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         Abstract. We propose to obtain an intense beam of moderated positrons (es
+) with 

an intensity of the primary positron beam of 1×106 - 2×106 es
+s−1 by the (γ, e+e−) reaction 

using an intense γ-beam of 2.4×1010 γ s−1 with energies up to 3.5 MeV. Using fully 
circularly polarized γ-beam we aim to obtain an intense, polarized positron beam with 
a polarization degree of 31-45%. Higher degree of polarization would also be possible 
with reduced beam intensity. The beam will be transported to different detector systems 
through beam lines, via solenoidal magnetic fields. Polarized positron beams open up a 
totally unexplored research area in applied physics studies of Fermi-surfaces, defects, 
interfaces etc., where polarized electrons can be studied. A simple, fast scintillator 
detector system for γ-induced positron annihilation lifetime spectroscopy for studies of 
bulk samples is proposed. The ELI-NP facility will be user-dedicated and unique for 
positron research in the Eastern Europe. It will provide a simple source setup, with easy 
access for upgrades of the converter/moderator assembly toward more sophisticated 
setups, providing a more intense and brighter positron beam. The beam will have the 
world highest intensity of polarized positrons for material science studies and, 
therefore, it will become a unique tool for the investigation of magnetic samples. 
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1. INTRODUCTION 

The positron [1, 2] is for many years a well-established probe for defect 
spectroscopy and offers the possibility of defects examination in metals, 
semiconductors and isolators [3]. The energetic e+ from an isotope source as a probe 
scans the specimen over a wide range of up to several 100 µm depth, depending on 
the material density. Many defect types, for instant open-volume like defects and 
negatively charged impurities, have an attractive potential for e+ and trap them very 
efficiently. The high trapping efficiency and the long diffusion length are responsible 
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for the enormous defect sensitivity of e+. As important as the sensitivity is that the 
state of the e+ depends on the electronic structure of the specimen. Since the 
properties of the annihilation radiation vary with the state of the e+, details of the 
electronic structure get observable by detecting this radiation. By measuring the 
positron lifetime (PALS) the defect types and their concentration can be revealed. 
The deviation from the collinearity of the radiation and the broadness of the 
annihilation line provides information about the momentum distribution of the 
electrons in the specimen. This measurements are the scope of the angular correlation 
of the annihilation radiation (ACAR) method and of the Doppler broadening 
spectroscopy (DBS). Another technique called aged momentum correlation 
(AMOC) combines PALS and DBS and records time-correlated energy spectra and 
it is useful in studies of reactions involving positrons [4]. 

These techniques have been performed successfully for decades with the help 
of radioactive e+ emitters and still provide an important contribution to the 
exploration of defects and the electronic structure of various systems. The range of 
applications can be enlarged enormously if a mono-energetic e+-beam is used for the 
experiments. Due to its tunable energy, depth resolved measurements can be 
performed.  

Positronium (Ps), the bound state of a e+ and an e−, is a sensitive and unique 
probe for studies of nano-porous materials. In pores with a size larger than about 
0.7 nm, Ps atoms can be formed. The very long lifetime of ortho-Ps (up to 142 ns) 
and the relatively narrow momentum distribution of para-Ps provide sensitive 
detection tools of the dimensions of nano-scale pores. Moreover, they are 
indispensable and very sensitive tools to monitor the connectivity of pore networks 
and the open or closed porosity. A unique feature is the possibility to quantify pore 
size distribution, including of the pores which are not connected to the exterior of 
the sample and which are not visible by standard adsorption-desorption isotherm 
(BET) techniques. 

Positron annihilation techniques, being non-destructive, allowing depth 
profiling down to a few micrometers and detection of open-volume defects 
(vacancies, dislocations etc.) at single ppm concentrations, constitute a valuable and 
complementary method, compared to other solid-state-physics analysis methods [5]. 

In surface science, positron annihilation-initiated Auger electron spectroscopy 
(PAES) have been proven to be an extremely surface sensitive technique, allowing 
one to detect the Auger electrons emitted only from the topmost surface layer. 

Also, coincident Doppler broadening spectroscopy (CDBS) enables one to 
extract the momenta of core electrons and therefore to extract chemical information 
on the same quality as from X-ray photoelectron spectroscopy (XPS), but with bulk 
sensitivity. Angular correlation of annihilation radiation (ACAR) has been proven to 
be a useful method to determine bulk band structure of crystalline materials, 
including nano-crystallites embedded in a host matrix; again, this technique is 
opposed to conventional angle-resolved ultraviolet photoelectron spectroscopy, 
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which is a surface technique, i.e., its sensitivity is limited to few layers from the 
sample surface. 

Consequently, positron annihilation-induced techniques may be either 
extremely surface sensitive, or bulk sensitive, by providing information on the same 
quality as conventional analysis methods (UV or X-ray photoelectron spectroscopy). 

The first part of every beam of slow/moderated e+ (es+) beam is the source 
which, in the case of a small laboratory beam systems, is usually a radioactive 
isotope. From the various existent β+ sources, 22Na, 58Co and 64Cu are mainly used 
for the beam production. 

With a typical setup, like the slow positron laboratory beam at the Technical 
University in Munich [6] using a 22Na source of 6 mCi, it is possible to create a beam 
with up to 2×104 es+ s−1. At the same laboratory a e+-beam with an intensity of 
2×105 es+ s−1 was attained by using a self-made 64Cu source. If a solid Neon moderator 
(instead of a tungsten one) and a stronger source (e.g., 58Co) are used, higher intensity 
of ~ 106 es+ s−1 is achievable.  

In order to create beams with even higher intensities, another kind of source 
has to be utilized, based, for example, on the mechanism of pair production [7]. 
Using a brilliant γ-beam, e+e− pairs can be produced in a suitable target by pair 
production. A well-designed positron source would hence allow to create a es+-beam 
of high intensity. In addition, the brightness can be further enhanced by es+ re-
moderation.  

There are two fundamentally different setups for the creation of a es+-beam 
using a brilliant γ-beam. Either the γ-to-e+ converter and the moderator are separate 
components, or the converter is used as e+ moderator as well, and hence the es+ are 
extracted directly from the converter surface. The production and subsequent 
moderation in the same component is called self-moderation. In order to create a 
bright e+-beam, a moderator should be used with high efficiency and should provide 
a narrow band width of the emitted e+. However, the choice of the applied moderator 
material strongly depends on the final source layout. 

The γ conversion into e+e− pairs takes place in a material with high nuclear 
charge Z, such as Pt or W (also suitable moderator materials), since the pair 
production cross-section σPP increases approximately proportional to Z2. At a γ 
energy of 2.5 MeV, the pair production cross-section σPP for Pt and W amounts to 
2.386 and 2.713 barn/atom, respectively. In addition, the converter material should 
have a high melting temperature due to the high local heat dissipation. Suited 
materials for e+ moderation are metals with negative positron work function Φ+ such 
as Pt (Φ+= −1.95 eV) and W (Φ+= −3.0 eV) or solid rare gases. 

In general, the key features of a low-energy e+-beam produced using a high-
brilliant γ-beam would be the following: 

– γ energy: the energy of the γ-beam can be varied in the range of several MeV 
in order to maximize the e+ production and emission rate, and the yield of es+, as well. 
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– Energy cut: due to the possibility to use a collimator, which acts as a low 
energy cut, unwanted γ-rays are produced with energy less than 2m0c2 which do not 
contribute to the pair production. Therefore, the heat load compared to LINAC or 
reactor based e+ sources is expected to be considerably lower. 

– Polarization: using a switchable fully circularly polarized γ-beam, a spin-
polarized e+-beam can be created. Omori et al. have experimentally proven the 
efficient propagation of polarization from laser photons through Compton scattering 
on electron beam to the created gamma-beam and then by pair production to 
positrons [8]. Since the e+ spin polarization is almost entirely maintained during 
moderation, spin-dependent experiments may become feasible. 

– Access: The source area of the γ-beam will be easily accessible. This would 
facilitate the change of the source setup considerably and opens the door for novel 
converter and moderator setups regarding sophisticated geometries and new 
materials. 

– Radiation field: due to the well-defined, relatively low energy of the γ-beam, 
of maximum 3.5 MeV, the creation of radiation induced defects is expected to be 
lower than that at e+ source setups using bremsstrahlung targets at LINACs or γ-rays 
produced at nuclear reactors. In addition, no radioactivity is created by activation 
[9]. 

2. PHYSICS CASES 

2.1 SLOW POSITRON BEAM PRODUCTION BY GAMMA-RAY BEAM 

2.1.1. Gamma-ray beam characteristics 

 

Fig. 1 – Time structure of the γ-beam. The macro bunches are provided with a repetition of 
100 Hz, and each macro bunch will consists of 32 micro bunches of 1 ps, separated by 16 ns. 

The γ-beam time structure is illustrated in Fig. 1. The macro bunches are 
provided with a repetition of 100 Hz, and each macro bunch will consists of 32 micro 
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bunches of approximately 1 ps, separated by 16 ns. The data concerning the γ-beam 
energy and divergence characteristics are provided by EuroGammas [10] and 
describe the space position coordinates, energy and momentum direction vector of 
each γ-ray in a microbunch at the moment of the Compton-collision for γ-ray 
production. It has been demonstrated by EuroGammas that the provided data meet 
the γ-beam specifications summary of a collimated γ-beam with narrow bandwidth 
(less than 5.0×10−3) [11]. However, due to the fact that we need to use wide 
bandwidth γ-beam (1.022-3.5 MeV) we cannot refer to the narrow bandwidth 
specifications. 

 

Fig. 2 – Scheme for GEANT4 simulation of the γ-beam energy cut by a tungsten collimator. The 
sizes are in mm. 

The interaction chamber for e+ production can be placed at a distance of 4 m 
from the interaction point where low energy γ-rays will be created (as discussed in 
details in Section 3). We have used GEANT4 simulation to crosscheck the effect of 
azimuthal angle cut on the energy spectrum and the γ-beam dimensions of the γ-to-es+ 
converter. The scheme is plotted in Fig. 2. 

 

Fig. 3 – Energy spectra of γ-rays as described in Fig. 2.  

The application of different collimator aperture is almost entirely analogical to 
azimuthal angle cut and the effect on energy spectrum is well seen in Fig. 3. The cut 
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effect on the beam size can be followed in Fig. 4 where the intensity profile of 
γ-beam at the interaction point with the converter, without collimator and with 
collimator aperture of 6 mm, are presented. It is obvious that the low energy γ-rays 
are predominantly distributed in peripheral area of the beam profile. Due to the fact 
that γ-rays with energy less than 2m0c2 do not contribute to pair production, an 
aperture of 12 mm was found to be most suitable. At this aperture 41% of the initial 
γ-beam intensity is cut. What is extremely important is that the FWHM, at the 
position of interaction with the converter, of the γ-beam intensity profile is 
Dγ~ 6.5 mm and it is almost not affected by the collimator aperture down to 6 mm. 
Further decrease in FWHM can be achieved by smaller aperture but at the expense 
of significant loss of intensity. 

 

 

Fig. 4 – Intensity profile of γ-beam at the interaction point with the converter without collimator 
(left) and after collimation at selected apertures, 10 mm (middle) and 6 mm (right).  

2.1.2. Electron-positron pair production 

When a γ-quantum with an energy Eγ enters a solid with an atomic number Z 
it loses energy mainly due to three processes: the photoelectric effect (PH), the 
Compton scattering (CS), and the pair production (PP) process. The cross-sections 
are as follows [7]: 

𝜎𝜎PH ∝ 𝑍𝑍𝑛𝑛 𝐸𝐸𝛾𝛾
𝑚𝑚⁄  -  n, m within 3 and 5 

𝜎𝜎CS ∝ 1 ⁄ 𝐸𝐸𝛾𝛾      
𝜎𝜎PP ∝ 𝑍𝑍2𝑓𝑓�𝐸𝐸𝛾𝛾, 𝑍𝑍� - the Z dependence is dominated by the Z2 term and 

𝑓𝑓�𝐸𝐸𝛾𝛾, 𝑍𝑍� increases continuously with energy. 
The pair production in a solid occurs in the electric field of a nucleus or of an 

electron, with a much lower probability in the latter case. Due to the energy 
conservation, there is a threshold for pair production, which equals the rest masses 
of the e− and of the e+, as well as a certain amount which is transferred by the recoil 
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to the field generating nucleus or electrons. For the pair production in the vicinity of 
a nucleus this amount is negligible, but in the case of an electron the threshold is 
doubled to four electrons rest masses. 

There are basically three concepts of e+ sources, utilizing pair production, 
which differ only in the method on how the high energy γ-quanta are produced. The 
first concept uses high energy electrons created by a LINAC, which are dumped onto 
a high-Z target in order to create high energy bremsstrahlung [12, 13]. The second, 
which is implemented at the research reactor in Delft, The Netherlands, uses the high 
flux of radiation which originates from the fission process at the core of a nuclear 
reactor [14]. The third is also a reactor based concept, but in contrast to the Delft 
concept, the high flux of thermal neutrons is used to generate high energy γ-quanta 
by the nuclear reaction 113Cd (n,γ) 114Cd. The world’s strongest e+ source NEPOMUC 
(NEutron induced POsitron source MUniCh), at the Heinz Maier-Leibnitz (FRM II) 
research reactor near Münich, Germany, uses this method and generates up to 
1.1×109 es+ s−1 [15]. 

2.1.3. Positron moderation 

 

Fig. 5 – Depth profile of created fast e+ by a 2.5-MeV γ-beam with energy distribution of 0.5 MeV 
(FWHM) interacting with a tungsten target. The total number of created fast e+ is approximately 

21% of the incident γ-rays. 

