
1

Applying positron-emission techniques 

to electron-positron pair plasma

Jens von der Linden
for the APEX collaboration

6.7.2024

5th Jagiellonian Symposium



Outline 

Magnetically confined pair plasma

 What is it and why make it?

 APEX approach

Diagnosing positron bunch confinement experiments

 21-detector array (BGO)

 Positronium formation & transport to wall

Outlook: Annihilation of a magnetically confined pair plasma

 Competing processes

               Spatial separation enables distance-attenuated counting 

               and tomography

JENS VO N DER L I NDEN |  JENS. VO N. DE R. L I ND E N @ I P P. M PG . DE 2



Plasma on earth and in our universe 

Copyright © 2010 Contemporary Physics Education Project
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Magnetically confined electron-positron pair plasma

Copyright © 2010 Contemporary Physics Education Project

APEX goal

pair plasma
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Mass asymmetry responsible for many modes & waves

Stoneking et al. (2020). J. Plasma Phys. simulations courtesy of S. Nißl
JENS VO N DER L I NDEN |  JENS. VO N. DE R. L I ND E N @ I P P. M PG . DE 5



Mass asymmetry responsible for many modes & waves

Stoneking et al. (2020). J. Plasma Phys. simulations courtesy of S. Nißl
JENS VO N DER L I NDEN |  JENS. VO N. DE R. L I ND E N @ I P P. M PG . DE 6



Mass asymmetry responsible for many modes & waves

Stoneking et al. (2020). J. Plasma Phys. 
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simulations courtesy of S. Nißl



Step 1: 

Positron source
(up to 109/𝑠,

5 ⋅ 107/𝑠 remoderated)

Step 3 (version A): 

inject & confine in 

levitated dipole.

(≥1010 e+ & e-)

Step 3 (version B):

inject and confine in 

stellerator.

(≥1010 e+ & e-)

Step 2:

accumulate in 

non-neutral traps

The APEX grand scheme

Step 4: Study transition to the regime of collective, quasineutral behavior; stability (indeed turbulence-free?), 

transport (what limits confinement time?), robustness (e.g., to T asymmetry, ion contamination), . . .

Stoneking et al. (2020) J. Plasma Phys.JENS VO N DER L I NDEN |  JENS. VO N. DE R. L I ND E N @ I P P. M PG . DE 8

Dickmann et al. (2020)

Acta Physica Polonica A

Huggenschmidt et al. (2012)

New J. Phys. 



Step 1: 

Obtain 

positrons from 

world-class 

source

(up to 109/s)

Step 3 (version A): 

Combine positrons 

with electrons in a 

levitated dipole trap.

Step 3 (version B):

Combine positrons with 

electrons in an optimized 

stellarator.

Step 2:

Use a series of 

non-neutral 

plasma traps to 

collect positrons, 

until we have 

enough to make 

a plasma. 

The APEX grand scheme
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Develop Diagnostics



Outline 

Magnetically confined pair plasma

 What is it and why make it?

 APEX approach

Diagnosing positron bunch confinement experiments

 21-detector array (BGO)

 Positronium formation & transport to wall

Outlook: Annihilation of a magnetically confined pair plasma

Distance-attenuated photon counting

 Tomography
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Proto-APEX: sandbox for developing diagnostics
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photo by Markus Singer

vacuum chamber

electrode wall

magnet

magnetic field

e+



21 BGO detectors: counts, energy & timing  

# LOR

coincidence

τc=3σ=24ns

511keV FWHM 13%

66keV resolution

1ns time stamping

von der Linden et al. (2023) J. Plasma Phys. 1 2
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Confinement through magnetic mirroring and 

electrostatic reflection in a permanent magnet trap

bounce

gyration

drift
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bounce

gyration

drift



Confinement through magnetic mirroring and 

electrostatic reflection in a permanent magnet trap

bounce

gyration

drift

1 4

𝜇 =
𝐾⊥
𝐵



Confinement through magnetic mirroring and 

electrostatic reflection in a permanent magnet trap

1 5

𝑼𝒈𝒄 = 𝑬

𝒆+𝒐𝒓𝒃𝒊𝒕

bounce

gyration

drift

𝜇 =
𝐾⊥
𝐵



Confinement through magnetic mirroring and 

electrostatic reflection in a permanent magnet trap

1 6

𝒆+𝒐𝒓𝒃𝒊𝒕

𝑼𝒈𝒄 = 𝑬

𝑼𝒈𝒄 = 𝑬

𝒆+𝒐𝒓𝒃𝒊𝒕

bounce

gyration

drift

𝜇 =
𝐾⊥
𝐵



Diagnose efficient injection of 105 e+ with lifetime 
spectroscopy

Stenson et al. (2018) Phys. Rev. Lett.

Nißl et al. (2020) Phys. Plasma

VExB = +/-217V

Vs1 = 20V

Vmag = 0 - 30V

Beam steering
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Diagnose efficient injection of 105 e+ with lifetime 
spectroscopy

Stenson et al. (2018) Phys. Rev. Lett.

Nißl et al. (2020) Phys. Plasma

(Modified) SSPALS
Single-shot annihilation 

lifetime spectroscopy

Deller, von der Linden et al. 

(accepted) Phys. Rev. E

Cassidy et al. (2006) Appl. 

Phys. Lett.

