. To reduce the influence of the background (see figure 9), the fits were only

performed in a range that is indicated by the solid lines. The sum over all w; was normalised for each time thus
one could write
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Table 2. Discrete momentum states P; derived from the gold foil and the carbon tape measurements. For each P; the
annihilation channel is specified.

P, [1072 myc] P>[1072 myc] P5[1072 myc] Py {107 myc]
Gold foil 13.9 + 1.0 173 £ 0.3 18.1 £ 0.5 —
Vacancies Surface states Contaminants on surf. —
Carbon tape 69 £15 19.4 £ 0.6 87 +£22 16.8 £ 0.3
Para-positronium Various defect sites Ortho-positronium Ortho-positronium

N
Zwi(t) = 1. 9
i=1

The discretized mean momentum states are summarised in table 2. These were not corrected for the three-
dimensional momentum resolution of the 4D-AMOC setup. Due to their low annihilation probabilities (see
figure 9), the states P; of the gold foil and P; and P; of the carbon tape have a higher confidence interval of the fit.

5. Summary and outlook

We have successfully performed first 4D-AMOC measurements at the SPM interface at the positron source
NEPOMUC at the Munich research reactor FRM II. In 4D-AMOC measurements the three-dimensional
electron momentum in coincidence with the positron age is determined. We used a position sensitive fast
scintillation detector and a position sensitive HPGe-detector in coincidence to measure both annihilation
quanta. The total time resolution of our setup was 540 ps (FWHM). We determined a transversal momentum
resolution of about 17 x 10~ myc (FWHM) which was circa 3.5 times larger than the longitudinal momentum
resolution.

Two samples (gold foil and carbon tape) were investigated at a positron implantation energy of 2 keV. We
generated for each sample a 4D-AMOC spectrum where the absolute value of the three-dimensional electron
momentum is depicted as a function of the positron age. From each 4D-AMOC spectrum a positron lifetime
spectrum was derived and could be successfully verified with a lifetime measurement performed at PLEPS.
Furthermore we deduced from the 4D-AMOC spectra discrete electron momentum states. The states of the
carbon tape could be assigned to para-positronium and ortho-positronium annihilation. The momentum states
which were dominant for the measurements with the gold foil can be related to annihilation in vacancies and
surface states.

To establish 4D-AMOC in the future as a conventional positron annihilation method further improvements
have to be made amongst others in count rate and momentum resolution. Thus, in order to fulfil the
requirements, the active detector areas should be increased by an order of magnitude and the position resolution
should be reduced to 1 mm (FWHM) or less which should be in principle possible [38, 39]. Additionally the
sample-detector distance should be enhanced by a factor of about 2. A higher sensitivity of the detectors for the
annihilation quanta as well as an elevated positron beam current (minimum factor 10) seem to be necessary to
reveal the full potential of 4D-AMOC for defect characterisation. An improved total time resolution would be
also helpful to obtain best defect characterisation possibilities.
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