In the first steps we used GEANT4 to model the fast e+ production for the 
γ-to-e+ converter at Extreme Light Infrastructure Nuclear Physics (ELI-NP). 
GEANT4 is a free software package composed of tools which can be used to 
accurately simulate the passage of particles through matter. Using this simulation 
program the number of e+ and electrons emitted from a target can be calculated. The 
pair-production efficiency was simulated by pointing a 2.5-MeV γ-beam with energy 
distribution of 0.5 MeV (FWHM) to a tungsten target with large dimensions in order 
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to absorb the γ-beam. At the moment of a pair production the e+ depth and energy 
were recorded. The result plotted in Fig. 5 shows the depth position of created e+ in 
case of a W target. It can be seen that, due to the high γ-beam energy, 6 cm of bulk 
material are needed to absorb 99% of the γ-rays. 

The effect of the fast e+ absorption by the surrounding material can be seen in 
a simulation where a narrow γ-beam is shot into a W rod (see Fig. 7). With the 
decrease of the rod radius the fraction of created fast e+ which escapes the rod 
increases. In the ideal case of an infinitely narrow γ-beam and rod this fraction will 
reach 21% - the efficiency for W to convert 2.5-MeV γ-rays to fast e+ in the bulk. In 
order to moderate fast e+ good surface to volume ratio is needed. The conclusion 
comes naturally that for efficient production of es+ a layered structure along γ-beam 
direction, as shown in Fig. 8, has to be used.  

 

Fig. 6 – Energy spectrum of created fast e+ by a 2.5-MeV γ-beam with energy distribution of 
0.5 MeV (FWHM) interacting with a tungsten target. The average energy is 775 keV. 

Unfortunately, GEANT4 does not support simulation of physics processes for 
energies bellow 50 eV and, therefore, it cannot be used directly for simulation of e+ 
moderation. In order to describe the moderation of fast e+ we have developed a user 
physics process and implemented it in GEANT4. This process can be shortly 
described by the following steps: we track the created positrons in the moderator and 
when the e+ energy (E+) is below 25 meV (thermalized) we find the distance d to the 
nearest surface, and calculate the probability 𝑝𝑝 = exp�− 𝑑𝑑 𝐿𝐿+⁄ � for a thermalized e+ 
to diffuse to the surface and, finally, with probability b×p a new particle (moderated 
e+) is created out, but very close to the moderator surface, and emitted normal to the 
surface with energy 𝜀𝜀+ = �𝛷𝛷+�. The coefficient b = 0.4 is the branching ratio, and 
𝐿𝐿+= 135 nm is the e+ diffusion length for W. The geometry for the W-foil moderator 
and the e+ source described in [16] in transmission and in [17] for reflection mode 
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was reproduced; moderation efficiency obtained by GEANT4 simulation was 
6.1×10−4 (transmission mode) and 2.8×10−3 (reflection mode), respectively, values 
which are in satisfactory agreement with the experimental ones of 4×10−4 and 
3.8×10−3, respectively. Additional validation was done by simulation of the two 
converters with simple geometries for high intensity (HI, see Fig. 8) and high-
brilliance (HB) e+ source proposed for ELI-NP by Hugenschmidt et al. [9]. The 
corresponding conversion efficiencies estimated by Hugenschmidt et al. are 3×10−4 
and 8.5×10−8 and these values are in good agreement with 2×10−4 and 1×10−7, 
respectively, as obtained by GEANT4. Consequently the user defined physics of the 
e+ moderation works well and one can apply it for complex geometries in order to 
optimize the size parameters. 

 

Fig. 7 – Yield of escaped fast e+ as a function of the rod radius. The γ-beam is with energy of 
2.5 MeV (FWHM = 0.5 MeV) and radius r = 3 µm. 

It has to be mentioned that the proposal for HI and HB converters and the 
efficiency estimations of Hugenschmidt et al. are valid for micron size γ-beams, 
which is not the case of the current status of ELI-NP project (see the end of 
Section 2.1.1).  

The target geometry which we propose is shown in Fig. 9. Actually the design 
is very close to what was presented in Fig. 8, but with bottom and side walls. It is 
known as venetian blind geometry, which is open in the direction of the slow positron 
extraction. The idea is that these walls will interact with fast e+ which escape from 
the transversal walls and part of them will be moderated in reflection mode. There 
are two restrictions on the geometry parameters. The length is fixed to L = 30 cm, 
and the aspect ratio H:G of the gaps is fixed to AR = 3:1. The reason we have chosen 
these values is explained in the next two sections. The optimization of the geometry 
parameters in order to obtain the best γ-to-es+ conversion efficiency can be done 



S744 N. Djourelov et al.  10 
  

directly with GEANT4 simulation developed by us. However, a run for one set of 
parameters with 3×106 γ in the run takes about 4 hours to be completed, and the fact 
that we have to optimize both d and H, we needed a quicker way to find good initial 
parameters. Therefore we have developed a way to first estimate roughly the best 
parameters to be used as initial values for subsequent optimization by GEANT4 
simulations.  

 

 

Fig. 8 – Sketch of the interaction of a 200 µm wide γ-beam with a target consisting of 2500 W 
foils (300×300×10 µm3) in sequence, separated by gaps of 50 µm. 

 

Fig. 9 – Geometry (venetian blind) of the proposed converter made of tungsten. 

The γ-to-es
+ conversion efficiency Γ which is a function of the H, G, d, w, n, Dγ 

parameters can be split into few parts:  

 Γ�𝐻𝐻, 𝐺𝐺, 𝑑𝑑,w, 𝑛𝑛, 𝐷𝐷𝛾𝛾� =  ΓCS�𝐻𝐻,w, 𝐷𝐷𝛾𝛾� Γabso(𝑑𝑑, 𝑛𝑛) Γth(𝑑𝑑) Γa(𝐻𝐻, 𝐺𝐺,w), (1) 

where 𝑛𝑛 = 𝐿𝐿  (𝐺𝐺 + 𝑑𝑑)⁄  is the number of transversal foils,  ΓCS�𝐻𝐻,w, 𝐷𝐷𝛾𝛾� is the cross-
section of the front side of the converter (a rectangle with sizes H, w), with the 
γ-beam profile represented for simplicity with a Gaussian having FWHM 
Dγ = 6.5 mm,  Γabso(𝑑𝑑, 𝑛𝑛) = 1 − exp(− 𝑛𝑛𝑛𝑛 𝜇𝜇⁄ ) is the γ-rays stopping profile (see 
Fig. 5),  Γth(𝑑𝑑) is the efficiency of fast e+ to be moderated in a stack of big number 
of large foils with thickness d, and  Γa(𝐻𝐻, 𝐺𝐺,w) is the probability that a fast e+ emitted 
from the walls is caught by the converter (see Eq. 2).  

  Γa(𝐻𝐻, 𝐺𝐺,w) = (2𝜋𝜋 − atan (w/2𝐻𝐻))(2𝜋𝜋 − atan (𝐺𝐺/2𝐻𝐻)) (2) 
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The parameters G and n are calculated from the others. The parameter w was 
initially fixed to 16 mm, while Dγ = 6.5 mm is known. The efficiency  ΓCS�𝐻𝐻,w, 𝐷𝐷𝛾𝛾� 
is then calculated (see Fig. 10).  

 

Fig. 10 – Relative cross-section of a transversal rectangle converter foil with sizes H and w, with a 
Gaussian shape profile with FWHM Dγ = 6.5 mm, with longitudinal axis of symmetry. 

 

Fig. 11 – Relative yield of es
+ as function of the thickness of tungsten foil as simulated by 

GEANT4 for a stack of large foils irradiated by gamma rays with characteristics given in 
Section 2.1.1. 
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Fig. 12 – Relative efficiency Γ�𝐻𝐻, 𝐺𝐺 = 𝐻𝐻
3

, 𝑑𝑑,w = 16 mm, 𝑛𝑛 = 𝐿𝐿
𝐻𝐻+𝑑𝑑

, 𝐷𝐷𝛾𝛾 = 6.5 mm�   as a function 
of the foil thickness, d, and the gap height, H. 

The result for Γ�𝐻𝐻, 𝐺𝐺 = 𝐻𝐻
3 , 𝑑𝑑,w = 16 mm, 𝑛𝑛 = 𝐿𝐿

𝐻𝐻+𝑑𝑑 , 𝐷𝐷𝛾𝛾 = 6.5 mm� is 
plotted in Fig. 12. The best efficiency is obtained at H = 6 mm and d = 0.060 mm. 
We have also checked the influence of the gap width, w, on the relative efficiency, 
but we found that it has small impact when was chosen to be about double Dγ. These 
values were used for GEANT4 simulations to refine the optimization. The results are 
summarized in Table 1. The results show that the best absolute efficiency is 
 Γbest = 8.2×10−5 obtained at foil thickness d = 80 µm and gap height of H = 6 mm.  

Table 1 

Absolute γ-to-es
+ conversion efficiency Γ�𝐻𝐻, 𝐺𝐺 = 𝐻𝐻

3
, 𝑑𝑑,w = 16 mm, 𝑛𝑛 = 𝐿𝐿

𝐻𝐻+𝑑𝑑
, 𝐷𝐷𝛾𝛾 = 6.5 mm� for the 

γ-rays described in Section 2.1.1 as simulated by GEANT4.  
              d (mm) 

H (mm) 
5 6 7 8 

0.06 7.4×10−5 7.6×10−5 7.5×10−5 7.3×10−5 
0.07 7.5×10−5 7.7×10−5 7.6×10−5 7.5×10−5 
0.08 7.8×10−5 8.2×10−5 8.1×10−5 7.6×10−5 
0.09 7.4×10−5 7.4×10−5 7.2×10−5 7.0×10−5 

 
One of the critical points in the converter design is the extraction of es+. 

Problems appear due to the short distances between the converter elements and, 
consequently, of the screening of the electric field applied for extraction of es+. 
Simulations with COMSOL [18] were performed. Slow positrons are emitted normal 
to the surface of the foils face, uniformly distributed on it, with an initial energy of 
𝜀𝜀+ = 3 eV. For more realistic simulation we have implemented in COMSOL the 
feature that low energy e+ can be reflected from tungsten surfaces with a probability 



13 Positron production by gamma beam at ELI-NP S747 
 

of 0.6 otherwise they annihilate [19]. In Fig. 13 the potential difference between the 
electrode and an extraction mesh is set to 60 V. The magnitude of this potential 
difference has to be kept low in order to avoid large energy spread of the extracted 
es+. It is seen that about 40% of the es+ are extracted, due to lack of electric field 
gradient in the direction towards the extraction grid. In case (a) where the converter 
is attached to the electrode at U = 60 V and the extraction mesh is at ground, the es+ 
emitted from the lower part of the transversal foils simply impinges the facing foil 
and annihilate there, while in the case (b) where the converter is at floating potential 
between the electrode and the extraction mesh, the slow positrons from the same part 
of the foils are subjected to electric field gradient pushing them back to the foil (that 
is why they cannot be extracted).  

2.1.4. Extraction of moderated positrons  

 

Fig. 13 – COMSOL simulations of es
+ trajectories in a converter cell with extraction mesh at 

ground (a) the converter is attached to electrode at 60 V, and (b) the converter is at floating 
potential between the electrode and the extraction mesh. The distance between the electrode and 

the mesh is 9 mm in both cases.  

The three basic ways to achieve some electric field gradient in order to extract 
es+ towards the extraction mesh is to decrease the aspect ratio, to make segmentation 
of the transversal foils, or to increase the voltage. At a fixed aspect ratio the 
combination of some segmentation with voltage increase is not advisable because it 
leads to large energy spread of extracted es+.  

In Fig. 14 the extraction efficiency as a function of the applied potential 
difference between the extraction mesh and the electrode for non-segmented 
converter with H = 6 mm and AR = 3:1 is plotted. It can be seen that high potential 
is needed for successful extraction. The performance of the geometry (b) (see 
Fig. 13), where the converter is at floating potential, at low potential difference, is 
slightly better than the geometry (a) but reaches saturation at lower level of 



S748 N. Djourelov et al.  14 
  

extraction efficiency. Another very important characteristics of the extracted es+ is 
the energy spread shown in Fig. 15. This information has to be taken into account 
together with divergence for the subsequent beam formation. 

 

Fig. 14 – The fraction of extracted es
+ as a function of the applied potential difference between the 

electrode and the extraction mesh placed at 9 mm from the electrode for the two geometry cases 
shown in Fig. 13. 

 

Fig. 15 – The energy spread of extracted es
+ as a function of the applied potential difference 

between the electrode and the extraction mesh placed at 9 mm from the electrode for the two 
geometry cases shown in Fig. 13. 
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Fig. 16 – The fraction of extracted es
+ as a function of the number of segments for converter with 

aspect ratio AR = 3:1 and H = 6 mm, and potential difference between the electrode and the 
extraction mesh of U = 60 V. The extraction mesh is at 9 mm from the electrode. 

 

Fig. 17 – Electric potential map for a converter segmented into 6 layers; converter aspect ratio 
AR = 3:1,  H = 6 mm, and U = 60 V. The electrode-mesh distance is 9 mm. Segment 1 is attached 

to the electrode, while segments 2 to 6 (electrically insulated from each other) are at floating 
potential.  

The effect of segmentation is plotted in Fig. 16 for a segmented converter with 
H = 6 mm, AR = 3:1, and U = 60 V. A map of the electric field potentials for a 
converter segmented into 6 layers is given in Fig. 17. The segmentation effect on the 
creation of electric field gradient to extract es+ towards the extraction mesh is clearly 
seen. The method of segmentation is very effective achieving more than twice 
extraction efficiency (81.2%, for 6 segments, and U = 60 V) as compared to the non-
segmented converter.  
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Due to the fact that the aspect ratio influences the extraction and production 
efficiencies in opposite ways a compromise is necessary to be found. As seen in 
Fig. 18 for non-segmented converter of length of L = 30 cm and H = 6 mm such a 
compromise is an aspect ratio in the range from 2 to 3.  

