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Abstract
We report on a newly developed scanning positronmicrobeambased on threefoldmoderation of
positrons provided by the high intensity positron sourceNEPOMUC. For brightness enhancement a
remoderation unit with a 100 nm thinNi(100) foil and 9.6% efficiency is applied to reduce the area of
the beam spot by a factor of 60. In this way, defect spectroscopy is enabledwith a lateral resolution of
33 μmover a large scanning range of 19×19mm2.Moreover, 2Ddefect imaging usingDoppler
broadening spectroscopy (DBS) is demonstrated to be performedwithin exceptional short
measurement times of less than twominutes for an area of 1×1mm2 (100×100 μm2)with a
resolution of 250 μm (50 μm).We studied the defect structure in laser beamwelds of the high-strength
age-hardenedAl alloy (AlCu6Mn, ENAW-2219T87) by applying (coincident)DBSwith
unprecedented spatial resolution. The visualization of the defect distribution revealed a sharp
transition between the rawmaterial and thewelded zone aswell as a very small heat affected zone.
Vacancy-like defects andCu rich precipitates are detected in the as-receivedmaterial and, to a lesser
extent, in the transition zone of theweld.Most notably, in the center of theweld vacancies without
formingCu-vacancy complexes, and the dissolution of theCu atoms in the crystal lattice, i.e.
formation of a supersaturated solution, could be clearly identified.

1. Introduction

Crystal defects such as dislocations, precipitates and different species of point defects highly influence or even
significantly determine themacroscopic physical properties of all kind ofmaterials. Therefore, the investigation
of the nature and concentration of lattice defects plays amajor role for an improved understanding of the
material properties, which can be deteriorated, e.g. due to the presence of structural vacancies, or considerably
improved by deliberate introduction of defects.

In the zone of welded joints, for example, the localmechanical properties are influenced due to the strong
spatial dependent structural changes and production of various defects. During thewelding process the high
heat impact leads to local softening, e.g. upon friction stir welding, or in case ofmost other welding techniques
which usually are applied it leads tomelting of thematerial and subsequent cooling. In this study, we focus on
laser beamwelds of the age-hardenedAl alloy (AlCu6Mn)where a high spatial resolution is needed to study the
defect distribution due to the very small welding area.

Positron annihilation spectroscopy has become awell-established tool to investigate lattice defects in solids
due to the outstanding sensitivity of positrons to vacancy-like defects [1–4]. After implantation in amaterial the
positron thermalizes rapidly (∼ps), diffuses through the crystal lattice (∼100 nm), andfinally annihilates as a
delocalized positron from the Bloch-state or from a localized state present in open volume defects. The positron-
electron annihilation inmatter is completely dominated by the emission of two 511 keV photons in opposite
direction in the center-of-mass system. In the lab system, the transversemomentumof the electron (the
momentumof the thermalized positron is negligible) leads to a deviation of the 180° angular correlation and the
longitudinal projection of the electronmomentumonto the direction of the γ-ray emission pL results in a
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Doppler-shift of the 511 keV γ-quanta by E p c1

2 LD =  (see e.g. reviews on positron physics [1, 2]). The lower
annihilation probability of positrons trapped in vacancies with high-momentum core electrons leads to a
smaller ED compared to the bulk lattice. InDoppler broadening spectroscopy (DBS) the annihilation photo
peak is usually characterized by the S-parameter defined as the ratio of counts in afixed area around the
maximumand the total counts of the annihilation line.Hence, in a vacancy-like trapped state the S-parameter is
enhanced compared to the defect-free state (see, e.g. [5]).

In coincidentDBS (CDBS) the intrinsic low background allows the detection of events in the outer tail of the
511 keV photo line, which correspond to the annihilation of inner shell electrons and hence contain valuable
information of the chemical surrounding at the annihilation site [6, 7]. CDBSwas applied in a number of
experiments to study the chemical surrounding of crystal defects in semiconductors [8–10], inmetals [11–13],
and precipitates inmetallic alloys [14, 15].

Monoenergetic positron beams allow for depth-dependent defect investigations of samples or thin layers.
The positron diffusion length can bemeasured by variation of the implantation energy that in turn allows to
evaluate high vacancy concentrations up to the percent range [16]. DBSwith energy variable positron beams is
particularly suited to investigate the depth distribution of defects. There are numerous studies on irradiation
induced defects e.g. in Si [17–20], in oxides [21, 22], in polymers [23] or inmetals [24–26] aswell as on thin film
insulators and semiconductors [27–30] and thinmetal layers [31, 32]. By usingCDBS, additional elemental
information is gained for the investigation of e.g. the oxygen termination of the Si surface [33], annealing and
alloying of Au/Cubinary layers [34] aswell as buriedmetal layers and clusters [35, 36]. However, using a
scanning positron beam allows to gain laterally resolved information in two dimensions, and the third
dimension is given by the positron implantation energy. Besides imaging of the defect distribution in 2D (see e.g.
[37–40]), 3D imagingwas demonstrated on an irradiated quartz sample byOshima et al [41] and further applied
on ion irradiated alloys [42, 43]. TheNEutron induced POsitron sourceMUniCh (NEPOMUC) at the research
neutron sourceHeinzMaier-Leibnitz (FRM II) of the Technical University ofMunich provides a high intensity
positron beam. Therefore spatially resolvedDBS in combinationwithCDBS can be appliedwithin short
measurement times e.g. for the detection of Fe clusters in Al in friction stir weldedmaterials [44] or for the
determination of the oxygen deficiency in superconducting thin film oxides [40].

