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Pair production was first observed in 1932, which led to two early
Nobel prizes in physics, to Carl Anderson for the discovery of positrons
(1936) and to Paul Dirac for the theory of anti particles (1933). Science
textbooks state that the production of electron-positron pairs is possible
at photon energies above 1.022MeV, which is the sum of the rest
masses of the particles involved. Measurements at the threshold require
a selectable photon energy in the range above 1 MeV, high-energy reso-
lution to scan the onset, and high intensities. Due to the need of simulta-
neous energy and momentum conservation, pair production needs a
recoiling particle, and thus it can be observed most easily in solid mat-
ter. More exactly, the minimum energy required for pair production is
given by the relation £, =2 m,c*(1 +m,/m,), where m, is the mass of the
recoiling particle [1]. With the particle rest energy of m, = 511 keV/c?,
in heavy atoms we get m, >> m,, and thus in a good approximation
photon energies E. > 2‘mec2 =1.022keV allow the creation of electron-
positron pairs. However, for a proton as recoil particle the calculated
threshold energy is increased by 557 eV, for a copper target by 9eV,
and even for the very heavy element |;;Roentgenium by about 2.1eV.
Thus pair production cannot take place at exactly 2~rnecz.

The pair production cross-section o is approximately proportional
to Z, i.e. the square of the charge of the nucleus, and thus heavy ele-
ments are favorable samples. Extremely unfortunate is the fact that the
cross-section has a logarithmic dependence on the photon energy, and is
thus strongly decreasing close to the threshold. This is one reason why
the closest energy to threshold investigated so far [2] was at 1.057 MeV,
still 35keV above — quite far away for such a fundamental phenomenon!
So far mainly discrete emission ~-lines of radioactive sources were used
to investigate the production of electron-positron pairs by ~-rays. But if
a particular photon energy is needed, it becomes more and more diffi-
cult to find an appropriate isotope, which emits ~-rays of the desired
energy. In addition, the choice will be limited to weak transitions, and
the moderate -ray intensities are emitted isotropically, making experi-
ments even more difficult. In the publication just mentioned, Compton
scattered -rays from a %°Co source were used to change the energy and
to get closer to the threshold; however, with an energy resolution of the
order of 100keV. It is obvious that reliable, high-precision cross-sections

in the threshold region are nearly impossible to obtain. However, the
cross-section measurements performed so far show significant devia-
tions from theoretical predictions. The measured values are mostly
larger than theory and show resonance-like features, which qualitatively
might be understood as the final state Coulomb interaction between
electron and positron [3]. However, the results just represent an approx-
imate explanation — and thus have to be investigated in more detail.
Regarding these difficulties it is not too astonishing that the most recent
experimental results about pair production close to threshold were pub-
lished in 1992 [3].

The fast decrease in the pair production cross-sections when
approaching the threshold from higher energies is the most hindering
fact to measure o. For Germanium o decreases from 0.197 [barns/atom]
at 2.0 MeV photon energy over 6.94-107 [b/atom] at 1.1 MeV to mere
1.9-107° [b/atom] at 1.023 MeV (see Figure 1).

For first feasibility tests y-rays were created by direct transitions
after neutron capture in the high flux reactor at the Institute Laue-
Langevin (ILL) in Grenoble (France). Different targets allow using a
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Figure 1: Pair production, photoelectric absorption, and total cross-sections
for Germanium, calculated using the program XCOM 3.1 [4].
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much larger variety of ~-energies than possible with radioactive
sources. The double crystal y-ray spectrometer GAMS4 [5,6] at the
ILL allows one to select a suitable energy of the prompt gamma rays
up to 10MeV. Two Si or Ge crystals in Laue configuration can be
used as monochromator. If the second one is switched between the
non-dispersive and the dispersive reflection geometry, the measure-
ment of the difference angle yields twice the Bragg angle 6 and thus
accurate absolute energy values. The performance of the monochro-
mator in the MeV range is exciting: the achieved experimental resolu-
tion at 1 MeV amounts to 2.5eV only, using Si(660) reflections [7].
Thus very high resolutions in the eV range can be realized at wave-
lengths of about 0.01 A. However, it was found that a single reflection
of a Cu(111) monochromator crystal or its harmonics yielded suffi-
cient energy discrimination for initial experiments while providing
much more intensity.

The setup of the experiment and the detector system used for inves-
tigating pair production are shown in Figures 2 and 3, respectively. This
setup consists of four Nal scintillation detectors, which surround the
central, high-purity Germanium detector, which also acts as sample.
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The detection of pair production is performed by detecting the annihila-
tion of the created positrons with electrons of the sample, which results
in the emission of two photons of 511keV energy in opposite direc-
tions. The scintillation counters were used in two opposite pairs in coin-
cidence to gate the readout of the HPGe detector after detection of the
annihilation photons. Thus the energy of the y-photon, having created
an electron-positron pair, could be measured with the HPGe detector as
a double escape peak, and the spectrum of the primary beam was col-
lected by switching off the coincidence gating.

However, the achievable intensities are moderate. At 1108 keV
energy (86keV above threshold) about 50 cts/s were collected in the
largest peak of the primary spectrum in one channel of the multichannel
analyzer; this number drops to about 1074 cts/s, i.e. less than 1 ct/h, in
the coincidence signal. Those numbers clearly illustrate the difficulties
in approaching the threshold even closer, which corresponds to a further
reduction of the cross-section by another five orders of magnitude if one
wants to reach 1keV above threshold. However, the experiment veri-
fied the cross-section enhancement near threshold discussed above (see
[8] for details).
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Figure 2: Setup of the experiment. The y-ray beam enters the radiation
protection hutch from the right. The lead shielding covers the detector
system.