With a large number of segmentations close to “ideal” electric field gradient 
can be achieved. In this case it is easy to calculate the aspect ratio condition at which 
the es+ will have minimum interactions with walls. Moderated positron emitted from 
the middle of a transversal foil can be taken as a representative. This es+ will travel 
following a longitudinal path G for a time 𝑡𝑡 = 𝐺𝐺 √2𝑒𝑒𝜀𝜀+ 𝑚𝑚𝑒𝑒⁄⁄ , while in transversal 
direction it is subjected to electrical field acceleration, so for the time t it will 
transversally move by ℎ = 𝑒𝑒𝑒𝑒𝑡𝑡2 (𝑚𝑚𝑚𝑚)⁄ . The condition to escape from the gap without 
interaction with walls is h > H. Finally, we come to the conclusion that the aspect 

ratio has to be kept at AR < �𝑈𝑈 �2𝜀𝜀+�⁄ = 3.15, for U = 60 V. 

 

Fig. 18 – The es
+ production efficiency and the es

+ extraction efficiency as a function of the aspect 
ratio H:G for H = 6 mm for two potential differences of U = 60 V and 1000 V between the 

electrode attached to the converter and the extraction mesh placed at 9 mm from the electrode. 

Additionally we have studied the effect of the strength of a uniform magnetic 
field with magnetic induction vector (0, 0, Bz) along the direction of extraction of 
the es+. The usefulness of this magnetic field is that it will force es+ to make precession 
around the magnetic field vector, so, they can survive longer between the two facing 
each other transversal walls of a cell of the converter which will give them time to 
be accelerated by the electric field of the extraction mesh. However, these es+ which 
are emitted from the side walls of the converter will survive shorter. In case of strong 
magnetic field the es+ will be forced to return back to the surface. These effects are 
schematically presented in Fig. 19. A proper tuning of the magnetic field strength is 
necessary to optimize the extraction of the es+. It was performed with COMSOL for 
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a non-segmented and segmented into four layers converter. The results are plotted in 
Fig. 20 and show that the extraction efficiency can be improved by proper choice of 
the magnetic field intensity.  

 

Fig. 19 – Examples of trajectories of es
+ emitted from the side and transversal walls of a cell of the 

converter (a) in magnetic field and (b) without magnetic field. The point of view is against the 
direction of extraction of the es

+. 

The conclusion from the current section is that by the help of segmentation and 
proper choice of electric potential and magnetic field strength we can extract almost 
all of the es+. However, attention has to be paid on consequences affecting the beam 
formation (focusing) (see the discussion in Section 3.4). 

 

Fig. 20 – Fraction of extracted of es
+ from a converter in uniform magnetic field with magnetic 

field vector along the direction of the extraction, simulated by COMSOL. The cases are for non-
segmented and segmented into four layers converter, AR = 3:1, U = 60 V. 

2.1.5. Converter design to work in parasitic mode 

As it was described in Section 2.1.1, an important feature of the γ-beam is the 
correlation between the energy and the scattered angle of the γ-rays, the higher the 
energy the smaller the angle [10]. This allows not only to filter out the low energy 
γ-rays with a collimator, as demonstrated by simulations (see Fig. 2) but, also, if 
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central holes are drilled in the transversal foils of the CMA (see the scheme in 
Fig. 21), fraction of the high energy rays can be transmitted without interaction. If 
the holes diameter is greater than 2.5 mm then the intensity of the 3.5 MeV will not 
be affected, as can be seen from GEANT4 simulation results shown in Fig. 22. This 
will allow to use the positron source at ELI-NP in parasitic mode (as recommended 
by The ELI-NP International Scientific Advisory Board Meeting, 18-19 June 2015, 
Romania), i.e., simultaneously with nuclear physics experiments because the last 
require only narrow bandwidth γ-beam. The performed simulations for γ-to-es+ 
conversion efficiency by GEANT4 showed also that the holes (2.5 mm) option of 
the CMA will reduce the es+ intensity to 82%. 

 

Fig. 21 – Converter/Moderator assembly with holes in the transversal foils.  

 

Fig. 22 – Energy spectra of the γ-rays which passes the collimator for elimination of γ-rays not 
producing e+-e− pairs, and of the γ-rays which passes through the holes of 2.5 mm in diameter in 

the CMA transversal foils. 

2.2 DEPTH PROFILING WITH MONOENERGETIC POSITRONS 

Beam of monoenergetic es+ with variable energy can be used as a e+ source and 
combined to the different positron annihilation techniques. Stopping profile of 



19 Positron production by gamma beam at ELI-NP S753 
 

monoenergetic e+ of initial kinetic energy E+ in matter, P(z, E+), is described as the 
Makhov’s distribution,  

 𝑃𝑃 �𝑧𝑧, 𝐸𝐸+� = 𝑚𝑚𝑧𝑧𝑚𝑚−1

𝑧𝑧0
𝑚𝑚 exp(−(𝑧𝑧 𝑧𝑧0⁄ )𝑚𝑚), where 𝑧𝑧0 = 𝐴𝐴𝐸𝐸+

𝑟𝑟

𝜌𝜌Υ(1+1 𝑚𝑚⁄ ) (3) 

In these formula, E+ is the initial kinetic energy of e+, in keV, ρ denotes the 
mass density of the sample in g/cm2, Υ is the gamma function, while r = 1.6, m = 2 
and A = 4.0 μg cm−2 keV−r are empirical parameters [3]. The average penetration 
depth is 𝑧𝑧̅ = 𝐴𝐴𝐸𝐸+

𝑟𝑟 𝜌𝜌⁄ , and the distribution width is proportional to z0.  
The depth resolution power of monoenergetic e+ is illustrated by Makhov’s 

profiles (Eq. 3) in Cu, plotted for several E+ in Fig. 23. It can be seen from the figure 
that depth resolution power attains about 10 nm at energies below 1 keV and, despite 
of an appreciable increase in width, remains still reasonable up to about E+ ≈ 30 keV, 
corresponding to penetration depths approaching 1 μm.  

 

Fig. 23 – Implantation profiles of monoenergetic e+ in Cu. Energy values are inserted in the figure. 

2.3 POLARIZED POSITRONS 

Polarization of es+ was discovered by Zitzewitz et al. in 1979 [20]. Few years 
later van House et al. [21] have studied e+ moderation process with 22Na source (very 
strong source of 100 mCi) based e+-beam, with electrostatic guidance and a degree 
of polarization P = (48 ± 2)% and intensity of 5×105 es+s−1. They have shown that 
with absorber it is possible to achieve a degree of polarization as high as 
P = (69 ± 4)%, with reduced intensity. Maekawa et al. [22] built a similar e+-beam, 
but using a 68Ge–68Ga e+ source produced from the 69Ga(p,2n)68Ge nuclear reaction 
by irradiating a GaN substrate with 20 MeV protons for 400 h in 20 cyclotron 
sessions. The degree of spin polarization of the e+-beam was determined as 
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(47 ± 8)% from the magnetic field dependence of the p-Ps intensity in fused silica, 
while the achieved beam intensity was 5×103 es+s−1.  

A few other methods to produce polarized e+ are being considered by the linear 
collider community. The concept is to use e+e− pairs created by converting circularly 
polarized γ-rays. The circularly polarized γ-rays may come from one of these 
processes: helical undulator radiation by unpolarized electron beams [23], Compton 
scattering of circularly polarized laser-light off a high-energy electron beam [24,8] 
(a process that will be used also within the ELI-NP project), and Bremsstrahlung of 
longitudinally polarized electrons in high-Z amorphous targets [25].  

The production of highly polarized short-pulse positrons has been 
demonstrated experimentally for the first time at KEK, Japan [8]. Using a circularly 
polarized laser beam of 532 nm scattered off a high-quality, 1.28 GeV electron beam, 
the authors have obtained polarized positrons with an intensity of 2×104 e+ per bunch 
and the degree of positron polarization has been determined to be 73 ± 15 
(stat) ± 19 (syst)% by means of a newly designed positron polarimeter. Omori et al. 
also reported a very good agreement of the experimentally determined degree of spin 
polarization with the value of 77% as obtained by GEANT4 simulations of the 
experiment [8]. 

Spin-polarized e+ provide a new, atomic-scale view on the magnetism and 
electronic structure of magnetic materials. Its kinetic energy can easily be tuned, 
enabling depth-profiling studies of a large variety of sub-micron thin films.  

The influence of slowly varying electric and magnetic fields on polarized 
electron beams is described in [26]. Few cases are described which for non-
relativistic beam can be summarized as follows: a) Deflecting low energy electrons 
by electric field over an angle of π/2 change the longitudinal polarization to 
transversal (or the opposite); b) acceleration electric field (longitudinal) leaves the 
electron polarization unchanged; c) transverse magnetic field rotates the direction of 
the beam at the same rate as the electron spin, so that a magnetic field leaves the state 
of transverse polarization unchanged; d) longitudinal magnetic field does not change 
the direction and magnitude of the momentum but the electron spin precesses about 
the propagation axis. 

The possibility to rotate by angle Ψ the electron spin by a magnetic field is 
described by the following equations [27], which correspond to c) and d) cases: 

 𝛹𝛹∥ = 𝑒𝑒
𝐸𝐸 �1 + 𝜂𝜂𝑔𝑔

𝜒𝜒
1 + 𝜒𝜒� �𝜎𝜎�⃗ × 𝐵𝐵�⃗ ∥�𝑙𝑙 (4) 

 𝛹𝛹⊥ = 𝑒𝑒𝜂𝜂𝑔𝑔
𝑚𝑚𝑐𝑐2 �1 + 1

𝜒𝜒��𝜎𝜎�⃗ × 𝐵𝐵�⃗ ⊥�𝑙𝑙, (5) 

where σ  is the unit vector of the spin, E is the energy, 𝜂𝜂𝑔𝑔 = (𝑔𝑔 − 2) is the 
gyromagnetic factor of free electron, and 𝜒𝜒  denotes the electron charge-to-mass 
ratio. The components of the magnetic field are according to the particle beam path.  
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From the described influence of the slowly varying electric and magnetic field 
on the spin we come to the conclusion that the longitudinal polarization of the e+ 
created in the bulk of the converter will be transformed to transversal polarization as 
the es+ are extracted perpendicular to the γ-beam axis. The consequent focusing will 
not change the direction or the degree of the polarization. Due to the solenoidal 
magnetic field in the transport line the e+ spins will rotate along the solenoid axis but 
the degree of the initial beam polarization will be preserved. 

 

Fig. 24 – Longitudinal polarization as a function of the energy of the fast e+ as created in the bulk. 

To clarify how the circular polarization of the γ-beam is transferred to es+ spin 
polarization we had performed Geant 4 simulations for the proposed target geometry 
(see Section 2.1.3) which is optimized for the best moderation efficiency.  The 
analysis was separated into two parts: the polarization of the fast e+ created in the 
bulk and the polarization of the es+. The longitudinal polarization of fast e+ created in 
the bulk of the converter as a function of the fast e+ energy is plotted in Fig. 24. It 
can be seen that the fast e+ with lower energy carry less helicity. The longitudinal 
polarization degree of the fast e+ is 39%. The results in Table 2 show how the 
polarization degree is affected by selected energy cuts. Actually, the energy cut is 
the main method applied for the polarized e+ production in Large Colliders projects 
proposals. The same method was used by House and Zitzewitz, by introducing an 
absorber between the e+ source and the moderator [21].  
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Table 2 

Degree of polarization at selected energy cuts of the fast e+ calculated from the data shown in Fig. 24. 
e+ energy cut (keV)  0 350 700 1050 1400 1750 

Degree of polarization (%) 46.7 49.0 56.4 65.7 74.9 82.8 
 

 

Fig. 25 – Degree of polarization of the fast e+, which escape the converter, and of the es
+ as a 

function of the foil thickness, at fixed geometry parameters of the converter. The large data 
scattering for the es

+ is due to low statistics, as a result of the low moderation efficiency. The lines 
are guide for the eye. 

Due to the fact that the low energy e+ are moderated with higher efficiency 
compared to the high energy e+ there is a difference between the degree of 
polarization of fast e+ and es+. The effect of the foil thickness is clearly seen in Fig. 25. 
The effect on the fast e+, which escape from the converter, is due to the fact that  by 
increasing the foil thickness, the absorbance of low energy γ-rays, which carry low 
polarization degree is increased, giving a better contribution of γ-rays of higher 
energy and thus of higher polarization degree.  

The effect of the foil thickness on the degree of polarization of the es+ is 
twofold. First, is the increased degree of polarization of the fast e+, and second, a 
thicker foil absorbs better the low energy fast e+, which carry low polarization, and 
they do not reach the near surface region to be emitted as es+. However, this lowers 
the moderation efficiency, as can be seen in Fig. 26. 

The demand for high intensity polarized e+-beam was established long time 
ago [29]. Applications include studies of the moderation process, surface and bulk 
magnetism, and optically active molecules.  
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Fig. 26 – Moderation efficiency as a function of the foil thickness at fixed other geometry 
parameters of the converter. 

 

Fig. 27 – Transversely polarized e+ are injected into the center of the sample under a direct current 
(± jc). The beam energy of 12 keV is reduced to 50 eV by a deceleration tube. The γ ray detector is 

perpendicular to the beam axis. Reproduced with permission from [28].  

Positrons with well-defined spin orientation will be of great help for 
investigations of magnetic materials and surface magnetism. For instance, Fig. 27 
shows that, when interacting with a magnetic surface, a flux of very slow (50 eV) e+ 
with transverse polarization, prior to their annihilation with the electrons belonging 
to the outermost layer, will eventually form short lived (125 ps) p-Ps, for which the 
electron and e+ spins are antiparallel (↑↓), depending on the polarization state of the 
electrons. The lifetime of o-Ps, for which the electron and e+ spins are parallel (↑↑), 
is by three orders of magnitude longer (142 ns). Therefore, PALS technique should 
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be able to derive separately these events. Controlling the DC current direction the 
spin orientation of the electrons from the outmost sample surface can be changed. It 
follows that a direct picture of the density of spin up and spin down electrons may 
be derived by such measurements. CDBS technique is also sensitive to para- and 
o-Ps because p-Ps self-annihilation contributes with low momentum to the e−-e+ 
momentum distribution.  

