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A novel method for the measurement of the number of positrons contained in intense positron bunches is
presented. The technique is based on the Poisson distribution of the number of gamma rays emitted by
many simultaneous positron—electron annihilations in a small solid angle. The results have been found in
good agreement with those achieved with a calibrated CsI(T1) detector coupled to a photodiode. The small

dimension of the required equipment and the reduced constraints of the technique open the possibility of
monitoring, in complex positrons systems, the number of positrons at different positions that are too difficult

to reach with other devices.

1. Introduction

The recent development of an efficient positron (e*) trapping and
storage technology [1] has allowed the production of intense positron
bunches opening the possibility of a series of new experiments. The
use of positron trapping and storage was at the basis of the first
anti-hydrogen formation [2,3] and the production of molecular di-
positronium (Ps,) [4]. Other fields that have benefited from this tech-
nique are positronium (Ps) spectroscopy [5-9] and Ps-Ps interaction
studies [10] thanks to the high yield of positronium in vacuum that
can be obtained by implantation of positrons into positron/positronium
converters [11-13]. The production of dense Ps clouds is also critical
to perform many other fundamental experiments such as the produc-
tion of anti-hydrogen through charge exchange reactions between Ps
excited into Rydberg states and antiprotons [14-16], precise spec-
troscopy experiments for QED tests [17-20], tests of gravity on matter—
antimatter systems [21,22], high resolution tests for the existence of
mirror matter [23] and laser cooling tests on ultra-light atoms [24].

The number of positrons contained in these intense bunches has
been so far estimated by using a calibrated CsI detector coupled to a
photodiode or Faraday cups [25-27]. These methods are fast and can
therefore be used for online monitoring of the et beam intensity in fixed
points of a positron apparatus. However this kind of measure involves

the simultaneous annihilation (within 10-20 ns) of up to 10® positrons;
as a consequence, nonlinearity effects of the detection chain and/or
saturation of the signal could affect the estimation. In the present work
the results of such measures have been verified with a totally different
technique based on the Poisson distribution of gamma rays emitted
by many simultaneous positron—electron annihilations in a solid angle
covering only a small fraction of the full 4z sphere. This novel method
is immune to all effects of detector nonlinearity and furthermore allows
to monitor the number of positrons annihilating in all the positions
of the positron systems where the installation and the calibration of
dedicated devices might be difficult to achieve.

2. Experimental method

AEgIS  (Antimatter  Experiment:  Gravity, Interferometry,
Spectroscopy) is an experiment based at CERN that aims at the di-
rect measurement of the Earth’s gravitational acceleration on antihy-
drogen [16]. The AEgIS positron system, used for the measurement
reported in the present work (see Fig. 1), is described in detail in
Ref. [26]. Briefly, positrons are produced via f* decay by a 7 mCi ’Na
source. Fast positrons from the radioactive source are slowed down to
an energy of a few eV by using a solid Ne moderator [28]. The slow
et are magnetically guided into a three-stage Surko trap (First Point
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Fig. 1. Sketch of the employed positron system.
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Fig. 2. Number of positrons in the accumulator plotted against the number of pulses
from the Surko trap as measured with a calibrated CsI detector coupled to a photodiode
(black squares). The asymptotic value of ~ 2-107 is determined by the positron lifetime
in the accumulator. The source activity was 7 mCi. Statistical errors are shown.

scientific technology) [1]. In the Surko trap the positrons are cooled
by interacting with N, and SF¢ gas and released after trapping every
0.15 s with an energy of ~17 eV. Positrons released from the trap are
transported by magnetic fields towards the accumulator where many
positron pulses can be stored. Thanks to the absence of contaminants
(base pressure in the low 10~10 mbar range) and the optimization of
the cooling gas pressure (N, pressure around 6-10~% mbar), the positron
lifetime in the accumulator exceeds hundred seconds. The e radial
confinement in the accumulator is provided by a 0.1 T magnetic field.

