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HBAR formation processes using positrons 

HBAR+ formation processes using positronium 

J. Walz and T. W. Hänsch
Gen. Relativ. Gravit. 36 (2004) 561
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ALPHA: uses non-neutral plasmas

Debye length << particle cloud size

Antihydrogen formed by mixing positrons and antiprotons
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Antihydrogen Production: Insights from Simulations
Te = 15 K

Antihydrogen binding energies as the 
atoms leave the positron plasma

ne = 1015 m-3 (x); ne = 5 x 1013 m-3 (+)

Antihydrogen binding energies on detection

ne = 1015 m-3 (+); 5 (○), 2 (Δ) and 1 (□) x 1014 m-3 
and 5 x 1013 m-3 (x)

Effects of plasma self field on antihydrogen binding energies

S Jonsell, D P van der Werf, M Charlton and F Robicheaux
J. Phys. B: At. Mol. Opt. Phys. 42 (2009) 215002
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Antihydrogen Production: Insights from Simulations
Radial distribution of antihydrogen formation positions at different time intervals Te = 15 K

ne = 1015 m-3 ne = 5 x1013 m-3

short (x), medium (Δ) 
and long (□) times

NB at 1015 m-3 a 
“long” time is > 
1ms

S Jonsell, D P van der Werf, M Charlton and F Robicheaux
J. Phys. B: At. Mol. Opt. Phys. 42 (2009) 215002
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Rydberg Ps can offer dramatic increases in reaction 
rates – leads to Rydberg antihydrogen

Antihydrogen Production: Formation Processes

AEgIS Schematic



D P van der Werf CERN 25 June 2018AVA School: Generation of Antimatter �7

 formation (GBAR)H
+
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Interaction area

• Positrons are converted into positronium

• Part of the Ps atoms will be excited (see later), i. e. 
laser radiation needs to be introduced

• Antiprotons will “shoot” through the positronium cloud 
to  form 

Positron
 beam ~3 keV

Mesoporous film

Ps

Substrate (Si)
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Antiproton production 

Antiprotons are produced using pair production i.e.:

Where N is a nucleon, and the threshold energy of the incoming proton is about 6 GeV.

At CERN, N is an Iridium nucleon 
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First Observation of antiprotons

O. Chamberlain, E. Segrè, C. Wiegand and T. Ypsilantis
Phys. Rev. 100 (1955) 947
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Magnetic Horn

S. van der Meer CERN 61-7
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D. Möhl Hyperfine Interactions 109 (1997) 33

AD source + horn



Yield for 26 GeV protons

D. Möhl Hyperfine Interactions 109 (1997) 33
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Fermilab vs CERN

D. Möhl Hyperfine Interactions 109 (1997) 33



AD ring
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S. van der Meer CERN-ISR-PO-72-31

Stochastic cooling
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Stochastic cooling
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Electron cooling

G. I. Budker UDC.62.284.60

At lower energies de stochastic cooling does not work dat well anymore,
so an other method is used: electron cooling.

Here the antiproton beam is merged with electrons and the antiprotons are cooled
by collisions with these electrons.
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Deceleration cycle
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Electron cooling
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ALL/MOST OF THE ABOVE
(AT SOME STAGE IN THE PROCEDURES)

Positrons: what do experiments require?

• Huge numbers?   
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• Huge numbers? 108 - 1011   

• High spatial densities? 1012 - 1016 m-3 

• High temporal densities? 1 - 1016 - 1018 s-1 

• High-spatio-temporal densities? 107 mm2s-1 - space 
charge limit

• Low temperatures? 104  - 40 - 4 - 0.4 K 

• Radial expansion-free plasmas/clouds? 10-5 - 0 ms-1

What can be achieved (positrons)?
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FLAIR Workshop - May 2014

Positrons originate from:

Positron Production in the AD
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Moderation

To obtain a mono-energetic positrons beam they need to be moderated, i.e.
de positrons loose energy inside a solid and are subsequently emitted into
the vacuum.

The kinetic energy of the positrons is quite broad and up to 545 KeV for 
positrons originating from 22Na and a couple of MeV for LINAC produced 
positrons 
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Metal: e.g.Tungsten 

• Positrons are thermalized by inelastic collisions with electrons and then 
diffuse to the surface. 

• Subsequently they are ejected due to the negative work function of the 
positron in tungsten. 

• The moderated positrons have a narrow energy distribution. 

• Max efficiency ∼ 10−3 

Typical moderators



D P van der Werf CERN 25 June 2018AVA School: Generation of Antimatter �25

Metal: e.g.Tungsten 

• Positrons are thermalized by inelastic collisions with electrons and then 
diffuse to the surface. 

• Subsequently they are ejected due to the negative work function of the 
positron in tungsten. 

• The moderated positrons have a narrow energy distribution. 