In the following we want to evaluate the current possibilities of
synchrotron radiation sources for investigation of the pair production
process near and above threshold in the energy range between 1 and
2 MeV photon energy. As a simple example we consider the synchro-
tron radiation spectrum emitted from a bending magnet of field B
installed in a storage ring operated with electrons or positrons of
energy E . A wiggler would increase the intensity by a factor given by
the number of poles. The critical energy E_, i.e. the energy at which the
same amount of power is emitted below and above, is given in practi-
cal units by E, [keV] = 0.665 - B[T] - ES[GeV]Z. This relation enables
us to judge the possibility of creating high energy photons. For exam-
ple, a 10 T magnet in the 8 GeV storage ring SPring-8 (Hyogo, Japan)
yields E. = 043 MeV [9,10]. In the case of the ESRF (Grenoble,
France), the lower ring energy of E, = 6 GeV resulted in E, = 0.24 MeV
and thus significantly reduced intensities around 1 MeV due to the
steep intensity decrease above E.. The APS (Chicago, USA), with
7 GeV, is between the two others mentioned. The only storage ring that
could be operated for synchrotron radiation at even higher energies of
12GeV (up to 13GeV at reduced current), PETRA II (Hamburg,
Germany), is now rebuilt to the 6 GeV source PETRA III. Thus the
chance has been lost to use the good spectral flux of the installed undulator
or of superconducting bending magnets with moderate field for y-ray
measurements.

For high field insertion devices (8-12T) at SPring-8 (8 GeV,
100 mA), photon fluxes of about 5-10'> photons/(s:mrad-0.1% band-
width) at 1MeV are calculated [9]. A superconducting three-pole
device capable of 10.3 T magnetic field was already tested at low ring
currents and a field of up to 9.7 T, and a first rough photon spectrum up

to 2MeV was recorded using a Nal detector. More details about the
setup are given by Utsunomiya etal. [11].

Important for a detailed investigation of pair production processes
are the special properties of synchrotron sources, which make them
unique and allow experiments never attempted before. Synchrotron
radiation has an extremely intense continuous spectrum, is highly colli-
mated, and has well-defined linear/circular polarization properties. This
allows us to measure the dependence of the angular distribution of the
particles created from polarized ~-rays and to compare it with theory.
The intensities should be high enough to make even higher resolution
determination of the energy of the annihilation radiation feasible. In
addition, the possibility to create standing wave fields allowing the shift
of the electromagnetic field with respect to the atomic cores might
allow modulating the pair conversion probability. It is challenging to
note that anomalies in pair production cross-sections could be associ-
ated with new light particles [12].

The technical premises for measuring cross-sections at threshold
with high energy resolution are given with respect to sources and mono-
chromators. Detection systems for the detection of pair production are
well developed. The setup at GAMS4 can be improved further by about
two to three orders of magnitude in efficiency by an improved geometry,
new detectors, and electronics. This would be a milestone towards the
use of synchrotron radiation, when it becomes available at suitable
gamma ray energies for such experiments. Also, deviations from the Z?
dependence of the cross-section could be investigated in detail. However,

detector

Figure 3: Detector system. The central HPGe detector is surrounded by
four Nal detectors.
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how close one can get to the threshold must be exploited, considering the
strongly decreasing pair production probability, and whether even stron-
ger specialized sources are needed to really observe the threshold directly.
However, resonances due to generation of bound states of the electron
might cause a significant increase of the cross-sections, and also crystal
structure and other environmental factors can suppress or enhance pair
production [13]. The electron/positron pair production by photons is one
of the most basic processes that should be studied in more detail. This
could give additional insight into the creation of matter from photons.

In conclusion, it is obvious that the ubiquitous textbook statement
“pair production of electron-positron pairs is possible above the thresh-
old of 1022keV” still has to be confirmed for the threshold region.
Synchrotron radiation, with its continuous spectrum, could be used to
solve the elementary riddles associated with this process. Such experiments
will lead to an improved theoretical understanding of pair production,
particularly in solids at the threshold.
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Affordable Turnkey X-ray Laue camera system replaces Polaroid film

Digital Laue detectors — an alternative to high sensitivity films
for both laboratories and synchrotrons wishing to carry out systematic bulk crystal orientation and micro crystal characterisation.

The cameras allow unique back scattered
geometry with collection time varying from near
real time to a few minutes, depending on source,
detector and crystal combination. Automated
sample rotation, combined with shutterless
acquisition brings simpler and more flexible data
collection routines.

The acquisition software delivers ready to be
indexed digital images from PC, to Linux remote
controlled machines. Indexation of Laue patterns
can be performed off line using dedicated
software packages.

An existing Laue set up can be upgraded with
turnkey solution including beam delivery: i.e.
X-ray source, collimators, goniometer/sample
holder up to system installation/integration. Very
high resolution detectors allowing strain analysis
studies are available on demand.
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Microdiffraction installation with
automatic sample changer

W111 pattern acquired with
standard 04x08mm

Cu source using 25kV, 25mA and
5 minutes exposure.
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