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More experiments with TeachSpin’s new ‘AMM’

Visitors to the TeachSpin exhibition trailer at the APS March meeting got to see our newest product
‘AntiMatter Matters’ (AMM) in action. We showed off its tabletop real-time detection of the back-to-back
511-keV gamma rays that are emitted in the process of positron annihilation. This forms the basis of the
medical imaging technique Positron Emission Tomography (PET-scans). Our AMM set-up is now in regular
production, and it includes the two gamma-ray detectors plus all the electronics needed for the detection of
time-coincidences between two such gamma-events. Our AMM experiment also includes the license-exempt

Na-22 radioactive source, the positron-emitter allowing the antimatter studies that give this product its
name.

But we also include in the kit, as a calibration source, a Cs-137 gamma-ray emitter of 10 puCi activity. We
have been having fun here finding additional uses for this monoenergetic (662-keV) gamma-ray source. In
particular, we have worked out a way to demonstrate some features of Compton scattering using the
resources in the AMM kit, and in particular in re-creating a historically important variant in this classic
experiment of the scattering of gamma rays by electrons.

Below is a diagram of the geometry of the scattering process, and a photo of how the resources of the AMM
kit turn that diagram into actual tabletop reality.
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A schematic diagram and a photo of the tabletop set-up for investigating Compton scattering, here at 6 = 90°.
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Compton scattering is always mentioned in Modern
Physics textbooks for its historic role in persuading
physicists of the time that single photons of light
convey momentum p, = E,/c, as well as their
quantized energy E,. By considering the inelastic
collision of a high-energy photon with a nearly-free
electron, textbooks work out the (relativistic)
kinematics to show that if the result of the collision
is a new gamma ray, of energy E’, scattered by
angle 0 relative to the direction of the incoming
gamma, then £’ is given by the Compton formula
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where m.c? is the rest energy of the electron. Of
course the balance of the energy, E, - E, is left with
the impacted electron, which thus recoils away from
its former state of rest. This derivation depends on
the assumption that momentum, as well as energy,
is conserved in the collision process.

But textbooks rarely mention the historical dispute
of the 1920’s, in which physicists as stellar as Bohr
himself were initially skeptical that energy and
momentum were actually conserved in each such
individual single-quantum event. An alternative
proposal by Bohr, Kramers, and Slater considered
that the conservation laws might apply only on a
statistical (rather than an event-by-event) basis. The
crucial experiment that persuaded contemporaries
into the view that conservation laws applied in
individual events (now so glibly assumed in every
textbook presentation) was to defect that recoiling
electron, with its residual energy E, - E', appearing
in time-coincidence with the scattered gamma ray
of energy E'.

Using the resources included in the AMM kit to
detect coincidences, we now repeat this historical
experiment, by performing the Compton experiment
using an ‘active target’. While the usual such
experiment in the advanced lab uses a high-activity
gamma source, illuminating a passive target, which
is monitored (at angle 0) by a single gamma-ray
detector, here we show you how a low-activity
gamma source can illuminate an active target,
which is then monitored (at angle 0) by a second
gamma-ray detector.
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And what is that ‘active target’? 1t’s the other of the
cesium-iodide scintillation detectors in the AMM
kit; its Csl crystal provides not only the target
electrons for the Compton-scattering process, but
also a detection of each event that deposits energy
in the crystal. Then among all the events emerging
from the two detectors, we apply the time-
coincidence circuitry in the AMM controller to
count, selectively, those cases in which both
detectors register events simultaneously. Because of
the wonderful selectivity of the time-coincidence
method, we can perform this experiment using the
modest-activity (and license-exempt!) Cs-137
source that comes with AMM.

This works because the recoiling electron, with a
few hundred keV of energy, has a range of just a
few mm in the CsI material; hence it will deposit
the whole of its energy in the crystal. And because
that crystal is a scintillator, and because the light
produced is proportional to the energy deposited,
the Csl-as-scatterer also serves as an energy-
sensitive detector for the recoiling electron.