2.4 COINCIDENCE DOPPLER BROADENING SPECTROSCOPY 

Due to the fact that prior the annihilation the e+ is thermalized, the electron 
high momentum part determines the e−- e+ annihilation momentum and it can be used 
to identify the chemical surrounding of the annihilation site [30,31,32]. This is based 
on the fact that tightly bound core electrons, preserve their element-specific 
properties even in a solid. For the Doppler Broadening Spectroscopy (DBS) the 
longitudinal Doppler shift is registered by a single HPGe detector. The frequency of 
the Doppler shifted γ-quanta is given by the following equation: 

 vblue, red = v0��1 ± 𝑉𝑉𝑙𝑙
𝑐𝑐 � �1 ∓ 𝑉𝑉𝑙𝑙

𝑐𝑐 �� ≈ v0�1 ± 𝑉𝑉𝑙𝑙
𝑐𝑐 �, (6) 

where v0 = 𝑚𝑚0𝑐𝑐2/(2ℎ) and 𝑉𝑉𝑙𝑙 is the longitudinal projection of the electron velocity. 
Since 𝑉𝑉𝑙𝑙 is only a projection and the electrons are not mono-energetic we observe 
Doppler broadening. The broadness is hence a value for the velocity distribution of 
the electrons at the annihilation sites.  

The technique of Coincidence Doppler Broadening Spectroscopy is based on 
the coincident detection of both 511-keV annihilation γ-quanta from a single 
annihilation event. This suppresses significantly the background, alloying 
observation of the electron high-momentum distribution. 

Applying the standard coincidence technique with one high-purity Ge detector 
(HPGe) in coincidence with another γ-sensitive detector (such as a NaI scintillator) 
improves the peak to background ratio from about 102 up to 104 compared with a 
measurement using a single HPGe [30,33]. However, a superior technical realization 
of a coincidence experiment is the use of two HPGe detectors (Fig. 28) registering 
the energy of both annihilation quanta [32]. This results in a peak-to-background 
ratio of about 106 and an improvement of the energy resolution by a factor of √2.  

Especially the high momentum wings of the 511 keV annihilation line depends 
on the chemical vicinity. In particular the core electrons maintain their atomic 
characteristic also in a solid making it possible to use the signal from the e+ 
annihilation on core e− for chemically selecting the atoms. Due to the much lower 
background of the CDBS the differences at the high momentum wings can be 
resolved and therefore, it is possible to identify not only the type of open volume 
defect, but also the atoms that surround the e+ trap. The e+ annihilation with core e− 
has been studied both experimentally and theoretically [34] and the references 
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therein. The chemical selectivity of the e+ probe is well demonstrated. The most 
common way to enhance the differences due to the chemical surrounding of the e+ 
trap is to represent the momentum distribution as a ratio to a reference element. 

 

Fig. 28 – Scheme of the Doppler-broadening coincidence spectroscopy. Both collinear γ-quanta 
are detected by two HPGe detectors. A coincidence unit ensures that only those events are stored 

in the memory that are caused by the same annihilation event. 

The combination of chemical sensitivity of CDBS and depth profiling with 
monoenergetic es+ opens large area of opportunities in material science to study 
defects. 

2.5 GAMMA-INDUCED POSITRON ANNIHILATION LIFETIME SPECTROSCOPY 

Accelerated es+ up to 40 keV or those generated by isotopes undergoing β+ 
decay (like the common used 22Na) can probe a sample depth of only few µm to few 
mm. However, in many cases, determination of concentration and types of defects 
for the entire volume of bulky samples is of interest. The method of γ-induced 
Positron Spectroscopy (GiPS) has been demonstrated at a normal-conducting 200 Hz 
linear accelerator [35] and UVSOR-II electron storage ring [36]. Unique setup for e+ 
annihilation spectroscopy has been established and optimized at the superconducting 
linear electron accelerator ELBE at Helmholtz-Zentrum Dresden-Rossendorf 
(Germany). The intense, pulsed (up to 26 MHz) photon source (bremsstrahlung with 
energies up to 16 MeV) is used to generate e+ by means of pair production 
throughout the entire sample volume. Due to the very short γ-ray bunches (shorter 
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than 5 ps temporal length) and controllable repetition frequency, the facility provides 
excellent conditions for GiPS, where both Aged Momentum Correlation and 
Coincidence Doppler Broadening Spectroscopies are realized [37]. The γ-beam time 
structure (see Section 2.1.1) at ELI-NP is fixed and provides much less time averaged 
number of micro bunches (3.2 kHz). Unfortunately, the gaps of 16 ns between the 
micro bunches are too short for a HPGe detector to be able to segregate signals 
arising from annihilations of different micro bunches. Therefore, only fast detectors 
can be used.  

Due to the fact that the optimized γ-to-es+ converter will stop less than 50-70% 
of the γ-rays we propose to build simple and cost effective separate Gammas induced 
PALS (GiPALS) which will use the passed through the converter γ-rays and will 
work simultaneously with the slow positron beam system. The temporal beam 
structure is maintained during the process of Compton scattering resulting in a 
photon beam consisting of pulses with less than 1 ps duration. Positron generation 
inside the sample takes place immediately within this short time, so the accelerator 
signal for electron bunch generation can be used as start signal for e+ lifetime 
measurements. Positron lifetime spectroscopy is realized by measuring the time 
difference between the accelerator bunch pulse and the annihilation γ-rays detected 
by a fast detector. The fixed gap of 16 ns between bunches determines the 
spectrometer time range, thus limiting the lifetimes which will be possible to be 
measured to approximately 5 ns.  

2.6 POSITRON ANNIHILATION LIFETIME SPECTROSCOPY 

The lifetime of a thermalized e+ depends on the electron density in its vicinity. 
The cross-section σ for the annihilation is given by [38]: 

 𝜎𝜎 = 𝜋𝜋𝑟𝑟0
2 𝑐𝑐 v𝑒𝑒+⁄ , (7) 

where 𝑟𝑟0 = 𝑒𝑒2 �𝑚𝑚0𝑐𝑐2��  is the classical electron radius and v𝑒𝑒+ is the e+ velocity. The 
lifetime of the positron 𝜏𝜏𝑒𝑒+ is calculated from the cross-section as 

 𝜏𝜏𝑒𝑒+ = 𝜆𝜆𝑒𝑒+
−1 = (𝜎𝜎v𝑒𝑒+n𝑒𝑒−)−1. (8) 

The e+ annihilation rate 𝜆𝜆𝑒𝑒+, which is the inverse of the lifetime, is proportional 
to the electron density n𝑒𝑒−. Thus, at places with lower electron density (like open 
volume defects) compared to that of a perfect lattice the e+ is trapped and lives 
longer. In general, the larger the open volume defect, the lower the electron density 
and hence the longer the e+ lifetime. For an exact calculation of the e+ lifetimes the 
two-component density-functional theory, together with the local density 
approximation can be used [39].  

In materials with low electron density a e+ may form Positronium (Ps) with an 
electron prior to the annihilation. Ps is a bound state of a e+ and an e−. Corresponding 
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to the mutual spin orientations (anti-parallel and parallel) of the consisting particles, 
Ps exists in two states, called para-Ps (p-Ps) and ortho-Ps (o-Ps). The intrinsic 
lifetimes of p-Ps and o-Ps in vacuum are 0.125 and 142 ns, respectively. In molecular 
materials, such as polymers, the Ps is localized in free-volume holes, or cavities. The 
pick-off annihilation process shortens the o-Ps lifetime to some ns. The pick-off 
annihilation lifetime of the o-Ps is directly correlated to the size of the free-volume 
holes by a semi-empirical equation proposed by Nakanishi and Jean [40] according 
to the quantum-mechanical model of Tao [41], later developed by Eldrup et al. [42]. 
The equation correlates the radius, R, of the spherical free-volume hole where Ps is 
confined, to the o-Ps pick-off annihilation lifetime. Goworek et al. [43] extended the 
Tao-Eldrup model by accounting for the possibility of Ps to annihilate from exited 
states not only from its ground state. However, the calculations include Bessel’s 
functions, and due to their complexity this model is not in common use. Based on 
the same idea Gidley et al. [44] have proposed a simple formula to calculate the o-Ps 
lifetime in a rectangular pore. For large pores, Ps behaves like a classical particle 
and the o-Ps lifetime is directly correlated to the classical mean free-path of a 
particle. The sizes of pores with different shapes (cylindrical, spherical) can be 
determined from the mean free-path. This model is known as Extended Tao-Eldrup 
model (ETE) and is used in e+ spectroscopy porosimetry. The applicability of PALS 
to study a variety of materials and the typical observed lifetimes is schematically 
presented in Fig. 29. 

 

Fig. 29 – Range of materials for which PALS is applicable and the typical observed lifetimes.  

For PALS a start and a stop signal is needed to register the birth and death of 
a e+. In the conventional PALS a e+ source, attached in sandwich geometry to the 
specimen, is used. In the case of 22Na e+ source, the prompt nuclear γ-quanta of 
1275 keV detection starts and one of the annihilation quanta of 511 keV stops the 
clock. The disadvantage of the conventional PALS is the relatively deep and 
uncontrollable mean penetration depth of e+ (few hundreds of µm up few mm).  
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Using a e+-beam the incident energy can be controlled and hence depth 
dependent measurements can be performed. However, another way to start the clock 
for PALS is necessary. One possibility is to use a pulsed beam and to derive the 
signal from the master clock of the pulsing system. The generated e+-beam via pair 
production have the same pulse structure of the incident γ-beam with a pulse width 
in the picosecond range. The first question to be answered is if this time structure 
can be directly used for e+ lifetime experiments situated in the positron laboratory 
hall, or in other words, if the time structure can be preserved after transportation of 
more than 10 meters away from the high radiation field in the environment of the 
converter. The 𝑒𝑒𝑠𝑠

+ are produced by the moderation and they are emitted from the 
moderator with an average energy of about 𝜀𝜀+ = 3 eV (W – moderator). But, even 
from a well annealed moderator foil an energy uncertainty Δ𝜀𝜀+ of about ± 0.2 eV 
and a low energy tail is observed [45]. In order to obtain as much e+ as possible a 
stack of first moderator foils (converter) has to be used. The point of creation is 
totally smeared out and will be 30 cm long. Also the primary es+-beam, after focusing 
from the converter, is expected to have a diameter in the order of centimetres. The 
time spread Δt (FWHM) (of the initial pulse of positrons of few ps after a flight path 
of 10 m) is dependent on the extraction energy and easily reaches values greater than 
1 ns, which is already too long to be used for timing. The large length of the converter 
and the necessity to focus a large diameter beam to a small spot on the target will 
cause additional time spreads. The most important factor is that segmentation of the 
converter, which is proposed for the efficient extraction of the es+ (see Section 2.1.3), 
will totally distort the initial time structure due to the fact that the applied electric 
field will introduce additional energy spread of few tens of eV. The conclusion is 
that the pulsing time structure will be lost and the primary beam transported in the 
laboratory hall will be quasi continuous. Consequently, to achieve a pulsing beam 
the chopping and bunching technique has to be applied.  

Another possibility for start signal is to detect the secondary electrons which 
are kicked out from the sample by the incident e+. The advantage of the pulsing 
system is that the count rate is sample independent and the timing resolution that can 
be achieved is better compared to the conventional systems. Disadvantage is the 
complicated design for beam bunching and loss of beam intensity. The tagging by 
secondary electrons works with continuous beam and provides excellent 106 peak to 
background ratio which gives the possibility to be measured very long lifetimes (of 
the order of 100 ns) with low relative contribution (less than 1%).  

2.7 AGED MOMENTUM CORRELATION SPECTROSCOPY  

The age-momentum correlation studies are based on simultaneous detection of 
the two quantities which can be observed by annihilation of an individual positron 
in matter the positron age τ (measured by PALS) and the momentum p of the 
annihilating positron-electron pair (measured by DBS). The correlations between τ 
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and p allows us to follow directly transitions between different positron states like 
trapping of positrons, chemical reactions of positrons and positronium. The 
advantage of implementation of AMOC technique at pulsed slow positron beam is 
not only the selective depth of keV positrons but also the count rate improvement 
due to avoiding the triple coincidence needed for isotope based AMOC. An example 
of AMOC spectrum is shown in Fig. 30. Sections of constant positron age represent 
energy spectra at different positron ages. Summation over all channels with constant 
energy or constant positron age results in positron lifetime spectrum or the Doppler 
broadening spectrum, respectively.  

 

Fig. 30 – Example of AMOC spectrum. 

For better visualization of the AMOC data a time dependent S-parameter, the 
so-called lineshape function St(t) is often used to demonstrate changes in the 
population of different positron states as a function of positron age. A plot of the 
mean positron lifetime τ as a function of the photon energy (known as “Tsukuba 
plot”) is another simple visualization possibility [46].  

The AMOC data (two-dimensional) can be fit directly by a model. The models 
for the processes under investigation are described by appropriate system of rate 
equations with suitable initial conditions, and convoluting it with the time and energy 
resolution function of the set-up. Parameters derivable from such two-dimensional 
data analysis are: (i) the annihilation rates and the Doppler broadening linewidths of 
all positron states involved, (ii) the transition rates between distinct positron states, 
and (iii) the fraction of positrons forming positronium.  

2.8 POSITRON ANNIHILATION INITIATED AUGER ELECTRON SPECTROSCOPY  

Positron induced Auger Electron Spectroscopy (PAES) has a higher surface 
sensitivity (most of the implanted es+ are trapped at the surface bound states and 
annihilate with electrons in the topmost atomic layer) and a higher signal to noise 
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ratio at the Auger-transition energy (there is no collision-induced secondary electron 
background produced in the higher energy range of released Auger-electrons) than 
Auger electron spectroscopy (AES), being one of the most powerful technique used 
for studies on the elemental composition of the topmost atomic layer of a surface 
[47, 48, 49]. In PAES, some of the e+ from a low-energy (few tens eV) and high 
intensity e+-beam implanted into a solid are trapped in a potential well at the surface 
and annihilate the inner atomic shell electrons, creating core excitations, resulting in 
emission of Auger electrons [47], which are detected by an electron energy analyzer, 
preferably with high energy resolution. PAES is considered a non-destructive 
analysis method and is the only method to detect open volume defects [50].  