Formany positron beam applications in solid state physics andmaterials science a high spatial resolution is
extremely beneficial. Despite the effortsmade, the availability of positronmicrobeams, if at all, is very limited
due to its highly demanding realization.However, various proposals have beenmade for the development of
positron beams providing beam spot diameters of less than 0.1 mm.Three decades ago, it was demonstrated that
a focused spot size between 12 and 50 μm is achievable with a 10 keV positron beam [45]. In the late 1990s a
positron beam forDBSwas set up yielding a diameter of 20–37 μmat Bonn university [46]. AtMunich a
scanning positronmicroscope for lifetimemeasurements has been developed providing a diameter of 20 μm
[47]which could be improved to 5 μmwith a count rate of 100 cps and, at the expense of count rate, further
reduced to about 2 μm [37]. In Japan, a positronmicrobeamwith a diameter of 80 μmand count rate of 50 cps
[48]was improved to a beamdiameter of about 4 μmwith 30–40 cps for positron lifetime orDB
measurements [49].

Fujinami et al applied a 150 nm thickNi(100) remoderation foil (4.2% efficiency) to produce a 22Na based
positronmicrobeamwith a diameter of 60 μmand<10 cps [50]. The same technique has been applied at a
LINACbased slow positron beam in order to enhance the count rate to 3000 cps for lifetimemeasurements with
a beamdiameter of 90 μm [51].

Apart from the fact thatmost of these setups are not in (routine) operation, besides the last-mentioned, all
microbeams have in common an intrinsically low count rate leading in turn to highmeasurement times. In
order to enable (C)DB spectroscopywith a spatial resolutionwell below 100 μm,we have developed a new
positronmicrobeamproviding high enough intensity and hence reasonablemeasurement times. For this
purpose, a three-foldmoderated positron beam is realized at the upgradedCDB spectrometer located at the high
intensity positron sourceNEPOMUC.

In this paper, we describe the principle, the layout and the performance of the newpositronmicrobeam.
Various additionalmodifications have beenmade to theCDB spectrometer in order to improve the stability of
the beamposition and tomonitor the beamwith high resolution. Finally,first spatially resolvedCDB
measurements on a laser beamweld of a high-strength age-hardenedAl alloy (ENAW-2219 T87, AlCu6Mn) are
presented in order to highlight the excellent capabilities of the new scanning positronmicrobeam.
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2. The positronmicrobeam at the newCDB spectrometer

2.1. Experimental requirements
The newpositronmicrobeamhas been designed as integral part of theCDB spectrometer upgrade at the
positron beam facilityNEPOMUC in order to improve considerably the spatial resolution for both, imaging of
defect distributions withDBS and defect spectroscopywithCDBS. By variation of the beam energy, (C)DB
measurements can be performed from the surface to a (material dependent) depth of up to a fewμm. In
addition, positron beam experiments should be feasible at elevated temperature (e.g. for the in situ observation
of defect annealing) and low temperature (e.g. for the investigation of the formation and emission of cold
positronium). Thus, in order to increase the overall performance of the instrument the following requirements
have to bemet:

• Providing a beam spot at the sample position of<100 μm.

• Achieving afinal implantation energy of up to 30 keV.

• 2D-scanning of a sample area of�15×15 mm2with high spatial resolution andwithin acceptable
measurement time.

• Adapting the optics for both, the high-intensity primary beam (kinetic energy typically 1 keV) and the low-
energy 20 eV remoderated beamprovided byNEPOMUC [52].

• Optimizing the beam guidance andmonitoring of the beamparameters (radial position and spot shape) at
different positions inside the instrument.

• Enabling awide temperature range between 50 and 1000 K.

2.2. The newCDB spectrometer
Themagnetic and electrostatic beam guidance as well as the brightness enhancement device are designed in such
away to allow the use of both, the primary and the remoderated beamofNEPOMUC.As shown infigure 1 the
upgrade of theCDB spectrometer comprises the beam guidance realized by electrostatic lenses andmagnetic
field coils, the brightness enhancement system, beammonitors (BM), an electrostatic accelerator, and the new
sample chamber with sample positioning system. Based onfirst calculations of the beam transport [53]more
detailed simulations of the positron trajectories are depicted infigure 1 aswell.

The positron beamof theNEPOMUC beamline enters the spectrometer via a bend into the first section of
the spectrometer which basically consists of the electrostatic accelerator and the focusing unit of the brightness
enhancement system (see A–C infigure 1). For practical reasons, the coils for the longitudinalmagnetic guiding

Figure 1.Design of theCDB spectrometer with positronmicrobeam. Left andmiddle: (a) section of theNEPOMUC beamline, (b)
first beammonitor (BM 1)with optional apertures and electrostatic accelerator, (c) brightness enhancement unit with BM 2 and first
electrostatic lens system for beam focusing onto the remoderation foil, (D1) second electrostatic lens system for acceleration of the re-
emitted slowpositrons and beam focusing onto the sample, (D2) sample chamberwith optional BM 3 and piezo positioning system
for sample scanning. TheHPGe-detectors are highlighted (green) and gray dotted linesmark the planes for the beam shape
measurements (BM 1-3). Right: simulation of positron trajectories focused onto the remoderation foil (enlargement of sectionC
(white rectangle)).
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field are installed in aHelmholtz-like geometry. Theμ-metal shieldingminimizes the influence of external stray
fields and additional saddle coils for transversemagnetic fields can be used to optimize the beamguidance on-
axis. Due to its superior importance, brightness enhancement as well as details of the remoderation system and
its performance are explained in detail in section 2.3.