VExB = +/-217V

Vs1 = 20V

Vmag = 0 - 30V

Beam steering
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1 toroidal 

period
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Single-shot annihilation 
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1 toroidal 

period

Switch

+20V to ground
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Three ways to eject

Electrostatic dump

𝑈 = 𝑒𝜙 + 𝜇𝐵

+8V to 0V

magnet
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Three ways to eject

Electrostatic dump Hard dump

𝑈 = 𝑒𝜙 + 𝜇𝐵

+8V to 0V
0V to 20V
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Three ways to eject

Electrostatic dump Wait ….

𝑈 = 𝑒𝜙 + 𝜇𝐵

+8V to 0V

Transport to wall

through

elastic collisions

with neutrals

>100 collisions

needed

Horn-Stanja et al. 2018 Phys. Rev. Lett.

Hard dump

0V to 20V



Elastic collisions transition positrons from 
electrostatic to magnetic confinement
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Electrostatic dump followed by hard dump



Elastic collisions transition positrons from 
electrostatic to magnetic confinement
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Electrostatic dump followed by hard dump

Intially all e+ are electrostaticlly confined



Elastic collisions transition positrons from 
electrostatic to magnetic confinement
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Electrostatic dump followed by hard dump

After one collision e+ are magnetically confined

Note:

axis change



Transition time from electrostatic to magnetic 
confinement is 4ms
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Ratio of dump curves gives elastic scattering time



Single photon counting reveals complex lifetime 
spectra
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Single photon counting reveals complex lifetime 
spectra
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∫ 𝑑𝑡



Single photon counting reveals complex lifetime 
spectra
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∫ 𝑑𝑡

𝑐𝑝𝑠

∫ 𝑐𝑝𝑠 𝑑𝑡



Possible loss channels
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• transport to wall

• elastic collisions with neutrals

• plasma transport

• positronium formation

• charge exchange

• porous surfaces (oxides)

• recombination

• radiative

• three-body

• direct annihilation

• on neutrals

• with free electrons



Energy spectra suggest positronium formation

Peak-to

valley
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Increase kinetic energy by decreasing magnet bias

JENS VO N DER L I NDEN |  JENS. VO N. DE R. L I ND E N @ I P P. M PG . DE 3 2

full confinement time
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full confinement time

Increase kinetic energy by decreasing magnet bias
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full confinement time

Increase kinetic energy by decreasing magnet bias



More evidence for Ps formation: vacuum LOR

JENS VO N DER L I NDEN |  JENS. VO N. DE R. L I ND E N @ I P P. M PG . DE 3 5

511keV   &

LOR 𝐾∥,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 3.3𝑒𝑉 − LOR (𝐾∥,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 5.2𝑒𝑉)



Strong evidence for Ps formation: triple coincidence
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LOR 𝐾∥,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 3.3𝑒𝑉 − LOR (𝐾∥,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 5.2𝑒𝑉)



Magnetically confined positrons forming Ps until e+ 
above threshold are depleted

Inital counts:

dominated

by Ps from 

charge-exchange

Later counts:

dominated by 

transport through 

elastic collisions
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Outlook: pair plasma will have competing 

annihilation mechanisms

von der Linden et al. (2023) J. Plasma Phys.JENS VO N DER L I NDEN |  JENS. VO N. DE R. L I ND E N @ I P P. M PG . DE 3 9



Outlook: pair plasma will have competing spatially 

separated annihilation mechanisms

von der Linden et al. (2023) J. Plasma Phys.JENS VO N DER L I NDEN |  JENS. VO N. DE R. L I ND E N @ I P P. M PG . DE 4 0



Simulate volumetric 2-𝜸 emission with a turntable

von der Linden et al. (2023) J. Plasma Phys.JENS VO N DER L I NDEN |  JENS. VO N. DE R. L I ND E N @ I P P. M PG . DE 4 1

𝐍𝐚𝟐𝟐

22.5cm

33cm



Outlook: Distance-attenuated counting to separate 

transport

von der Linden et al. (2023) J. Plasma Phys.

detector
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Outlook: Tomography of volumetric 2-γ annihilation

von der Linden et al. (2023) J. Plasma Phys.
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System response

1. Construct with Monte-Carlo

2. Invert SVD

point source

ring source 

at 7 cm

ring source 

at 15 cm



Outlook: Tomography of volumetric 2-γ annihilation

von der Linden et al. (2023) J. Plasma Phys.
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⋅ 𝐴+=

⋅ 𝐴+=

𝐶𝑜𝑢𝑛𝑡𝑠 = 𝐴 ⋅ 𝑆𝑜𝑢𝑟𝑐𝑒

⋅ 𝐴+=

System response

1. Construct with Monte-Carlo

2. Invert SVD

point source

ring source 

at 7 cm

ring source 

at 15 cm

For pair plasma experiments we will use 48 BGO detectors.



Conclusion

APEX: create and study magnetically confined pair plasma

Annihilation-gamma-diagnosis of positron confinement

21-detector array: SSPALS, single counts, energy spectra, coincidence

Losses dominated by charge-exchange and diffusion to wall

 

Outlook: Annihilation of a magnetically confined pair plasma

Competing processes

Spatial separation enables distance-attenuated counting and tomography

JENS VO N DER L I NDEN |  JENS. VO N. DE R. L I ND E N @ I P P. M PG . DE 4 5



𝒆+𝒐𝒓𝒃𝒊𝒕

𝑼𝒈𝒄 = 𝑬

𝑼𝒈𝒄 = 𝑬

𝒆+𝒐𝒓𝒃𝒊𝒕

Thank you