The time-of-flight spectrometer is designed so that it should allow short 
measurements time for the PAES spectra, by collecting the Auger electrons emitted 
in a solid angle of 2π around the sample (compared with a solid angle of  about 0.1% 
for classical hemispherical energy analyzers) [48, 49]. The electron time-of-flight is 
considered the time between the annihilation radiation at the sample and when the 
electron hits the detector [49]. According to Hugenschmidt et al. a time of flight 
(TOF)-PAES spectrometer consists of a trochoidal filter and a flight tube in a 
Faraday cage, designed so that it can achieve an improved energy resolution of 
approximately 1 eV at high electron energies up to about 1000 eV [49]. While the 
main drawback of PAES is the low intensity of the es+, with the es+ flux being five to 
eight orders of magnitude lower than the electron current of an electron gun [49], in 
case of TOF-PAES the main drawback is the low energy resolution (e.g., 2 eV at 
E+ = 60 eV). 

The use of beams of polarized positrons enables a new spectroscopy method 
for investigations of magnetic surfaces: polarized positron annihilation initiated 
Auger electron spectroscopy (P-PAES) [51, 52]. The ability of positrons to create 
polarized core holes stems from the fact that the annihilation rate for spin singlet 
collisions with core electrons is many times faster than for spin triplet collisions in 
the energy ranges involved in PAES (Fig. 31). Indeed, in vacuum the o-Ps (↑↑) has 
a lifetime of about 142 ns, to be compared with the lifetime of p-Ps (↑↓), 125 ps. As 
a consequence, the annihilation occurs three orders of magnitude faster with 
electrons of opposite spin than with electrons whose spin is parallel to the positron 
spin. In the following, we shall extrapolate this result from vacuum towards 
annihilation with core electrons, but note also that the detailed study of the branching 
ratios between annihilation channels starting from singlet and triplet state would be 
a quite interesting study in itself (e.g., as function on the binding energy of the core 
electrons, hence on the relative velocity of the electron and the positron). Moreover, 
in the case of solids the number of gammas emitted from the o-Ps annihilation 
(usually three, from charge conjugation considerations) might vary, since the solid 
could take over some recoil momentum in the form of phonons, polarons, etc.  
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Fig. 31 – Principle of positron annihilation induced Auger electron spectroscopy (PAES), starting 
with spin-polarized positrons. 

As a consequence of the simplified assumptions from above, the probability 
for a positron to annihilate with an electron with opposite spin is about three orders 
of magnitude larger than the probability to have this process occurring from a triplet 
electron-positron state. Thus, it is expected that a beam of polarized electrons creates 
a population of polarized core holes with a polarization oriented in the same direction 
as that of the positrons. 

This population of polarized core holes serves as starting point for the Auger 
process. Shallow core holes will mainly be filled by valence electrons and, in absence 
of spin flip processes, the electron filling the core hole will have opposite spin to that 
of the core hole (Fig. 31), i.e., opposite spin to that of the positron, no matter which 
is the spin orientation of the ejected Auger electron. Thus, studying the yield of 
Auger electrons one will directly investigate the valence band density of electrons 
with spins opposed to the spin of the positron. Indeed, spin-polarized Auger electron 
spectroscopy was proposed to yield such information [53], but in this case one needs 
a further discrimination of the spin of the emitted Auger electron via a Mott detector 
(whose efficiency ranges between 10−3 and 10−4), whereas in the actual case, if one 
uses beams of polarized positrons, practically the whole yield of Auger electrons 
originates from spin-resolved processes. Also, the complete interpretation of spin 
resolved Auger electron spectroscopy is hampered by screening and electron 
correlation effects. 

In fact, the spin dependence of correlation effects have to be considered also 
in this case [39], though via a simpler formalism; eventually, these effects can be 
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expected to provide additional information about magnetic surface systems and the 
Auger process [51]. 

A variety of science cases are interesting to be studied by means of PAES: 
A. Conventional PAES 
A.1. Buried Ni islands under the Cu (001) surface in the sub-monolayer 

regime. This process was investigated so far by medium energy ion scattering [54], 
which is a method where the surface is interacting with the ion beam used for 
investigation. Thermo-magnetic measurements revealed that the magnetic (Ni) 
islands have a two dimensional character [55]. PAES may be used to mitigate on the 
real position of Ni atoms in real time (i.e., during Ni deposition at various 
temperatures) and also on the 2D character of these islands. Such experiments might 
also be coupled with spin-resolved techniques. 

A.2. Studies of atomically clean, free ferroelectric surfaces. Recently, the 
synthesis of well-ordered ferroelectric surfaces was successful with no C 
contamination and visible LEED patterns [56, 57]. States with different out-of-plane 
polarizations will repel differently incoming positrons, therefore PAES could be a 
valid method to derive the surface termination (and composition) with sensitivity to 
its polarization state. Up to now, such experiments were performed by using 
photoelectron spectro-microscopy, with the limitation that not all core levels were 
available, thus no complete picture of the surface composition could emerge [56]. 

A.3. PAES diffraction used to study surface relaxation and rumplings in 
ferroelectrics. For instance, standard photoelectron diffraction of such surfaces 
exhibited diffraction patterns, but whose interpretation was difficult, owing to the 
need to take into account multiple scattering events, with photoelectrons originating 
from several layers from the surface [58]. By using PAES electrons whose origin is 
clearly from the outermost layers, the simulation of diffraction patterns will be 
considerably simplified. For these experiments, collection of PAES electrons with 
an angular resolved scheme is necessary. This can be achieved, e.g., by using a 
fragmented detector on the rear part of the microchannel plate assembly. 

A.4. Selective adsorption of polar molecules on ferroelectric surfaces. 
Recently, from X-ray photoelectron spectroscopy it was inferred that contaminants 
(fatty acids) adsorbs mostly on ferroelectric areas exhibiting outwards (P(+)) 
polarization [59]. However, the method used was just conventional photoelectron 
spectroscopy; it is highly desirable to use for such investigations a method allowing 
one to investigate the outermost layer deposited on the surface. Additionally, this 
study may be supplemented with experiments of in situ poling of the ferroelectric 
surface, such as to quantify exactly the area covered by adsorbates. This study could 
have a considerable impact in the area of tunable catalysis [60]. 

A.5. Interface properties of oxide hetero-structures. The origin of 2D 
superconductivity in the electron gas confined to a thin sheet at the interface between 
two insulating dielectric oxides, e.g., LaAlO3 and SrTiO3, [61] is still not well 
understood, the experimental data suggesting a clear implication of the structural 
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defects present at the interface or within the component layers. Positrons being 
sensitive to defects and composition of interface regions in polar hetero-structures 
[62,63], the correlation between the electronic properties and interface 
characteristics of the LaAlO3/SrTiO3 hetero-structure(s) can be studied by means of 
PAES. The surface stoichiometry of the deposition front can be studied without 
compositional chances induced by the interaction of the es+-beam with the analyzed 
surface, the evolution of the stoichiometry at the growth front can then be correlated 
with the final electrical transport properties of the hetero-structure.  

A.6. Graphene and graphene-like single atomic layers. The complete coverage 
of a surface with graphene or with graphene-like layers is still a matter of debates 
today, but one assists also to a wide diversification of the monolayer materials whose 
synthesis was successful. For instance, recently other materials (e.g., BN) were 
grown by our groups in graphene-like structures [64]). PAES could bring significant 
insight on the continuity of these graphene-like layers, as combined with scanning 
tunneling microscopy (STM). Note that the NIMP and Elettra teams are on the way 
to be admitted in the Graphene Flagship project. 

B. Using spin-resolved positrons 
B.1. Orientation of surface magnetic moments. Even for ferromagnetic 

Fe(001) or Ni(001) single crystals, it may happen that the outermost layer has a 
different orientation of magnetic moments with respect to the bulk [65]. One speaks 
about ferromagnetic or antiferromagnetic coupling of the surface layer to the inner 
(bulk like) layers [66] or, in some cases, about the formation of a magnetic ‘dead 
layer’ at the surface. For rare earths, the situation is even more complicated and 
detailed explanation of the surface magnetism of these materials is hindered by the 
ability to investigate their ‘real’ surface magnetism [67]. 

B.2. Indirect exchange interaction at surfaces. The indirect exchange 
intermediates the magnetic coupling between spins via charge carriers from localized 
or delocalized orbitals [68]. In solid metals, this interaction is usually denoted by 
RKKY (Ruderman-Kittel-Kasuya-Yosida). This interaction is dependent on the 
dimensionality of the system and indeed it was shown that in the case of 2D surfaces 
and relatively low electron densities a much stronger ferromagnetic coupling occurs 
as compared with the 3D case [69]. Such purely 2D investigations may be 
undertaken by using PAES with spin resolved positrons. Layers formed by 2D 
RKKY systems could be a valid alternative to high magnetic energy density 
materials. 

B.3. Current induced spin polarization. Recently, it was demonstrated the 
ability of spin polarized positrons to probe surface spin polarization in non-magnetic 
metals, where this effect was mainly explained via a spin-orbit coupling mechanism 
[28]. To date, no such experiment was reported by using ferromagnetic materials or 
ferromagnetic layers, despite the expected stronger exchange or Hubbard interaction, 
when compared to the spin-orbit interaction. 
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B.4. Multiferroicity is the coupling between ferroelectricity and 
ferromagnetism, most usually through lattice strains or more subtle electronic 
mechanisms [70]. On the other hand, ferroelectric thin layers exhibiting out-of-plane 
polarization feature also an accumulation of mobile charges near surface, in order to 
compensate the depolarization field [71]. It might be expected that this almost 2D 
carrier gas could be used to intermediate exchange between surface magnetic 
moments, yielding RKKY (or Zener) mediated multiferroicity (see Topic B.2 
above). Spin-resolved magnetic densities of carriers could be measured as a function 
of the ferroelectric polarization state (see Topic A.2 above). 

3. TECHNICAL PROPOSAL 

3.1 LOCATION OF THE EXPERIMENTAL SETUP 

All elements of the Positron Spectroscopy laboratory will be situated in the 
AE1 and E3 halls of the ELI-NP building (see Fig. 32). In the AE1 area the converter 
interaction chamber with the focusing system for the primary slow positron beam 
will be installed at approximately 4 m after the interaction point of creation of the 
low energy γ-beam.  

 

Fig. 32 – Scheme of Positron Spectroscopy Laboratory elements situated in halls AE1 and E3 of 
the ELI-NP building. 
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The detector assembly for the GiPALS will be placed in air, after the converter 
interaction chamber. The primary beam will be guided through a hole in the wall 
between the AE1 and E3 halls. The radioactive source chamber and the CDBS, 
PALS and PAES spectrometers will be built in the E3 hall. 

3.2 CONVERTER TEMPERATURE, MACHINING AND ANNEALING 

 

Fig. 33 – MCNPX calculation of the energy deposited per γ-ray 𝐸𝐸dep
𝛾𝛾   in each of the 144 tungsten 

foils, for 2.25 MeV, 2.5 MeV and 2.75 MeV γ-rays incident on the converter as function of their 
position Z along the converter length. 

 

Fig. 34 – MCNPX calculation of the energy deposited per γ-ray 𝐸𝐸dep
𝛾𝛾  in the converter assembly as 

function of the γ-ray energy. 

For a precise choice of how the converter should be machined and for a design 
of the converter segmentation it is necessary to estimate the temperature of the 
converter during operation. The most important is to find an answer to the question 
if the converter needs active cooling. The estimate of the converter temperature was 
done in two steps. First, MCNPX software [72] was used to find the energy deposited 
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in the converter by the incident γ-rays. The geometry sizes of the converter were 
taken as they were found after the optimization for best conversion efficiency 
(H = 6 mm, W = 16 mm, d = 0.08 mm, G = 2 mm, N = 144, L =30 cm, see Section 
2.1.3). Due to the fact that γ-rays with Eγ

 < 1.022 MeV will be eliminated by 
collimation they will not be taken into account. In Fig. 33 we can see the effect of 
γ-ray attenuation on the energy deposited by γ-rays in the foils of the converter 
according to its position Z along the converter length. The energy deposited in the 
entire converter assembly per γ-ray 𝐸𝐸dep

𝛾𝛾   as a function of the γ-ray energy is plotted 
in Fig. 34. Using the data of the γ-beam energy spectra presented in Fig. 3 we 
calculated the relative number of γ-rays per bunch Δ𝑛𝑛k 𝑛𝑛0⁄  for 1.0 < Eγ

 < 3.5 MeV 
divided into 10 intervals. The data is summarized in Table 3. The energy deposited 
in the entire converter assembly per bunch is calculated by 𝐸𝐸dep

bunch =
𝑛𝑛𝛾𝛾

bunch ∑ 𝐸𝐸dep
𝛾𝛾k Δ𝑛𝑛k 𝑛𝑛0⁄k = 7.45 × 106 × 0.396 MeV or 𝐸𝐸dep

bunch = 0.472 × 10−6 J. 
Consequently the deposited power will be Pdep= 3200×0.472×10−6=1.5×10−3 J s−1. 