Three newBMunits are installed in order to determine the shape and the intensity of the beam. Thefirst two
BMs consist of a stack ofmicro channel plates (MCP)with an additional phosphor scintillation screen and a
CCDcamera [54, 55]. At the position of BM1 apertures of different size can be inserted for further reduction of
the beamdiameter. The energy dependent beam spot at the sample position can be directlymonitored by using a
blank phosphor screen (BM 3)without aMCP, i.e. without additional electric fields whichmight influence the
beam shape. The resolution limit is given by imaging of the phosphor screenwith theCCDcamera (Basler scout
scA1390-17 gm, pixel size: 4.65 μm×4.65 μm) and an optic with 35 mm focal length resulting in 23.25 μmper
pixel. Hence, the visual feedback reduces dramatically the time for tuning themagnetic and electrostatic fields in
order to optimize the beam focus at various implantation energies.

After passing the remoderator, an acceleration system consisting of eight electrodes is used to adjust the
energy of the positron beam formeasurements with either theNEPOMUC beam (without additional
remoderation) or the threefoldmoderated beam. Finally, the second electrostatic lens system is used to focus the
beamonto the sample in the analysis chamber (seeD1, 2 infigure 1). For depth dependentmeasurements the
sample can be biased up to−30 kV enabling a positron implantation of up to a fewμm.A 2Dpiezo positioning
systemwith optical encoders allows to scan an area of 19×19 mm2with high accuracy and repeatability in the
nm-range. Due to the geometry of the sample holder themaximumheight of the sample is limited to 10 mm.

The design of the new sample chamber allows for a quick setup change formeasurements at high and low
temperatures. Temperature dependent in situ (C)DBS can be performed from room temperature up to 1000 K
by replacing the high resolution position unit with a heatable sample holder [56]. The light of a 250Whalogen
lamp,which is located in one of the focuses of an ellipsoidal Cu reflector, is concentrated onto the back side of
the sample in the opposite focus. The reflector is pressed in awater cooled cup of non-magnetic steel [56]. For
realizing positron implantation energies of up to 30 keV, the sample holder is electrically insulated by three
Macor pins separating the sample holder ring from the reflector. The sample is located in themiddle of a ‘spider’
holder consisting offiveMo cantileversfixed on theMacor insulators tominimize the heat loss by heat
conduction. Low temperature experiments down to 40 K can be accessed by a closed-cycleHe cryostat. TheCu
sample holder ismounted on a cold head via a sapphire insulator for thermal coupling and electrical insulation.
Despite the large devices for heating and cooling, respectively, the sample can still bemovedwithin a reduced
scanning range of about 5×5 mm2.

The sample chamber can be surrounded by up to eight high purity Ge detectors which are conventionally
used in (C)DBS. The detectors are slightly inclinedwith respect to the sample plain in order to reduce loss in
count rate due to absorption or scattering of the annihilation radiation in the sample itself and structural
material of the sample chamber. At present, fourGe detectors (30% efficiency, energy resolution of 1.3 keV at
477.6 keV [42]) are used in routine operation either separately or in coincidencemode forDBS andCDBS,
respectively. Since the process of re-moderation at the position of theNi(100) foil produces a significant amount
of radiation, the detectors have to be shielded. For this purpose, two assemblies of radiation shields out of
tungsten aremounted in the re-moderation and sample chamber, and additional lead shielding is placed on top
of the detectors (not shown in figure 1) for background reduction.

2.3. Brightness enhancement system
The smallest achievable beamdiameter is limited by the (transverse) phase space volume occupied by the
ensemble of particles. This limit is a consequence of Liouville’s theorem,which states, that the phase space
density remains constant under the influence of conservative forces. For this reason, the source properties are of
highest importance since they define the occupied phase space volume and hence the final limit of the beam
diameter. At a given intensity I and kinetic energy in forward direction E (sometimes called longitudinal
energy), the brightnessB of the beam can be expressed in terms of its diameter d and divergence θ [2, 57–59]:

B
I

d E

I

d p m2
. 1

e
2 2 2 2q

= =
^

( )

In order to circumvent this limit, i.e. to further reduce the transversemomentum p̂ , non-conservative
forces are used to cool the positrons by interactionwithmatter. During this so called (re)moderation process,
positrons are implanted in amaterial exhibiting a negative positronwork function such asW, Pt orNi. After
thermalization and diffusion to the surface, low-energy (moderated) positrons are reemitted predominantly
perpendicular to the surface with a kinetic energy defined by the absolute value of the (negative) positronwork
function F+ ( 3.0 eVWF = -+ [57], 1.95 eVPtF = -+ [60] or 1.4 eVNiF = -+ [61]). In order to achieve a high
moderation efficiency the applied poly- or single-crystallinemoderators should exhibit a lowdefect
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concentration leading to long positron diffusion length aswell as clean and flat surfaces. In principle, high
brightness positron beams can be achieved bymultiplemoderation, i.e. by repeating acceleration, focusing and
moderation in several remoderation stages [58]. Details of positron (re)moderation can be found elsewhere (see
e.g. [62] and references therein, and [57] for variousmoderator geometries).