• Max efficiency ∼ 10−3 

Solid rare gas: e.g. Neon 

• Positrons are thermalized by electron-hole excitation until their energy is 
lower then the bandgap. Thereafter they can only loose energy via the 
production of acoustic phonons (slow process). 

• Rare gases have positive workfunctions for positrons, so only so-called 
epithermal positrons can escape from the surface. 

• The moderated energy distribution ∼ 2 eV. 

• Max efficiency ∼ 10−2 

Typical moderators
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Example source/neon moderator (ALPHA)
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Water cooled 
W electron 
target 

Moderator: Annealed W 
mesh  (~10 µm) 

4.3 MeV e- 
200 Hz,~2.5 µs  
~140 mA (peak) 

B ~8 mT 

~10 eV e+ Linac 

~1 MeV e+ 

Present slow e+ rate 3.2 106 s-1 

Extrap. to  10 MeV linac 4.3 107 s-1 

target value  2.8 108 s-1 

Example Linac (Saclay)
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RIKEN  
5T MRT 

Beam 
switch 

Materials 
science line 

Linac 

Pulse stretcher 

Example Linac (Saclay)
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Example Linac (GBAR)

Cavity

Target + moderator
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GBAR bunker
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Distance along the trap

Based upon the industry standard …
{Solid-Ne moderator  -plus - UCSD Penning 
Malmberg buffer gas trap: Surko and co-workers}

*
22 )()( NEeNEe fi +→+ ++

Used by ATHENA, ALPHA, AEgIS, ASACUSA and ATRAP

Accumulation: Buffer gas accumulator
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FLAIR Workshop - May 2014

Accumulation time / sec.
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no rotating electric field

Closed circles:
rotating field applied

Plasma formed after 
about 10-15 s

Accumulation: Buffer gas accumulator
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Accumulation: Stacking
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Accumulation: Stacking

L. V. Jørgensen et al Phys. Rev. Lett. 95 (2005) 025002
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FLAIR Workshop - May 2014

This slide - 
courtesy of DB 
Cassidy, UCL

Commercial available
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Compression - Rotating Wall
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Debye screening length
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Debye screening length

• Plasma

• Single particle

• Rarefied Plasma

Compression - Rotating Wall
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Ideal Penning trap motions

Three frequencies:

Charged particle in                    cyclotron orbit around

Adding ideal Penning Trap potential

• Axial bounce frequency

And due to 

• Modified cyclotron orbit

•  Magnetron motion 
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Ideal Penning trap motions
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C.A. Isaac, C.J. Baker, T. Mortensen, D. P. van der Werf and M. Charlton 
Phys. Rev. Lett. 107 (2011) 033201

D.P. van der Werf, C. A. Isaac, C. J. Baker, T. Mortensen, S. J. Kerrigan and M. Charlton
New J. Phys. 14 (2012)  075022
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FLAIR Workshop - May 2014

The minimum in λT is 
consistent with the expected 
annihilation rate.
Thus, the rotating wall 
eliminates cross field 
transport

D. P. van der Werf, C. A. Isaac, C. J. Baker, T. Mortensen, S. J. Kerrigan and M. Charlton  
New Journal of Physics 14 (2012) 075022

Importance of rotating wall for accumulation efficiency
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No r.w. r.w. with N2 r.w with added cooling gas

N2 promotes capture, but an extra 
cooling gas is needed to maximize 
compression 

Plasma Regime (ALPHA)

Positron plasma radial Distributions
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fRW is rotating wall frequency; fE = ωD/2π

Plasma Regime (Surko)

J. R. Danielson, C. M. Surko and T. M. O'Neil
Physical Review Letters 99 (2007) 135005
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FLAIR Workshop - May 2014

Time compression

This slide - 
courtesy of DB 
Cassidy, UCL
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Orbit Manipulation
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Orbit Manipulation
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1. Load and compress positrons
2. Bias on for a time 
3. Dump at time 

-10              -5             0               5               10

 10

   5

   0

  -5

-10

T. Mortensen, A. Deller, C. A. Isaac, D. P. van der Werf, M. Charlton and J. R. Machacek 
Physics of Plasmas 20 (2013) 012124

Orbit Manipulation
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J. R. Danielson, T. R. Weber, and C. M. Surko
Phys. Plasmas 13 (2006) 123502

Autoresonant  diocotron excitation (plasma)
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Even more positrons: Kelvin Lynn’s approach 

 A. Narimannezhad,  J. Jennings, M. H. Weber, and K. G. Lynn, arXiv:1307.2335

http://arxiv.org/abs/arXiv:1307.2335
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Even more positrons: Cliff Surko’s approach 

C. M. Surko, J. R. Danielson, and T. R. Weber, in Physics with Many Positrons, 
R. S. Brusa, A. Dupasquier and A. P. Mills, Jr., eds. (IOS Press, Amserdam, 2010)., pp. 545
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Even more positrons: Cliff Surko’s approach 