Table 3 

Relative number Δ𝑛𝑛k 𝑛𝑛0⁄  of γ-rays and the energy deposited in the converter assembly for 10 intervals 
of γ-ray energy. 

k Ek-1 (keV) Ek (keV) 𝐸𝐸dep
𝛾𝛾k  (MeV) Δ𝑛𝑛k 𝑛𝑛0⁄  

1 1000 1250 0.424 0.02192 

2 1250 1500 0.4474 0.0571 

3 1500 1750 0.4879 0.05522 

4 1750 2000 0.5119 0.05535 

5 2000 2250 0.5697 0.05751 

6 2250 2500 0.599 0.06168 

7 2500 2750 0.6376 0.06787 

8 2750 3000 0.6809 0.07608 

9 3000 3250 0.7341 0.08631 

10 3250 3500 0.7854 0.09855 

 
The calculation of the temperature in the tungsten converter was done in 

COMSOL, using the power lost by γ-rays inside each tungsten foil. The energy is 
not distributed uniformly in the volume of the W foil because the γ-beam has a 
Gaussian profile with a cylindrical cross-section. For this reason, it is necessary to 
study the change in the equilibrium temperature with the transversal area of the 
γ-beam, measured on the surface of the foils. For simplicity, we consider that the 
beam hits a central rectangular area (height hc= 5 mm and width wc= 5 mm) in the 
middle of the transversal foils (see Fig. 35). The deposited power per foil is 
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𝑃𝑃dep
foil

 = 0.104×10−4 W which gives the power density in the central rectangular part 

of 5.2×10−6 W m−3. The deposited power per unit volume in MCNPX was the input 
value for temperature calculation using “Heat Transfer in Thin Shells” (COMSOL). 
The initial temperature of the converter was set to 293 K. The radiative loss of heat 
was taken in account with the “Surface to ambient radiation” node in the “Heat 
Transfer in Thin Shells”. The surface temperature at equilibrium is given in Fig. 35 
and we can conclude that no active cooling is necessary for the converter assembly 
as the maximum temperature excesses the ambient one only by 2 K. Even if we 
consider that foils situated close (small z) to the γ-beam entrance will be subjected 
to approximately 2 times higher deposited energy as compared to the averaged one 
(see Fig. 33) the conclusion remains valid.  

 

Fig. 35 – Surface temperature of a model of the tungsten converter as simulated by COMSOL.  

However, due to the necessity to use the insulating sheets, in situ high 
temperature treatment of the converter assembly will not be possible. Therefore we 
have to apply the well-known method to anneal ex-situ the tungsten sheets at 
approximately 2000 °C in good vacuum and partial oxygen atmosphere and 
afterwards to assemble the CMA.  

3.3 ISOTOPE SOURCE 

We propose to use a commercial e+ source 22Na of 1.85 GBq activity. The 
radioactive material is in a special titanium capsule for UHV (see Fig. 36). This 
capsule will be mounted on short linear manipulator and its working position will be 
in a central hole of a solid thick cylinder of Fe-Cu alloy (for γ-ray shielding) placed 
in the vacuum chamber (5-way cross DN200CF, see Fig. 37). The moderator will be 
a set of 10-20 tungsten meshes on a holder mounted on a long linear and rotatable 
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transfer manipulator. In a second chamber (5-way cross DN 200 CF) we will build 
an electron gun system for in situ contactless annealing of the moderator.  

 

Fig. 36 – 22Na capsule (iThemba) to be used as e+ source. 

 

Fig. 37 – Sketch of the proposed source chamber. On the left the moderator is at working position 
in front of the source capsule, while on the right the moderator is at position for annealing. 

3.4 CONVERTER CHAMBER AND BEAM FORMATION  

The converter chamber drawings are represented in Fig. 38. It based on 6-way 
cross DN250CF. The γ-beam will enter from air to the vacuum through a thin 
window, part of the γ-rays will then interact with converter mounted on a 
manipulator (for alignments purposes) and the rest will exit the vacuum chamber 
through another thin window. The es+ extracted from the converter will be focused 
by a system of electrostatic lenses. 

The beam formation focusing system is copied from PULSTAR e+ source [76] 
(see the geometry and field maps in Fig. 39). The lenses system has been designed 
for focusing of es+ with longitudinal energy of up to 60 eV. The internal diameters of 
the lenses are 24.4, 20, 15.6, 11.2, 10, and 7.5 cm. The inner surface of lenses 2, 3 
and 4 are tapered to improve focusing. The voltages applied to the lenses, empirically 
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found for best focusing, are reported as 800, 735, 50, −3100, 640 and 0 V. The exit 
grid of the moderator was at 910 V. Thus the es+ are extracted with an energy of 
1 keV. This design has been tested with electron guns out of the nuclear reactor core 
and good focusing of the e+ emitted from a converter with diameter of 24 cm into a 
beam with diameter of 3.75 cm (FWHM = 2 cm) has been demonstrated [77].  

 

Fig. 38 – 3D sketch representation of the converter interaction chamber based on 6-way cross 
DN 250 CF. The right image gives a cross-section of the chamber with the plane normal to the 

incident γ-beam propagation direction. 

       

Fig. 39 – Geometry (left) and electromagnetic field potentials (right) of a system for beam 
focusing. Consists of six electrostatic lenses and the beginning of the solenoid for beam transport 

at magnetic field of 60 G.  

The performance of the lenses system was simulated with COMSOL and the 
published results were confirmed (see Fig. 40). For a converter of 30 cm in length 
(or other) this system of lenses will be scaled (geometry sizes and potentials) to 
accept 30 cm in length source of es+ and the beam size is expected to have a diameter 
of 4.7 cm (FWHM = 2.5 cm) as shown in Fig. 41.  

We have to mention that we have simulated the focusing of the proposed 
system of electrical lenses in case the converter is in magnetic field, as it was 
described at the end of Section 2.1.4. The COMSOL simulations showed that 
magnetic field strength of 30-60 G deteriorate significantly the focusing capability 
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of the proposed system of electrical lenses. The conclusion is that extraction of es+ in 
magnetic field is not compatible with the proposed focusing system for beam 
formation.  

 

      

Fig. 40 – Projections in x-z plane (left) and y-z plane (right) of the es
+ trajectories in the system of 

lenses with the transport solenoid as simulated by COMSOL. The γ-beam propagates along the 
x-axis.  

 

Fig. 41 – x-y position of es
+ at the initial inlet in grey and in the transport solenoid, after focusing, 

in black.  

Further decrease of the beam spot size without losing from the es+ intensity can 
be done by focusing with a non-uniform magnetic field, stronger at the sample 
position [78,79]. The principle of this kind of focusing is that a part of the 
longitudinal momentum is converted into transversal momentum and the problems 
which appear due to the fact that e+ do not enter the sample in direction close to the 
normal are well-explained in [78]. The problems are increased fraction of 
backscattered e+ and change in the implantation profile and these effects has to be 
carefully studied by simulations and taken into account in the analysis of the resulted 
spectra. The factor of beam spot reduction achieved by Falub et al. [78] is 5 times 
by using a strong NdFeB permanent magnet of 1.37 T behind the sample.  
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Fig. 42 – Maintaining positron intensity efficiency of re-moderation process. GEANT4 simulation 
results. For the reflection mode 2 µm-thick W is used.  For the transmission mode 100 nm-thick W 

is used. In both cases the positron diffusion length was set to L+=135 nm, which corresponds to 
W(100) single crystal. 

The described beam formation results in a primary slow positron beam with 
rather wide spot. Without further beam size reducing such a beam will be difficult to 
be used for measurements. In general, a positron beam can be characterized by the 
beam brightness defined as 𝐵𝐵 = 𝐼𝐼𝑒𝑒+ �𝐷𝐷2𝛩𝛩2𝐸𝐸∥�⁄ , where D is the beam spot diameter, 
𝛩𝛩 is the angular divergence and 𝐸𝐸∥ is the longitudinal positron energy [80]. The 
brightness obeys Liouville's theorem, which states that the phase space volume 
occupied by an ensemble of non-interacting particles keeps constant under the 
influence of conservative forces. This theorem is of great importance. It implies, that 
the minimal diameter, which can be obtained by focusing a beam, is determined 
already by the properties of the source, because there the inherent size of the phase 
space volume is defined. For electrons the usage of apertures and energy filters to 
reduce the phase space volume is rather common. Such optics does not violate 
Liouville's theorem, because with them non-conservative forces are introduced into 
the system. Due to the significant intensity loss when using apertures or energy filters 
they are not suitable for enhancement of the positron beam brightness. However, for 
positrons there is a method to overcome the restrictions, arising by the Liouville's 
theorem, the so called re-moderation. Short description is that the primary beam slow 
positrons are accelerated to few keV energy and focused on a moderator material.  
Then re-moderated positrons can be extracted from moderator either from the 
incident side (reflection geometry, realized at NEPOMUC [13]) or from the 
transmission side (transmission geometry, realized at AIST [81]). In both cases the 
reported efficiency in terms of intensity maintaining was about 6%, but 
recommendations are given for further improvement upwards the theoretical limit of 
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40% in case of using W. We have investigated by GEANT4 simulations the 
moderation efficiency in terms of maintaining the beam intensity for both 
geometries. The results are represented in Fig. 42. The technical implementation 
problems for the reflection mode is that the primary and re-moderated beams have 
to pass the same optics and to be separated while for the transmission mode they are 
related to the thickness of the moderation foil. 

 

Fig. 43 – Scheme of the re-moderation stage consisting of W moderator mounted on linear 
feedthrough, annealing chamber and Einzel lenses. The first section of the solenoid will be 

powered off when re-moderator is at active position. This will provide magnetic field free volume 
for the Einzel lenses to act properly. 

At NEPOMUC and at AIST the primary beam is first magnetically guided then 
extracted from the guidance magnetic field and afterwards re-moderated. We 
propose to build a re-moderation stage integrated with the focusing system (Fig. 39) 
to avoid extraction from the transportation magnetic field. As can be seen in Fig. 40 
the best focusing before entering the magnetic field occur between lenses 5 and 6 
which are the last two lenses of the primary beam focusing system. At this position 
we propose to introduce the moderator foil for transmission mode. The scheme is 
presented in Fig. 43. It consists of a W moderator mounted on liner feedthrough, an 
annealing chamber and Einzel lenses. The principle of the operation is that if the 
slow positron intensity is preferable for the measurements, the moderator will be out 
of axis, the first solenoid section will be powered on and the potentials applied to 
lenses will correspond to those for the focusing system. Thus the focusing system 
will act without re-moderation and as it was already simulated (see Fig. 40). In case 
the beam brightness is important, by the linear feedthrough the moderator foil will 
be moved on the working position, the first solenoid stage will be powered off, and 
the potential of the three cylinders will be set to act as Einzel lenses.  
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The de-magnification factor strongly depends on the energy spread of re-
moderated positrons which is a function not only of the chosen material but also on 
the surface quality (a bumpy foil leads to a broad energy spread), the extraction 
fields, the surface contamination (inelastic scattering) and the degree of 
thermalization (epithermal positrons). The annealing quality for removing the 
defects is important for the re-moderation efficiency. Therefore, a chamber for in 
situ annealing and surface cleaning of the re-moderator has to be used. The de-
magnification can reach 50 times [81].  

3.5 ADVANCED CONCEPT FOR BEAM FORMATION 

In this chapter we present an idea which can work either in direction of beam 
spot size reduction, by length segmentation of a fixed length converter, or of intensity 
increase, by using few converters with a fixed length. The idea uses the γ-beam time 
structure (Fig. 1) which is almost preserved (the width of the bunches is expected to 
be widen up to 5 ps due to the thermalization process of the fast e+) during the pair 
production in the target and during the e+ moderation.  

 

Fig. 44 – Scheme of segmented converter with a RF deflector for beam combination. 
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We propose to segment the converter, in length, in few sections (for example 
in 4, as shown in Fig. 44). Then, 4 beams are formed, as explained in the previous 
section, each with 4 times smaller spot diameter (compared with the case when a full 
length converter is used). These beams will be combined together by delaying 
bunches from each consequent section by 4 ns. This technique is known in electron 
accelerator physics as frequency multiplication by beam combination with RF cavity 
deflector [82]. In case the es+ are extracted with E+= 1 keV, then the necessary delay 
can be achieved simply by a difference of 7.5 cm between the guiding tubes lengths. 
Special attention has to be paid on designing the deflector, which will work as 
e+ -beam combiner. We propose this RF deflection cavity to be based on a E × B filter 
with cylindrical plates, which does not suffer from optical aberrations and the 
incoming profile of the beam spot preserved after the deflection [83]. With such a 
system and with a converter length of 30 cm we expect to have a beam spot of 12 mm 
for the primary slow positron beam.  

3.6 BEAM TRANSPORT AND CONTROL 

The e+, as a charged particle, responds to the application of electromagnetic 
fields. This can be used to guide a e+-beam adiabatically over large distances. 
Solenoids windings will be mounted on the beam tubes to create longitudinal field 
which guides the e+ magnetically to the experimental areas. Mainly standard tubes 
of two different diameters corresponding to DN 63 CF and DN 100 CF will be used. 
The corresponding lengths are 12.5 m and 8.5 m. The length and wire type that will 
be used for the transport system is summarized in Table 4. 

Table 4 

Summary for copper wire to be used for solenoid beam transport.  
Type   Solenoid 

length 
Wire 

Layers 
Wire 

Diameter 
(mm) 

Wire 
Length 

(m) 

Current 
density  

(A mm−2) 

Magnetic field 
along beam axis 

(mT) 
Solenoid 63CF 12.5 m 2 2 1394 0.86 6 

Solenoid 100CF 8.5 m 2 2 1480 0.86 6 
Small Helmholtz 

coil R=34 mm 
20×(0.1 m) 3 2 30×20 1.6 6 

Large Helmholtz 
coil R=52 mm 

8×(0.05 m)  3 2 16×8 1.6 6 

 
Where the geometry of the transport line would require several large gaps in a 

solenoidal coil design, a Helmholtz coil configuration is needed. A current density 
of 1.6 A mm−2 was assumed in the Helmholtz coils, with 0.86 A mm−2 current density 
for the solenoid beam line, with a resulting strength of about 6 mT (60 G). The 
Helmholtz coils will be placed along the tube, at the position of the flanges and 
pneumatic vacuum gate valves. Large Helmholtz coils will be used for the 
experimental chambers. A solenoidal magnetic field can be used for adiabatic beam 
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transport even if the field has small perturbations or even if the solenoid is bent with 
a sufficient large radius. The latter case, however, leads to the curvature and gradient 
drift which have to be corrected by appropriate saddle coils mounted transversal to 
the solenoid axis. These are also needed in order to compensate small constant 
disturbances of the beam.  