For the realization of the positronmicrobeam in theCDB spectrometer upgrade the positrons are
moderated three times:first, positrons are created by pair production andmoderated (so-called selfmoderation)
in annealed polycrystalline Pt foils inside the positron sourceNEPOMUC [63]. Then, the brightness of the
primary 1 keV positron beamwith 109moderated positrons per second [64] is enhanced by aW(100) single
crystal remoderator operated in back reflection geometry [65]. Compared to a transmission geometry the beam
guidance ismuchmore sophisticated but thickerWcrystals can be used that facilitates heating and long term
operation. Formost experiments the energy of the remoderated beam is set to 20 eV and the beamdiameter
amounts to<2 mm (FWHM) in a 7 mT guiding field [52, 65]. Finally, in the new setup of theCDB spectrometer
we apply aNi(100) foil acting as transmission remoderator to generate the positronmicrobeam.

In contrast to the reflexion geometry the beamoptics becomesmuch simpler for transmission remoderators
due to the rotational symmetry of all optical components. However, in transmission geometry thin foil
moderators have to be applied in order to achieve a highmoderation efficiency. In our setupwe use a free-
standing single crystallineNi(100) foil with a thickness of 100 nmwhich results in an optimum implantation
energy in the order of 5 keV for amaximumyield of remoderated positrons. Compared toW,Ni has several
advantages: easier preparation of thin foils, lower density, significantly lower annealing temperature, and the
energy distribution of the remoderated positronswas shown to bemore narrow resulting in a smaller beam spot
after focusing [61, 66].

At the CDB spectrometer an electrostatic accelerator in the longitudinalmagnetic guiding field (figure 1(b)
allows the adjustment of the positron implantation energy. Especially focusing the beamonto the remoderator
foil either by amagnetic or an electrostatic lens system is crucial. In a similar system,Oshima et al [51] focus the
beamby amagnetic lens systemwhich had to be optimized for the suppression of themagnetic field at the
position of themoderator and hence to avoid the introduction of transversemomentum to themoderated
positrons. Another disadvantage is the large extent of themagnetic lens including themagnetic yokes for guiding
themagneticfield to the focusing region. In order to circumvent these difficulties we designed a very compact
electrostatic focusing unit consisting of three electrodes as shown infigure 1(c). Amagnetic field termination
made ofmetallic glass stripes on aμ-metal support ismounted in front of the focusing lenses of the brightness
enhancement system.Hence, disturbances bymagnetic fields of the purely electrostatic guiding and focusing
system, and,more importantly, residualmagnetic fields affecting the trajectories of the slow positrons reemitted
from the remoderator surface can be avoided. Simulation of the positron trajectories have been performed using
theCOMSOLmultiphysics package to optimize the new layout of the optical components. As shown in
figure 1(right) an incoming beamof 2.5 mmdiameter can be electrostatically focused to a spot of 0.5 mm
diameter on the remoderation foil and extracted on the backside. The re-emitted slow positrons are accelerated,
formed to a beam and focused onto the sample by a second electrostatic lens system (figure 1 D1, 2).

The beam spot at the position of the remoderation foil can bemonitored by an insertable BM 2 consisting of
aMCPmodule similar to BM 1. This enables the inspection of the beam spot and a quick tuning of the
parameters of thefirst electrostatic lens system for optimizing the focus on the remoderator foil. Optional
apertures can bemounted on top of the remoderation foil for further reduction of the beam spot.

2.4. Preparation and characterization of theNi(100) remoderation foil
Conditioning of theNi(100) transmission remoderator significantly increases the yield of reemitted positrons
[50, 51]. The preparation of the remoderation foil comprises annealing in vacuumaswell as additional oxygen
and hydrogen treatment for removing surface impurities. In order to get detailed information on the
conditioning, the remoderation foil was characterized by x-ray induced photo electron spectroscopy (XPS) and
temperature dependentDBS. Furthermore, the optimumpositron implantation energy was determined using
the formerCDB spectrometer [56].

The removal of the surface impurities C andO could be clearly observed by temperature dependent XPS. As
shown in theXPS spectra (figure 2), heating the foil from room temperature to 400 °Ccauses an increase in the
Ni signal by a factor of six. Simultaneously, the C andOpeaks decrease by factors of two and four, respectively
(see insert infigure 2). Hence, just by heating the surface, contaminations can be significantly reduced resulting
in a higher remoderation yield. Fujinami et al showed that heat treatment in anO andH atmosphere lead to a
further reduction of surface impurities [50].

The annealing behavior of the newNi(100) foil was studied by temperature dependentDBS at a positron
implantation energy of 30 keV. Figure 3 shows the bulk S-parameter, which is considered to be related to the
concentration of open-volume defects in the sample, as function of temperature of theNi foil. A significant drop
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in the S-parameter can be observed between 300 °C and 550 °C indicating the diffusion of vacancies and hence
annealing of theNi crystal. The found annealing temperature of about 540 °C, i.e.minimumvalue of S, is in
good agreement with the literature [67]. By further increasing the temperature to about 820°C the S-parameter
rises again due to the thermal expansion of the crystal lattice and creation of vacancies.

