
Proposed Laboratory Simulation of 

Galactic Positron In-Flight Annihilation 

in Atomic Hydrogen

 Benjamin Brown, Marquette University, Milwaukee, WI, USA

 Paolo Crivelli, ETH, Zurich, Switzerland



Positron annihilation at 511 keV coming from the 

direction of the Galactic Center has been observed since 

the 1970’s with a succession of gamma ray balloons and 

telescopes. The most recent data from the SPI/Integral 

has mapped the galactic center at the 511 keV energy. 
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Galactic distribution of the 511 kev line



The central galactic 511 keV ‘bulge’ and surrounding disk



Is the source of positrons possibly high energy cosmic rays?

Limits on initial positron energy are likely lower than 10 MeV.

• The flux of the narrow 511 keV line is ~ 10-3 photons s-1 cm-2

translates to to 1.2 x 1043 low energy positrons s_1.  Cosmic ray

production is about 10 times lower, making this source unlikely

• Slow down of high energy positrons is not sufficient to stop

positrons before escape from the galaxy.  (Skinner, 2010)

• Radiation while slowing is not observed above 511 keV from

slowing positrons.   < 3 MeV (Beacom et al. 2006).



Interaction cross sections vs. incoming positron energy



• In H, H2, and He, in-flight Ps 

annihilation, occurs by charge exchange 

roughly below 100 eV as positrons slow 

by inelastic collisions from keV energies. 

• Positrons surviving below Ps threshold 

can annihilate directly with atomic or 

free electrons

• Surviving positrons can also form Ps 

with sufficient energy from the 

Maxwellian thermal distribution.  In 

either case the Doppler profile is narrow 

for temperatures <106 K.

Some possible annihilation channels for positrons 



Three numbers are of interest which can 

be measured experimentally:

1. The width of the in-flight positronium

Doppler broadened spectrum

2. The fraction of positrons that arrive 

below the Ps formation threshold

3. The Doppler width of the direct 

annihilation line. 

The annihilation line-width of positronium

formed by below threshold is thermal 

distributed. Bussard, et al. 1979. 

Quantities of interest accessible in the laboratory 



Interaction Threshold energy eV
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Table of positron interactions and thresholds



Guessom et al. 2005 

*Laboratory measurement

Monte Carlo

Monte Carlo

Monte Carlo

Monte Carlo

A second planned experiment: to measure the surviving fraction of

positrons in atomic hydrogen, which is 1 minus the percentage of

positronium formed in flight. 

*

Percentage of positrons forming positronium in flight



Characteristic Doppler broadened spectra for

various annihilation media (log scale)



Fit to several annihilation spectrum models.  These models are 

generally Monte Carlo simulation based on available cross sections 

for various interactions.

Jean, et al. 2006

The PSI/Integral annihilation spectrum at 511 keV
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Table 4. Line widths (in keV) for various posit ron annihilat ion processes.

Process / Medium Cold & Molecular Warm Neut ral Warm Ionized Hot

(T < 100 K) (T ∼ 8000 K) (T ∼ 8000 K) (T ∼ 106 K)

Charge Exchange with H in-flight 5.8 5.8 − − − −

Charge Exchange with H2 in-flight 6.4 − − − − − −

Charge Exchange with He in-flight 7.4 7.4 8.7 − −

Charge Exchange with H after thermalizat ion − − 1.16 − − − −

Charge Exchange with H2 after thermalizat ion − − − − − − − −

Charge Exchange with He after thermalizat ion − − 1.22 1.22 − −

Direct Annihilat ion with H 1.56 1.56 − − − −

Direct Annihilat ion with H2 1.71 − − − − − −

Direct Annihilat ion with He 2.50 2.50 2.50 − −

Radiat ive Combinat ion − − − − 0.98 11

Direct Annihilat ion with elect rons − − − − 0.98 11

Posit ronium from grains 1.4 1.4 1.4 1.4

Annihilat ion in grains 2.0 2.0 2.0 2.0

2.4 % for the cold phase(s), 23 % for each of the warm

phases and 52% for the hot phase. In the same model,

the densit ies of each phase are: 42 cm− 3, 0.37 cm− 3, 0.25

cm− 3, 3.5 × 10− 3 cm− 3 in the cold, warm neutral, warm

ionized and hot phases, respect ively.

Figure 6 shows the result of combining the individual-

phasespectra using theMcKee& Ostriker simpleprescrip-

t ion as well as the spectra obtained when the posit rons

are excluded from the cold regions (both the molecular

and atomic phases); this we do for comparat ive purposes

with the results obtained in the t reatment of Guessoum,

Ramaty and Lingenfelter (1991). In the first case (annihi-

lat ion in all phases according to the descript ion of McKee

& Ostriker), we see that the dust makes no dif ference to

the line profile. In the second case, the profile of the over-

all emission spect rum is substant ially different from the

“ uniform” case, and the dust does make a non-negligible

difference.

A morephysically realist ic approach would be to adopt

an analyt ic ISM model such as Ferriere’s, which gives the

densit iesof each species (H, H2, freeelect rons, etc.) in each

volume element (defined by its galactocentric coordinates

r and z) of the ISM. This lat ter approach we save for a fu-

ture, more physical t reatment of annihilat ion in the ISM,

one that will consider the change in the annihilat ion spec-

t rum and profile when emanat ing from different direct ions

and regions of the Galaxy.

Table 5 displays the FWHMs of the lines obtained in

each phase as well as in the “ global” case. These allow us

to compare our results with earlier ones and serve to give

us a rough idea about the physical propert ies of the anni-

hilat ion region(s), although we must emphasize that the

FWHM parameter is not a sufficient parameter in charac-

terize such spectra. Unt il the full follow-up modeling and

interpretat ion work is performed, these values are used

for comparison and indicat ion purposes. Our present re-

sults are largely consistent with the older ones, but our

line widths tend to be slight ly larger than the older ones

in all phases. In the warm neutral phase the line appears

Fig. 6. Combined (“ global” ) ISM annihilat ion spectra, ob-

tained under two assumpt ions: 1) posit rons annihilat ing

in all phases according to the filling factors and densit ies

given in the McKee & Ostriker (1977) model, either with

or without the effect of the grains (solid, blue dashed and

red dot ted curves); 2) posit rons not annihilat ing in the

cold phases, with/ without grain effect (solid and dot ted

narrower purple curves).

to be substant ially broader than the result of Guessoum,

Ramaty and Lingenfelter (1991), but only because in that

t reatment the warm neutral phase has a 15 % ionizat ion

fract ion, whereas in the present t reatment the warm neu-

t ral phase is completely neutral. Moreover the rate for

* Experimental measurement proposed
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Predicted 511 keV linewidths



Proposed experimental arrangement
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Low energy positron beam and Penning trap



There is a discrepancy of approximately a factor of two 

in the present laboratory measurements of the positron-

atomic hydrogen impact ionization cross section, which 

affects the predicted in-flight annihilation line-width.  

This is further justification for the experimental 

measurement proposed here.

Spicher, 1990

o Jones, Charlton, 

et al. 1993

Positron-H ionization cross section measurements



in keV units about 511 keV

smoothed with a Ge detector resolution 1.2 keV

Inferred

FWHM

5.4 keV

4.9 keV

Monte Carlo spectra for Positronium annihilation 

(for Ps formed by charge exchange in H)



Laboratory measurements of in-flight positron

annihilation in H (atomic hydrogen) will be useful

at this time to accurately predict this possible

component of the Doppler broadened 511 keV

annihilation radiation from the Galactic Center

region.

Conclusion