A few beam switches will be used in order to deliver the beam at the 
experimental setups. Adiabatic magnetic beam switches are successfully used in the 
NEPOMUC laboratory [84]. The design does not require extraction from the 
longitudinal magnetic guiding field. The simplest approach is the superposition of 
the longitudinal main field generated by a solenoidal coil with a transverse switching 
field by a magnetic dipole. The field is provided by a μ-metal core which extends 
over the middle third of the switch, with the coils wound on the core. Simulations by 
COMSOL have shown only a slight deformation of the momentum density 
distribution of the phase space volume after the beam deflection [84]. This is caused 
mainly by the deviation from uniformity of the longitudinal magnetic field strength, 
especially at the entrance and at the exit of the beam switch. 

Other types of beam switches can be realized by mechanical rotation of a 
Helmholtz coil or by using an E × B filter with cylindrical deflection plates (similar 
to the beam combiner shown in Fig. 44).  

 

Fig. 45 – Schematic of a linear feedthrough with MCP coupled with phosphor screen to be used as 
a beam monitor. 

The beam control will be achieved by micro channel plate (MCP) coupled with 
a phosphor screen, its reflection being recorded by a CCD camera trough a view port 
and a 45o mirror (Fig. 45) [85]. The MCP and the Al target will be mounted on a 
linear feedthrough which will allow either to align the MCP to the beam axis, for 
visual control, or the target, for counting purposes, with an external detector for 
511 keV γ-ray (or to be used as anode for charge collection) for beam controlling 
and tuning, or to leave the beam path free at e+-beam working condition.  
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Without beam, a 22Na-calibration source encapsulated in Al can be mounted at 
the target position in order to record an annihilation spectrum with known intensity 
with the same experimental constraints of the external detector. Hence, systematic 
errors such as attenuation in the stainless steel wall of the beam line or Compton 
scattering in the lead shielding could be minimized. 

3.7 COINCIDENCE DOPPLER BROADENING SPECTROSCOPY 

The sample chamber for CDBS is schematically shown in Fig. 46. The design 
copies some of the functionality of the NEPOMUC CDBS chamber. The difference 
in the design proposed in Fig. 46 is that the positrons are guided magnetically to the 
sample and no focusing is applied.  

 

Fig. 46 – Sketch of the sample chamber of the CDBS. 

In the original NEPOMUC design a magnetic field termination is followed by 
a system of electrical lenses used for focusing the beam spot on the sample. It has to 
be mentioned that such setup most probably will affect the polarization degree of the 
positrons due to strong fringing effect of the magnetic termination µ-metal flange 
and this is the reason we propose a more simple design without extracting the slow 
positrons out of the guiding magnetic field. The variable aperture is mounted inside 
the vacuum and manipulated via a rotary feedthrough from atmosphere. By selection 
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of the aperture a desired part of the positron beam can be shielded and the beam 
diameter at the entrance of the focusing system will be adjustable. The variable 
aperture causes a strong background radiation if a borehole with a small diameter is 
used to reduce the beam size at the entrance of the lens system. It is therefore 
favorable to increase the distance of the aperture from the sample in order to keep 
the aperture induced background in the detectors as small as possible. If spin 
polarization is not important for the measurements, focusing of the beam can be 
achieved by placing a permanent magnet fixed at the beam axis position (see 
Fig. 46), without contact with the cold finger. 

The sample station can be moved in x- and y- direction perpendicular to the 
beam axis (with step motors in order to perform two dimensional scans). A potential 
behind the sample has to be installed in order to homogenize the potential landscape 
and to make it independent from the position of the sample.  

 

Fig. 47 – Schematic of a CDBS spectrometer. HV - high voltage power supplies, DSP - digital 
signal processing. The interface is to register the energies of the two annihilation quanta.  

The sample station of the CDBS has to meet five requirements. Firstly, it 
should be movable in the vacuum system in order to perform two dimensional scans. 
Secondly, it has to be insulated to apply an acceleration voltage down to −30 kV for 
adjusting the positron energy and hence the positron implantation depth. Thirdly, a 
sample cooling/heating is necessary in order to investigate materials with shallow 
traps and fourthly only very small amounts of structure material should attenuate the 
annihilation radiation on its way to the HPGe detectors. The sample holder is 
manufactured from copper to ensure a good thermal coupling to the cryostat. The 
electrical insulation is demanding in terms of heat conductivity. A sapphire insulator 
have to be constructed which will ensures a good thermal contact at low temperatures 
on the one hand and insulates electrically on the other hand. The fifth requirement is 
easy and fast sample exchange. This will be realized by the help of a load lock and 
a wobble stick. 
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The detectors setup consists basically of two HPGe detectors aligned in 
collinear geometry (Fig. 47). The signals are read either by Digital Signal Processor 
units (DSP) or digitizers and stored, event by event, in a two-dimensional array. The 
energy resolution of these Ge detectors is about 1.2 keV (FWHM).  Using 
conventional β+ sources, the distance between the source and each of the detectors is 
about 20-30 cm which is limited by the HPGe detector count rate of 2×104 s−1 in 
order to sustain reasonable dead time due to pile up. In such a setup, a final count 
rate of less than 500 s−1 is usually obtained in the 511-keV peak by using a 40 μCi  
β+ source. About 1×107 events should be collected in the two-dimensional spectrum. 
However, in some cases in order to reveal small differences the statistics had to be 
increased to be about 5×107. 

 

Fig. 48 – Two-dimensional CDBS spectrum with the energy criterion for true coincidence. 

Using two HPGe the aim is to detect the energies E1 and E2 of both annihilation 
γ-quanta which originate from the same annihilation event. The sum energy E1

 + E2 
then equals 2m0c2 − EB, with EB being the binding energy of the e− and e+ in the 
solid. The difference energy E1

 − EB is equal to pLc with pL being the momentum 
component of the annihilating pair in the direction of the detector 1. The energy of 
the detected γ-quanta is then red (blue) Doppler-shifted by an amount of ± pLc/2 (see 
e.g., Refs. [32, 30]). The essence of the method lies in the possibility to take a 
diagonal cross-section of the two-dimensional spectrum considering only of events 
which fulfill the condition E1

 + E2
 = 2m0c2  (Fig. 48). The result is practically a 

background-free, symmetric spectrum. A peak to background ratio of approximately 
106 was found (Fig. 49) in agreement to other results [30]. No further attempt was 
necessary to remove the remaining background which was found to have only 
negligible intensity. This background is mainly due to the Compton scattering of the 
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1.28 MeV γ-quanta from the β+ source. Thus, it will be further reduced in a e+-beam 
system where the 1.27 MeV γ-quanta are not present.  

A cross-section along the other diagonal E1
 − E2

 = 0 gives a good 
approximation of the energy resolution ΔR of the system [30]. In practice, the cross-
section is taken within a small width δ according to 2𝑚𝑚0c2 − (E1

 + E2) < δ. The 
optimum width of the cross-section must be optimized because a too small δ will 
waste statistics, whereas a too high δ will fail to remove all the unwanted 
background. Folding is equivalent to an improvement of the statistics by a factor of 
two. 

 

Fig. 49 – Comparison of Doppler spectra as obtained by CDBS and with a single HPGe detector. 
Reproduced with permission from [86].  

 

Fig. 50 – Arrangement of two couples of HPGe detectors with 30 L dewars. 
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In order to double the count rate we propose using of two couples of HPGe 
detectors. Each couple is configured to work as a CDBS spectrometer. Possible 
arrangement of the four HPGe detectors equipped with 30 L dewars is shown in 
Fig. 50. 

3.8 POSITRON ANNIHILATION LIFETIME SPECTROSCOPY 

3.8.1. Secondary electrons for tagging 

The PALS with a e+-beam can be achieved by using the detected secondary 
electrons which are kicked out from the sample by the incident e+ [87, 88]. There are 
different ways to design such technique. We propose a setup which has been built in 
two laboratories and demonstrated excellent performance with time resolution better 
than 500 ps (FWHM) and excellent peak to background ratio better than 105 [89, 90]. 
The secondary electrons in this setup are detected by an fast MCP and the signal is 
used as a start signal for the PALS spectrometer. Specially designed E × B filter made 
of three sets of parallel plates are used to decouple the es+-beam from the secondary 
electrons and to guide the secondary electrons to the MCP independently from the 
acceleration energy of the es+.  

3.8.2. Bunching system 

 

Fig. 51 – Upper part: scheme of single gap buncher. Lower part: time compression of the es
+ pulse.  

The bunching technique is well-known and it was applied in many positron 
laboratories worldwide in order to developed pulsed e+-beam from a DC e+ source. 
The technique consists in modulating the longitudinal velocity of charged particles 
by applying a time dependent electric field to accelerate/decelerate the particles that 
would arrive too late/early at the time focus. The main advantage of the bunching 
method is that a compression in the time space is done and therefore in the ideal case 
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no intensity loss is observed. The upper part of Fig. 51 illustrates the working 
principle of a buncher. In the lower part the phase space is shown.  

The ideal modulation energy δE(t) can be described by a parabolic function: 

 𝛿𝛿𝛿𝛿(𝑡𝑡) = 𝐸𝐸0 �
1

�1−𝑡𝑡
𝜏𝜏�

2 − 1�, (9) 

where E0 and t are the energy and the time at which e+ enter the buncher, respectively, 
and τ is the transit time from the buncher to the time focus position [91]. The typical 
PALS spectrometer time range, suitable for a wide range of samples (excluding Ps 
forming materials with large pores), is 20-40 ns. This determines the operating 
frequency for pulsing of 25-50 MHz. At this frequency technical difficulties appear 
in application of the ideal shape of the modulation potential. In many cases a 
practical approach is to replace the ideal shape by a sawtooth approximation (see 
Eq. 10), or by using only the linear part of the sine function at the zero-crossing 
(Eq. 11). Disadvantage of the former approach is the large energy spread which will 
affect the final time resolution, while the last one works only on approximately 10% 
of the time when sinewave is approximated by linear function and the last determines 
a need of pre-buncher.  

The modulating sawtooth potential can be written as: 

 𝛿𝛿𝛿𝛿(𝑡𝑡) ≈ (2𝐸𝐸0 𝑒𝑒⁄ )(𝑡𝑡 𝜏𝜏⁄ ). (10) 

For the linear part of a sine wave it can be written: 

 𝛿𝛿𝛿𝛿(𝑡𝑡) = 𝑈𝑈0 sin 𝜔𝜔𝜔𝜔 ≈ 𝑈𝑈0𝜔𝜔𝜔𝜔 = (2𝐸𝐸0 𝑒𝑒⁄ )(𝑡𝑡 𝜏𝜏⁄ ), (11) 

from where the required potential amplitude is obtained: 

 𝑈𝑈0 = �8𝐸𝐸0
3 𝑚𝑚⁄ (𝑒𝑒𝑒𝑒𝑒𝑒)� . (12) 

We propose the bunching system of the pulsing beam to consist of a pre-
buncher, chopping, and the main buncher (Fig. 53). It will operate with double gap 
sinewave buncher. It is made with selecting such length of the buncher which will 
be passed by a e+ for half period of the sinewave. Due to the fact that the primary 
beam es+ will be with wide energy spread of few tens of eV it will need re-moderation 
in order to achieve high quality bunching. 

The purpose of the pre-buncher is to reduce the losses by pre-bunching the e+ 
in such a way that in the main buncher gaps most of them will arrive at the gap when 
acts the linear parts of the sine wave potential. Chopper is also needed due to the fact 
that the energy distribution of the es+ is not fully symmetric. The tails in the energy 
distribution usually leads to complex time resolution function of the spectrometer. 
The chopper also improves the peak to background ratio of the PALS spectrum. Two 
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deflection plates will play the role of a chopper. They can work in magnetic field 
environment [92].  

With the described bunching system the e+ can be bunched in short pulses of 
approximately 100 ps and the final time resolution of the PALS spectrometer will be 
determined mainly by the resolution of the scintillation detector for 511 keV 
annihilation γ-rays. 

The sample chamber will be equipped with cryostat for sample temperature 
control and a load lock for fast sample exchange. 

 

Fig. 52 – Sketch of the pulsing system with sample chamber for PALS. 

3.9 AGED MOMENTUM CORRELATION SPECTROSCOPY 

The four HPGe detectors of the CDBS setup will be used and only the 
geometrical arrangement will be different. The arrangement is shown in Fig. 54 and 
it will provide four independent AMOC spectrometers by which the acquisition time 
for a spectrum can be shorten 4 times. 

The proposal is to build the AMOC spectrometer as alternative of the PALS 
branch of the beam line. The simplest AMOC system consists of a HPGe detector 
paired with a BaF2 detector to catch the two annihilation 511 keV γ-quanta in 
coincidence (see Fig. 53). The start for the PALS system can be delivered either by 
the electronics of the bunching system or by detection of a secondary electron (see 
Section 3.8).  
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Fig. 53 – AMOC setup on pulsed e+-beam. 

 

Fig. 54 – Four AMOC setups to be realized on e+-beam. 

3.10 POSITRON ANNIHILATION INITIATED AUGER ELECTRON SPECTROSCOPY 

The main technical requirements for sample preparation and measurements 
are: fast cooling of the samples, so the heating solution of the samples should allow 
for this; in situ transfer of the sample between deposition chamber and the PAES 
analysis chamber; the LaAlO3 layer will be deposited by sequential deposition of the 
constituent oxides (La2O3 and Al2O3) or from single target, by sputtering, using a 
special on-axis, long-distance configuration (see next); special design of the sputter 
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chamber to accommodate in situ, real time, atomic scale growth control by high-
pressure RHEED (Reflection High Energy Electron Diffraction). 

For sample preparation we will use a deposition method that it is easy to 
implement, cost effective, namely sputter, in a special configuration (i.e., on-axis, 
large distance sputtering) that will allow growth control of oxides at atomic level 
and, therefore, high quality interfaces. Sputtering gives also the advantage of 
uniform large scale deposition, considering that we foresee a sample size of 
φ = 25-50 mm, as determined by the e+-beam diameter that will be available at 
ELI-NP. This deposition method and its advantages over other thin film growth 
techniques (e.g., pulsed laser deposition, molecular beam epitaxy, off-axis 
sputtering) are described in [93]. The basic idea of the method is to use a substrate-
target distance larger than the mean free path of the high energetic ions that are 
coming from the target, allowing co-deposition or multilayer growth, by switching 
between different sources, and, due to the large distance (of the order of 30 cm), 
ensuring a more homogeneous deposition on larger substrates [93]. 