In order to obtain the highestmoderation efficiency the thermalized positrons should reach the (back)
surface of theNi foil with high probability. Therefore, positron trapping in lattice defects should beminimal to
achieve a large positron diffusion length. Values of the positron diffusion length are obtained fromdepth
dependentmeasurements of the S-parameter withDBS of a (polycrystalline)Ni sample at room temperature as
well as after the heat treatment. As shown infigure 3(b) the S-parameter for the as-received sample reaches its
bulk value at about 5 keV implantation energy whereas after tempering the S-parameter saturates at about
25 keV. The S value in the bulk of the annealedNi is significantly reduced compared to the as-prepared state as
expected due to its lower defect concentration. The results for the diffusion length obtained byVEPFIT [68] are
45.0 and 135.2 nm for the polished as-prepared and the annealed sample, respectively. Consequently, the single
crystallineNi foil as used in the upgradedCDB spectrometer is well suitable asmoderator since the positron
diffusion length is in the order of, and even larger than, the foil thickness of 100 nm.

In order tomaximize the amount of remoderated positrons emitted from theNi(100) foil the energy of the
positrons has to be low enough that they are fully thermalized but sufficiently high that amaximum fraction
reaches the backside of the foil. Therefore, we determined the appropriate positron implantation energy by
measuring the energy dependent annihilation rate in the remoderation foil. Figure 4 shows the fraction of the

Figure 2.XPS-spectra ofNi(100) at various temperatures: Heating theNi(100) foil to 400 °C leads to an increase of theNi signal by a
factor of six whereas theO andC signal is significantly reduced (insert).

Figure 3. (a)Temperature dependent DBS on polycrystallineNi: theminimumS-parameter at 540 °C indicates fully annealing. At
higher temperatures the S-parameter rises due to the thermal expansion of the crystal lattice and thermally created vacancies. (b)
Depth profiles of the S-parameter: the positron diffusion length before and after tempering is determined byfitting the datawith
VEPFIT [68] (solid lines).
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measured counts in the 511 keVphotopeakwith respect to the total counts c cpeak all as a function of positron
implantation energy, which serves as indicator for the fraction of positrons annihilating inside the remoderation
foil. The amount of annihilating positrons clearly increases with higher positron energy until amaximum is
reached at around 4.3 keV. At higher energy the positrons pass the foil without being (fully)moderated resulting
in a decreased annihilation rate in theNi(100) foil. The implantation energy of 4.3 keV, according to amean
implantation depth of about 45 nm, obviously ensures that amaximumamount of positrons can reach the
backside of the foil within the diffusion length of 135 nm. The fraction of not (fully) remoderated transmitted
positrons passing through the foil was calculated to be 2.2%.

3. Performance of the positronmicrobeam

TheCDB spectrometer is upgraded to handle both beams provided by the positron sourceNEPOMUC [52], the
primary beamwith an energy of 1 keV and a diameter of 7 mm (FWHM) and the remoderated 20 eVbeamwith
a diameter of 2 mm [52, 69]. As inmost experiments, the remoderated 20 eV beam is used for allmeasurements
presented here. The beam ismagnetically guided via a beam switch to theCDB spectrometer where it can be used
directly or further enhanced in brightness by theNi(100) transmission remoderator. Note that finally a three-
foldmoderation is used to generate the positronmicrobeam. In the following, the beamwithout further
remoderation is called ‘NEPOMUC remoderated beam’ and the three-foldmoderated beamwith theNi(100)
transmission remoderator of the spectrometer is called ‘positronmicrobeam’.

The performance of the various acceleration and focusing units of the spectrometer is tested by comparing
the beamprofiles detectedwith various BMs (comparefigure 1). The positron intensity profiles shown in
figure 5 are normalized to the same value since no apertures have been usedwhichmight have lead to transport
loss in the electrostatic beamguiding system. The 20 eVbeam as provided byNEPOMUC enters the
spectrometer with a diameter of about 2.5 mmat BM 1 (figure 5(a). After passing through the accelerator and the
first focusing systemof the brightness enhancement unit, a beam spot of 0.5 mm in diameter is achieved
(figure 5(b)) and the beam energy is set to 5 keV for positron remoderation in theNi(100) foil. As shown in
figure 5(c), evenwithout the remoderation foil the diameter of theNEPOMUC remoderated beam can be
reduced to 0.25 mmat the sample position. In contrast to the previous setup of theCDB spectrometer [40], the
beamdiameter at themaximum implantation energy of 30 keV could be reduced by 16%. This improvement is
mainly attributed to themore homogeneousmagnetic beamguidance withμ-metal shielding, the use of non-
magneticmaterials for building the new instrument and the newdesigned electrostatic lens system for beam
focusing.

Due to the limited resolution of BM 3, the diameter of the positronmicrobeam at the sample positionwas
determined using the so-called knife edge technique [60]. For this purpose, a special prepared samplewith an
Cu/Al edge is used as these twomaterials provide a distinct contrast of themeasured S-parameter. Two line
scans across theCu/Al edgewere performedwith the positronmicrobeam (green curve) and the
NEPOMUC remoderated beam (blue curve) as shown infigure 6. As expected, the position dependent

Figure 4. Fraction of positrons annihilating in the 100 nm thickNi(100) foil at different implantation energies. The fraction of
positrons annihilating inside the remoderation foil is determined from the amount of counts in the 511 keVphotopeak cpeak divided
by the total counts call of the spectrum.Most of the positrons are implanted in the foil at an energy of 4.3 keV according to amean
implantation depth of about 45 nm.Only 2.2%of the positrons pass the foil as calculated by theMakhovian implantation profile
(right axis).
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S-parameter S(x) shows a clear transition from low to high at theCu/Al edge. An error functionwas fitted to the
data (dashed lines) in order to determine the beamdiameter (FWHM) from its derivative (solid lines infigure 6).
Thus a diameter of 253±40 μmat a beam energy of 30 keVwasmeasured for theNEPOMUCmoderated beam
in agreementwith the beamprofile shown infigure 5(c). Using the transmission remoderator at a beam energy
of 25 keV leads to a diameter of 51±11 μm.With an additional aperture in front of the remoderation foil the
diameter of the positronmicrobeam could be further reduced to 33±7 μm.