For detecting the Compton scattering process, we
select some scattering angle (via the positioning of
the second gamma-ray detector), and we use
Compton’s formula to compute E, - £’ (the energy
that should appear in the active target) and £’ (the
energy that should appear in the detector at 0).
Given previous calibrations of the two gamma
detectors (using the value E, = 662 keV) we can
predict the pulse-height response of each of the two
detectors. For example, for the two detectors used
in the data-taking below, and for 90° Compton
scattering, the active target ought to register events
of energy E, - E' =260 keV, and create pulses of
amplitude 1.8 V in the ‘channel-A’ amplifier, while
the detector-at-0 ought to register events of energy
E' =402 keV, and create pulses of amplitude 2.2 V
in the ‘channel-B’ amplifier.
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Those numbers matter, because with our electronics we can be selective about energies, as well as times
of occurrence, of pulses. We arrange the ‘single-channel analyzer’ in Ch. A to produce a count only for
events of analog pulse height 1.6 to 2.0 V, and we similarly use the single-channel analyzer in Ch. B to
produce a count only for events of analog pulse height H to H + 0.4 V. Now we use the built-in counters
in the AMM electronics to record the number N, of such energy-selected Ch. A events, the number N of
energy-selected Ch. B events, and also the crucial number N¢ of occurrences of time-coincidences
between such events.

Here are some typical results.The detector-at-0, which is shielded from being directly illuminated by the
Cs-137 source, sees a count rate which depends on the setting H — that is, we can vary the acceptance
window of the single-channel analyzer to measure the energy spectrum of the counts Ny Below we show
two such spectra in the form of bar charts, where each bar has its vertical edges at pulse-heights A and
H+ 0.4V, and its height showing the count total Nz. One of these plots shows the detector’s response to
full-energy 662-keV gamma events; the other shows the same detector’s response when it’s viewing the
gamma-illuminated active target.
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Pulse-height distributions: (left) looking at Cs-137 source; (right) looking at scatterer 8 = 90°)

The figure at left above enables the energy-calibration of the detector; the figure at right contains the
Compton events, but they are lost in a sea of background. So now we do the novel thing: we make a third
bar chart, this one depicting the count totals Nc; that is to say, we count that small subset of Ch. B events
which are time-coincident with a Ch. A event of the right pulse height. These counts N¢ have isolated the
very process we care about, in which a 662-keV gamma deposits energy both in the active target, and then
(after scattering) in the detector-at-0. The energy spectra of these special events are shown in the bar
charts below, for choices 8 = 90° and 60°:
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We’ve annotated these charts with indicator arrows, which point to the pulse height that is predicted to
result, in the detector-at-0, by the textbook Compton formula. In both cases, we see a pulse-height
distribution showing a peak, and we see that it falls at the location in energy-space predicted by the
Compton formula.

Note that the count rates are low, and (for the data we’ve taken) the energy resolution is not very high;
but the coincidences are real. And students will learn how to compute (and to verify experimentally!)
the rate of ‘accidental coincidences’ — given our event rates, they turn out to contribute <</ event to
any of the count-totals Nc reported here. We conclude that it is possible to detect time-coincidences of
the two energy depositions predicted to appear in the Compton process, and thus we support the
assumption that Compton scattering respects the conservation of energy (and momentum) on an
event-by-event basis.

Apart from this application to the special case of Compton scattering, it's worth reflecting on the
demonstrated effectiveness of the coincidence technique on which this experiment depends. Each of
the ‘peaks’ in the last two histograms above represents the selective detection of order 50 events
during an acquisition time of about half an hour. During that time, the active target, illuminated by
the collimated gamma-ray beam, registers over 35,000 events. During that time, the detector-at-0
might register perhaps a thousand events. Yet out of all these events, the method of time-coincidence
is able to isolate the particular events of interest, even though they constitute <0.2% of all the events
counted. This spectacular selectivity illustrates a technique of ‘information enrichment’ of very wide
applicability to data-reduction in the general class of counting experiments.
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