A schematic representation of the proposed setup for the first TOF-PAES 
experiments at ELI-NP is given in Fig. 55, consisting of the analysis chamber and a 
load lock chamber with an Ar-ion milling unit for sample cleaning and a DC/RF 
sputter unit for sample preparation (metals or oxides). The vacuum chambers are 
interconnected for in situ manual transfer of a sample between the deposition and the 
analysis chambers. The main components foreseen for each chamber are described 
below: 

Chamber 1 with the role of a load lock, dry etching by means of plasma/ion-
milling for sample cleaning, and sample preparation by RF/DC sputter. Main 
components: a plasma/Ar ion-etching source; sample holder, with rotation during 
etching and cooling; one quadrupole mass spectrometer for controlling the etching 
process; one tilting RF/DC sputter source (5 cm in diameter) for sample preparation 
(mainly oxides); sample holder with heating solution for reaching up to 1000 oC (for 
sample preparation, for improving the surface crystallinity, degassing, etc.); required 
background pressure less than 1×10−8 mbar; handling of samples up to 5 cm in 
diameter. Optional, an e−-beam evaporation unit for metallization can be added, at 
the base of the chamber and separated from the sputter deposition chamber by a 
valve, for protecting the samples in case of their transfer for studies with other e+ 
analysis tools at ELI-NP. 

Chamber 2 with the role of analysis chamber by means of (TOF-)PAES and 
AES (Auger Electron Spectroscopy). The proposed main components for this 
chamber are: e−-beam gun for AES; NaI scintillator for monitoring the e+ flux by 
measuring the number of annihilation γ-rays; a Reflection High Energy Electron 
Diffraction (RHEED) unit for checking the sample surface crystallinity before PAES 
analysis; sample holder, with sample rotation, tilting, and heating (for removal of 
surface contamination); handling of samples up to 5 cm in diameter; required 
background pressure less than 1×10−10 mbar.  
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The advantages of the proposed TOF-PAES setup over existing analysis tools: 
– it gives the possibility to do the studies in situ, with no degradation of the 

surface by exposure to ex situ conditions; 
– it gives the possibility for a direct correlation between defects network and 

the growth front, a study that is not possible with the existing methods; 
– because the PAES study is done after sample preparation, by in situ transfer 

between the preparation and the analysis chamber, it eliminates (or, at least, it 
reduces) the possibility of degraded interface properties, due to the presence of 
absorbates when the samples are exposed to ex situ conditions. 

 

 

Fig. 55 – Schematic representation of the setup proposed for the TOF-PAES experiments at 
ELI-NP. 

The TOF-PAES analyzer will be built in collaboration with the group of Dr. 
Christoph Hugenschmidt from Technical University of München, FRM II, based on 
an existing setup [49]. Development of a new type of TOF-PAES detector is foreseen 
after the initial step (of proving the method feasibility) in order to improve the 
detection of produced Auger electrons.    
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3.11 GAMMA-INDUCED POSITRON SPECTROSCOPY 

The γ-rays from the incident γ-beam which do not interact with the converter 
in the vacuum chamber will pass through a thin window to go into air; the sample, 
held by a thin cord, is placed in the path of these γ-rays.  

The proposed GiPALS system will consist of six or eight detectors (see 
Fig. 56) which will register annihilation photons emitted from the sample. The 
barium fluoride (BaF2) crystal (mounted on PM tube Hamamatsu H3378-50 or 
XP2020Q) will be used to measure the time of γ-rays detection and to provide stop 
signals for the PALS. The signal acquisition will be fully digital, which allow the 
detectors to work in single channel mode or in coincidences for each 3 couples (a 
detector with an opposite counterpart forms a couple) to catch simultaneously both 
annihilation γ-rays of an annihilation event. 

 

Fig. 56 – Simplified scheme for detectors setup for GiPALS, consisting of six BaF2 detectors. 

4. ESTIMATE OF COUNT RATES/FEASIBILITY OF PROPOSED DEVICES 

The count rates of the devices in the subsections below will be estimated for 
the case that the primary beam comes from the γ-to-es+ converter, with an expected 
intensity of approximately 1×106 s−1. The summary of the count rates is given in 
Table 5. The details in the estimates are described in subsections below. The number 
of the spectra per sample, needed for depth profiling, are consider to be 20, but 
depending on the scientific task this number may vary. The count rates in the table 
are also given for the minimum number of detectors needed for the corresponding 
experimental setup. The multi-detector factor shows how many times the count rates 
can be improved according to the multi-detector systems considered in the technical 
proposal.  

It has to be mentioned that in case the CMA is realized with holes (2.5 mm) 
option (see Section 2.1.5) the spectrometers count rates will be 82% of the data given 
in Table 5. 
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Table 5 

Summary for count rate estimates. 

System Version 
Count rate  
(s−1) 

Spectrum 
statistics 
(counts) 

Time per 
Spectrum 
(min) 

Time per  
Sample 
(min) 

Multi-
detector 
factor 

PALS 
  

SE tagging 7×103-35×103 2×106 1-5  20-100  4 

Bunching 7×103 2×106 5  100  4 

AMOC   3×103 107 60  1200  4 

CDBS 
  

Coincidence 1×103 107 160  3200  2 

as DBS 2×104 106 8  160  4 

GiPALS   32 106 520  520  3 

PAES   0.03 - 0.3 102 - 103 600  600  not applicable 
 

4.1 PALS 

The first PALS method (see Section 3.8.1) we propose to be implemented is to 
use secondary electron tagging for start signal of the PALS. The count rate of such 
system is material and energy dependent as the number of the kicked out secondary 
electrons per e+ is dependent on the sample material and on the incident e+ energy. 
Using the data from ref. [89] the start signal rate is estimated to be 0.5 to 0.1 per e+, 
i.e., 1×105-5×105 s−1. The stop signals will be provided by a BaF2 detector (Ø5 × 5 
cm3), placed at a distance of 2 cm from the target. Taking into account the acceptance 
space angle and the intrinsic efficiency of such crystal (90%), we estimate the stop 
detector efficiency to catch one of the annihilation γ-rays at 7%, equivalent to a count 
rate of 7×105 s−1. However, it should be mentioned that the actual rate to be obtained 
by a single PM detector is much smaller. It is due to the fact that the photomultiplier 
tube has a maximum average current (for the XP 2020: 200 µA; for good stability 
only 10 µA). This limits the maximum number of detected γ-quanta to about 
5×104 s−1. A possible way to increase the PM count rate is to disconnect the last 
dynodes of the PM and to use a fast preamplifier instead, or digital signal processing 
of the dynode signal. This reduces the problems with power dissipation in the PM 
distinctly. Thus the final PALS count rate can be estimated to 7×103 - 35×103 s−1. For 
usual PALS spectrum statistics of 2×106 counts, the time for a spectrum to be 
measured is estimated to 1-5 min. For a depth profile study of a sample at most 20 
values for the incident E+ are necessary. Thus, a depth profiling time will be of 
20 - 100 min per sample. Improve of the count rate can be achieved by stopping the 
multi-detector system. 
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The second PALS method (see Section 3.8.2) uses start signal from the 
electronics master frequency (50 MHz) which forms short e+ pulses by bunching. 
This system needs a re-moderation stage and about 20% of the primary beam will be 
used for bunching. The e+ transmission quality of the bunching system depends 
strongly on the way the pre-buncher is realized. The typical transmission efficiencies 
of the pulsed e+-beams build in the world up to now is 50%. Consequently, we may 
expect the intensity of e+ that will reach the sample to be of about 1×105 s−1. 
Supposing that the stop detector system will be the same as described in the previous 
paragraph, 5 min is estimated to be necessary to collect a PALS spectrum.  

4.2 CDBS 

The γ-beam based e+ source may provide a very large number of e+, of 
approximately 106 s−1. However, the existing detectors can only register a limited 
number of events. For the HPGe detectors, which will be used at ELI-NP, this is due 
to the extended dead time. Moreover, the number of events to be detected must be 
further reduced to about 2×104 s−1 to avoid detector overload, pile-up effects, and 
worsening of the energy resolution. This count rate can be achieved with a HPGe 
detector (for the calculations we consider a detector with relative efficiency of 25%) 
placed at the distance of 10 cm from the sample. Therefore, only by adjustment of 
the target to detector distance one may limit the overload and pile-up effects. The 
second detector of a coincidence system will reduce the count rate of the system by 
its own detection efficiency which is of the order of 1% absolute efficiency (at 25 
cm) or approximately 6% at 10 cm. Thus, only a count rate of about 1×103 s−1 will 
be available. Since the comparison of experimentally observed high-momentum 
spectra with corresponding calculated spectra requires a high statistics (greater than 
107 counts per spectrum), the Doppler-coincidence technique cannot be applied as a 
standard technique simultaneously with PALS, which will be much faster (see 
Section 2.4). However, for many applications the recording of “normal” (non-
coincident) Doppler spectra will be very useful. This gives two independent Doppler 
spectra with a total count rate of about 4×104 s−1. Since an analysis of these spectra 
using simple line shape parameters requires only a medium spectra statistics (about 
106 registered events), the collection time will be rather short. Thus, the measurement 
automation system should allow lifetime measurements without Doppler-broadening 
experiments for highest data rates, and lifetime spectroscopy correlated either with 
coincident or non-coincident Doppler-broadening spectroscopy. Further, the overall 
count rate of the Doppler system can be increased by the establishment of a multi-
detector arrangement of Ge detectors. We propose using of two sets of CDBS 
system, i.e., four HPGe detectors. 
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4.3 AMOC 

The AMOC detector setup will consist of one BaF2 detector (Ø5 × 5 cm3), 
placed at a distance which limits the maximum number of detected γ-quanta to about 
5×104 s−1 (see the explanation in Section 0) and a HPGe detector at approximately 
10 cm from the sample with absolute efficiency at this distance of approximately 6% 
(see Section 4.2). Thus the AMOC count rate (the two detectors in coincidence) is 
expected to be 3×103 s−1. Using four AMOC setups it will be equivalent to 
1.2×104 s−1. 

4.4 TOF-PAES 

The time-of-flight spectrometer is designed so that it should allow short 
measurements time for the PAES spectra, by collecting the Auger electrons emitted 
in a solid angle of 2π around the sample (as compared with a solid angle of about 
few percent for classical hemispherical or cylindrical energy analyzers) [48, 49]. The 
electron time-of-flight is considered the time between the annihilation radiation at 
the sample and when the electron hits the detector [49]. While the main drawback of 
PAES is the low intensity of the es+, the flux being five to eight orders of magnitude 
lower than the electron current of an electron gun [49], in case of TOF-PAES the 
main drawback is the low energy resolution (e.g., 2 eV at Е+ = 60 eV). The energy 
analyzer of the TOF-PAES spectrometer proposed by Hugenschmidt et al. [49], 
which will be used at ELI-NP, consists of a trochoidal filter, a flight tube and a MCP 
to act as electron detector, designed so that it can achieve an improved energy 
resolution of approximately 1 eV at high electron energies up to approximately 
1000 eV [94]. 

4.5 GiPALS 

The γ-rays which will pass through the γ-to-es+ converter chamber will be more 
than 20% of the incident γ-rays. In a target 60% of them will be able to produce e−e+ 
pairs. Consequently we may consider that in a long bulky sample (120 cm2 g−1 to 
stop 99% of the γ-rays) about 6×108 e+s−1 will be created. The time structure consists 
of 3200 bunches s−1 which results in approximately 2×105 e+ per bunch. Keeping in 
mind that the bunch length is only 1 ps it will give a high overload and pile-up to the 
fast scintillation detectors. However, by adjusting the aperture of a collimator for the 
incident γ-rays and also by adjusting the distance between the sample and the 
detectors, or by using absorption foils, one can reduce the load to the detectors to a 
value close to 3200 detections per sec, in other words to detect annihilation of one 
e+ per bunch. Therefore, the individual scintillation detectors count rate will be 
limited to 3200 s−1. Considering a distance detector-sample of 10 cm and BaF2 
crystal of size Ø5 × 5 cm3 the absolute efficiency of the detector will be 
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approximately 1%. So, in coincidence mode the count rate of two scintillator 
detectors is estimated to be only 32 s−1. For statistic of 1×106 counts in a PALS 
spectrum about 10 h per spectrum will be needed. 

5. CONCLUSION 

The intense low-energy γ-beam of ELI-NP opens a unique possibility to 
produce an intense beam of moderated positrons by the (γ, e+e−) reaction. In this TDR 
we have reported the conceptual and technical design for a project of a source of 
polarized high intensity slow positrons with beamlines and spectrometers. We have 
presented design of converter/moderator assembly, made of tungsten foils. By 
simulations of GEANT4 we have simulated the conversion of γ-rays to fast e+, their 
moderation, and, by COMSOL, the extraction of the moderated e+ from the CMA. 
Optimization of the CMA sizes against obtaining a high-intensity slow e+-beam has 
also been achieved. The foreseen  γ-beam intensity of 2.4×1010 γ s−1, with energies 
up to 3.5 MeV, determines the estimates of the primary slow positron beam intensity 
of 1×106- 2×106 es

+s−1. Using fully circularly polarized γ-beam we would be able to 
obtain an intense, polarized positron beam with a polarization degree of 31-45%, a 
higher degree of polarization would also be possible with reduced beam intensity. 
We have described the basics of the positron annihilation technics PALS, DBS, 
CDBS, AMOC, PAES, and GiPALS, and the physical cases which they cover. The 
count rates of the proposed spectrometers have been estimated.  

The ELI-NP facility will be user-dedicated and unique for positron research in 
the Eastern Europe. It will provide a simple source setup, with easy access for 
upgrades of the converter/moderator assembly toward more sophisticated setups, 
providing a more intense and brighter positron beam. The beam will have the world 
highest intensity of polarized positrons for material science studies and, therefore, it 
will become a unique tool for the investigation of magnetic samples. 
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