The performance for both beam settings, i.e. for theNEPOMUC remoderated beam and the positron
microbeam,was tested on two specially patterned samples by 2D scanningwith various stepwidths ( ,x yD D )
andmeasurement time (tm). First, a sample consisting of a Cumeshwith 50 μmthick bars separated by 204 μm,
mounted on anAl sample holder was scanned in x- and y-direction ( 5x y,D = μm, tm=7 s) yielding a 2D
S-parametermap as shown in figure 7(b). It could be demonstrated that, despite the lowmeasurement time per
point of only 7 s, the Cubars can be resolved, and,more importantly, the 2Dmap shows no distortions. Then 2D
scans of the S-parameter have been performed on a sample with ‘e+’-patterns of different size etched in an
electronic circuit board (figure 8(a)). The S-parameter was obtained by averaging the data of all fourGe
detectors. The energy was set to 30 and 25 keV for theNEPOMUC remoderated beamand the positron
microbeam, respectively. Due to the high contrast in the first image (figure 8(b)) recordedwith the
NEPOMUC remoderated beam ( 200 mx y, mD = , tm=13 s) tmwas reduced to 7 s for the scan of the smallest
e+ (figure 8(c)). Despite blurring the contours, theNEPOMUC remoderated beamwith 250 μmdiameter is able
to resolve the image of the smallest e+ aswell. Note that no distortions are observed over the complete range of

Figure 5. 3Dplots of the intensity profiles of theNEPOMUC remoderated beamwithoutNi remoderation foil at the three beam
monitors (BM): (a) 20 eV beamat BM 1 as provided by theNEPOMUC beamlinewith a diameter of about 2.5 mm (FWHM), (b)
beam accelerated and focused by the first electrostatic lens systemonto BM 2 at the position of the remoderation foil
(d 0.5 mmFWHM » ), and (c) beamprofile on the phosphor screen (BM 3) at the sample positionwith a diameter of 0.25 mm (FWHM)
and an energy of 30 keV. As transport loss is negligible the intensity profiles are normalized to same integrated counts.

Figure 6.Diameter of the positronmicrobeam and theNEPOMUC remoderated beam (insert) determined byDB line scans over a
sharpCu/Al edge atmaximumbeamenergy. A beamdiameter of 33(7) μmis obtained for the positronmicrobeam and 253(40) μm
for theNEPOMUC remoderated beamwithout additional remoderation by fitting the datawith an error function (dashed lines,
derivative plotted as solid lines).

8

New J. Phys. 19 (2017) 123007 TGigl et al



the scan area. However, using the positronmicrobeamwith a resolution of 50 μm (FWHM), 100 mx y, mD =
and tm=25 s the pattern can be resolvedwithout any blurring and distortions also for large areas of up to
19×19 mm2. Consequently, the new spectrometer provides outstanding performance in routine operation
enabling high resolution 2Ddefect imagingwith unprecedented shortmeasurement times of about
160 min mm−2 with the positronmicrobeam ( 50 mx y, mD = , tm=25 s per point) and<2 minmm−2 with the
NEPOMUC remoderated beam ( 250 mx y, mD = , tm=7 s).

In order to yield the highest remoderation efficiency, rem , theNi(100) foil wasfirst heated to 500 oC inUHV
for one hour. Then it was held at the same temperature for an additional hour in aH atmosphere of 10−3 mbar.
The remoderation efficiency rem is calculated from intensitymeasurements at different conditions with respect
to the intensity of theNEPOMUC remoderated beamwith an intensity of typically 3.0 107´ moderated
positrons per second (see table 1). This value compares well with themeasured count rate of 60 000 cps in a
singleHPGe detector of the CDB spectrometer taking into account the solid angle and the detector efficiencies.
Inserting theNi(100) foil in the as-received state reduces the count rate to 510 cps yielding only 0.85%rem = .
The increase to rem = 3.5% after heating is attributed to the desorption of the surface impurities to some extent
in accordancewith the temperature dependent XPSmeasurements presented infigure 2. After heat treatment in
aH atmosphere, a count rate of 5800 cps could be achieved resulting in a remoderation efficiency of 9.6%.

4.Defects and precipitates in laser beamweldedAlCu6Mn

4.1. Laser beamwelding (LBW)
LBW is an excellent technique that frequently outperforms traditional arcwelding processes due to various
advantages. The laser beam can typically be focused in themicrometer rangewith high accuracy and

Figure 7. 2D S-parametermap of aCumesh. (a)Cumeshwith 50 μmthick bars and 204 μmspacingmounted onAl. The scan area of
the positron beam ismarked (red rectangle). (b) S-parametermap recordedwith the positronmicrobeamwithout aperture
( 5 mx y, mD = , tm=7 s). Note the distortion-free imaging of themesh.

Figure 8. 2D S-parametermaps of Cu e+ patterns etched in a circuit board. (a)Optical image of the sample. The scan areas of the
positron beam aremarked (red rectangles). Scan using theNEPOMUC remoderated beamwith 200 mx y, mD = of the (b) largest
(tm=13 s) and (c) the smallest e+ pattern (tm=7 s), (d) detail of the smallest patternmappedwith the positronmicrobeam
providing the best spatial resolution ( 100 mx y, mD = , tm=25 s).
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reproducibility. Hence, complicated joint geometries can beweldedwith high precision. The highwelding speed
in the range of 100 mm s−1 and the small laser spot, which introduces just a small amount of heat, result in
minor changes of themicro structure and low thermal distortions. This in turn leads to amore narrow heat
affected zone (HAZ) compared to other welding techniques. In addition, cavity-free welds can be realizedwith
high reliability enhancing themechanical strength of the joint [70]. Especially welding of high-strength Al alloys,
containingCuor Li, is a key technology inmodernmanufacturing engineering [71] since lightweight
constructionsmore andmore replace heavier steel and riveted joint constructions [71, 72]. Therefore, in order
to avoid deterioration of themechanical properties it is of particular interest to produce high-strengthwelds
with low defect concentration.

In the present work, we focus on the characterization of a laser beamweldedAl alloy (AlCu6Mn, ENAW-
2219T87)with a Cu content of 6.3%. This alloy is a typical example of a precipitation hardenedmaterial. In
order to significantly enhance the strength of thematerial, Cu atoms are dissolved in the crystal lattice during a
first heat treatment, and subsequently, artificial aging leads to the formation of Cu precipitates [73]. Due to the
inhomogeneous temperature distribution, LBWof this alloy is expected to lead to various position dependent
effects such as formation and quenching of defects as well as the dissolution of Cuprecipitates. This in turn
results in a local variation of themechanical strength in theweld and in theHAZ.

4.2.Defect imaging of a laser beamweld
Weapply (C)DB spectroscopywith the positronmicrobeam in order to image the concentration of open volume
defects and to detect the local dependent formation of Cu precipitates. A laser beamweld of twoAl sheets (EN
AW-2219T87, 2.85 g cm 3r = - )with a thickness of 4 mmusing a single-mode laser (IPGYLR-3000, spot size:
50 μm,welding speed: 100 mm s−1)was produced at the Institute forMachine Tools and Industrial
Management (IWB) at TUM. The polished cross cut of the sample is shown infigure 9(a).

First, an overview 2Dmap of the S-parameter (figure 9(b))was recorded using theNEPOMUC remoderated
beam ( 200 mx y, mD = )with an energy of 30 keV according to amean positron implantation depth of 3.3 μm.
Compared to the not affectedmaterial the S-parameter is drastically increased in the region of the laser beam
weld that is attributed to the creation and quenching of a large amount of vacancy-like defects during the
welding process. Note that a gradient of the S-parameter is observed in y direction of the Al sample outside of the
welded zone. This effect in the as-receivedmaterial can be explained bymore vacancy-like defects on one side
(higher S-parameter at the bottom side) generated during cold-rolling of themetal sheets.

The high resolution line scan recordedwith the positronmicrobeam across theweld at a fixed y= 10 mm
andwith 50 mx mD = is shown figure 9(c). The abrupt changes of the S-parameter at around x=5 and 7.5 mm
indicate a small HAZof<1 mm. The area around thewelding zonewas also examined by a 2D scan
( 500 mx mD = and 50 my mD = ) as shown infigure 9(d). A very sharp transition between theweld and the
surroundingmaterial also confirms the effect of a well localizedHAZ.

4.3.Detection ofCu precipitates in laser beamweldedAlCu6Mn
BulkCDBmeasurements were performed in themiddle, at the edge and outside theweld (see points P1-P3 in
figure 9(d)) in order to get a deeper insight in the type of defects and to obtain information on the elements
probed by the positrons. The analysis of the CDB spectra was performed as described in [74].

Figure 10 shows so-called ratio curves (with respect to pure Al) of the annihilation line at three selected
points (shown infigure 9(c)) and for pureCu as reference. The signature of Cu can be seen in the spectra
obtained at P1 and P2with different intensities but not at all in the center of theweld (P3). The pronounced peak
at around m c9 10 3

0´ - in the ratio curve at P3 clearly indicates the presence of vacancies in the alloy. Such
vacancies with a positron trapping potential in Al of 1.75 eV [75] lead to quantum confinement of the positron
wave function resulting in a non-negligiblemomentum. Themeasured position of this so-called confinement
peak is in excellent agreement withCDB spectra of vacancies in Al produced after deformation and quenching
[76]. Similar effects are also observed for supersaturated solid solution of as-quenched [77] and agedAlCu alloys

Table 1.Remoderation efficiency rem of the
brightness enhancement systemof the positron
microbeam.

Condition ofNi(100) foil Count rate rem
(cps) (%)

Removed 60000 —

As received 510 0.85

Heated to 500 °C inUHV 2100 3.5

Heated to 500 °C+H2 5800 9.6
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Figure 9. Laser beamweld (LBW) of the Al alloy ENAW-2219T87: (a) optical image of the cross cut of the sample. The scan areas are
highlighted (blue and black rectangles, green line). (b) 2Dmap recordedwith theNEPOMUC remoderated beam ( 200 mx y, mD = ),
(c) high resolution line scan of the LBWat y = 10 mm ( 50 mx mD = )with theCDBpositronmicrobeam. The steep changes of the
S-parameter within<1 mm indicate a very small heat affected zone. (d)High resolution 2Dmap obtainedwith theCDBmicrobeam
( 50 mx mD = , 500 my mD = ). The points P1-P3mark the positions of additional CDBSmeasurements.

Figure 10.CDB ratio curves with respect to pure Al recordedwith the positronmicrobeam at positions P1-P3 asmarked infigure 9
and for pureCu as reference. The so-called confinement peak at m c9 10 3

0´ - at P3 clearly indicates the presence of vacancies inside
the weld. The observedCu signature at P1 and P2 is attributed toCu rich precipitates in the as-receivedmaterial and in the heat
affected zone. The fraction of annihilation events at Cu is obtained by aweighted fit of theCu reference spectrum and the spectrum
obtained at P3 (solid lines) yieldingCu intensities of 25.7% and 14.8% for P1 and P2, respectively.
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[78]. The fact that noCu signal is observed is explained by the less favorable, if at all, formation of vacancy-Cu
complexes inside theweld.

The relative fraction of annihilation events with electrons fromCu at P1 and P2 are estimated by a
superposition of theCu reference spectrum and the spectrumobtained at P3 (for the applied analysismethod see
e.g. [34, 35, 79]). The latter spectrum is chosen in order to account for the presence of vacancies. A best fit to the
data (see figure 10) yields Cu intensities of 25.7% and 14.8% for P1 and P2, respectively.

The significant contribution of theCu signature in the as-receivedmaterial (P1) and to lesser extent in the
HAZof theweld (P2) is attributed to positron trapping at Cu rich precipitates. This observation is in agreement
with artificially age-hardened precipitates formed in theΘ phase, i.e. Al2Cu phase, which is incoherent with the
lattice of the solid solution.Hence, both the higher positron affinity of Cu compared toAl (A 4.81Cu = -+ and
A 4.41Al = -+ [80]) aswell as lattice distortions at the interface of the precipitates and theAlmatrix [73] lead to a
higher positron annihilation ratewith electrons fromCu.

Note that a single Cu atom solved in anAlmatrix cannot lead to positron trapping.1 Consequently, inside the
weld the disappearance of theCu signature (P3 infigure 10(d)) is explained bymelting, i.e. dissolution of theCu
rich phases, and rapid cooling in thewelded zonewhere Cu atoms are kinetically hindered to formprecipitates
and hence form a supersaturated solid solution [73]. This effect is expected to be enhanced for laser beamwelded
joints since the small spot size and the highwelding speed of the laser as well as the high thermal conductivity of
thematerial of 120WmK−1 [81] cause a high heatflow away from theweld.

5. Conclusion

Anewpositronmicrobeam for the investigation and 2D imaging of defects on an atomic scale using
(coincindent)DB spectroscopy has been successfully put into operation. For this purpose we realized a threefold
moderatedmonoenergetic positron beam and upgraded theCDB spectrometer located at the high intensity
positron sourceNEPOMUC. By introducing a transmission remoderator, consisting of a 100 nm thickNi(100)
foil, for brightness enhancement, a diameter as low as 33 μmcould be achieved. Benefiting from the high beam
intensity ofNEPOMUC and the achieved remoderation efficiency of the new transmission remoderator (9.6%),
the area of the beam spot could be reduced by a factor of 60. It was demonstrated that large samples can be
examinedwith high lateral resolution andwithout distortions over the complete scanning area of 19×19 mm.
Apart from the new remoderation unit several improvements have beenmade to facilitate the operation and to
enhance the robustness of the positron beam. For quickmeasurements without additional remoderator a beam
diameter of about 250 μmis achievedwhich can be used in combinationwith different insertions for the sample
environment enabling temperature dependentmeasurements in the range of 40–1000 K.Most importantly, the
newCDB spectrometer provides excellent performance in routine operation for high resolution 2Ddefect
imagingwith unprecedented shortmeasurement times of about 160 min mm−2 with the positronmicrobeam
( 50 mx y, mD = , tm=25 s per point) and<2 min mm−2 with theNEPOMUC remoderated beam
( 250 mx y, mD = , tm= 7 s). 3D imaging of defects can be performed by varying the positron beam energy.

For thefirst time, high resolution experiments were performed to study both, the defect distribution and the
presence of Cu precipitates, showing the outstanding capability of the newCDB spectrometer. Since LBWyields
joints of small lateral extent a positronmicrobeam is highly beneficial for the application of spatial resolved
defect spectroscopy. In our experiment, the examination of a laser beamweld of the high-strength Al alloy
(AlCu6Mn, ENAW-2219T87) revealed a sharp transition between the rawmaterial and thewelded zone aswell
as a very small HAZ. Besides vacancy-like defects, Cu rich precipitates could be identified in the as-received
material and to a lesser extent in the transition zone of theweld.Most notably, inside theweldwe could clearly
identify the dissolution of theCu atoms in the crystal lattice, i.e. formation of a supersaturated solution, as well as
the presence of vacancies without formingCu-vacancy complexes.

In the future, we aim to to study selected sets of welds produced by different welding techniques and various
welding parameters using the positronmicrobeamnow available at the upgradedCDB spectrometer as a
powerful tool for high resolution defect spectroscopy. In particular, it is expected to gain an improved
understanding of themechanical properties of welds by combining complementary techniques such as hardness
measurements and opticalmicroscopywith spatially resolved (C)DB spectroscopy.

1
Applying a quantum-wellmodel theminimum radius of a Cu cluster embedded in Al for confining the positronwave function can be

estimated by r a A A5.8 eVc 0 Cu Al@ -+ +· ∣ ∣ ( ) [80] (with Bohr radius a0) yielding r 0.49 nmc = .
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