Longitudinal confinement of the positrons is ensured by a harmonic
potential well of approximately 14 V generated by 23 electrodes of
2.54 cm in diameter. Positrons dumped from the accumulator can be
magnetically transported to the main magnets of the AEgIS experi-
ment [16,29] or to the secondary chamber for Ps experiments [26,30].
Extraction of the positron bunch from the accumulator and following
magnetic transport result in a transport efficiency close to 100 %. Fig. 2
shows the number of positrons stored in the accumulator as a function
of the number of pulses from the trap (and thus as a function of time).

The measurement was performed by storing positrons for a given
time and then dumping them with an energy of around 300 eV. Dumped
positrons were annihilating on a valve, used as stopper, placed in the
proximity of the accumulator exit (see Fig. 1). The spot diameter of
positrons in this region has been measured by a MicroChannel Plate
(MCP) coupled to a phosphor screen, the FWHM turns out to be smaller
than 3 mm. Positrons annihilated with the electrons of the medium
yielding two gamma rays of 511 keV from each e* annihilation. The
emitted gamma rays were detected by a calibrated CsI(Tl) detector
(40x50 mm) coupled to a photodiode (Scionix assembly 40 P 50/18-E2-
Cs-X, photodiode Hamamatsu Si PIN S3204) placed in the proximity of
the valve, in order to determine the absolute positron number. In this

test, up to ~ 2-107 positrons were stored in around 225 s (corresponding
to roughly 1500 pulses from the trap. See Fig. 2). The calibration of the
CsI(TD)+photodiode detector was performed by using a phosphor screen
(Kimball Physics PHOS-UP22GL-B7x7-R750) coupled to a CCD camera
(Hamamatsu, Orca R2). A continuous beam with a known number of
positrons' was allowed to annihilate on the phosphor screen to record
the related image intensity. Then, positrons were pulsed and dumped
on the same phosphor screen. The number of positrons contained in
the bunch was estimated on the basis of the comparison of the first
and latter image intensity produced on the phosphor (for the linearity
of phosphor screen with the number of impinging particles see, for
example, Ref. [27]). The signal annihilation given by the positron
bunch was simultaneously acquired with the CsI(T1)+photodiode. The
signal amplitude of the CsI(Tl) detector was finally correlated to the
image intensity of the phosphor and thus to the number of positrons
in the bunch. The effort to calibrate the CsI(Tl) detector instead of
directly using the phosphor screen coupled to the CCD camera is
justified by the flexibility of the CsI(T1) detector. Indeed, it is a small
and external detector that is not bound to the position where it has
been calibrated and can be used in different positions of the system
(provided that the variation of solid angle and attenuation of the
surrounding materials are taken into account). However, the described
calibration could introduce some error in the determination of the
positron number contained in the bunch mainly due, as previously
mentioned, to nonlinearities and/or saturation effects that could affect
the outcome [25,31]. This made desirable a cross check of the number
with an alternative technique.

The method here investigated to determine the intensity of the
positron bunch is based on the Poisson distribution of emitted gamma
rays in a small solid angle. The number of photons emitted by the
annihilation of a bunch of e* is distributed isotropically and in a small
solid angle their distribution is expected to be Poissonian, namely
following the probability mass function given by Eq. (1):

n

P(n) = % et )

where n is the number of gammas measured for each event in the
fraction of solid angle 622/ defined by the detector and 4 is the mean
value of such number, that is A = N - §22/Q, where N is the total flux
of gamma rays emitted by positron annihilation for each accumulator
spill.

For the present measurements we have used a 2" x 4" Nal crystal
coupled to a spectroscopy photomultiplier tube (PMT) (Scionix Hol-
lande, 51 B 102/2M-E1 assembly), the detector being placed inside a
5 c¢m thick lead collimator with an entrance hole of 2 cm diameter. In
such way only the central part of the detector is irradiated in order
to optimize the full energy peak efficiency. The detector has been
calibrated, at first, with single photons emitted from a *’Na source so

1 A calibrated NaIl+PMT detector has been used to estimate the intensity
of the continuous beam. The Nal detector has been calibrated by using
a calibrated ?Na radioactive source placed at different distances from the
detector. The threshold of the pulse amplitude discriminator has been set in
order to acquire only 511 keV excluding Compton and 1274 keV gammas.
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Fig. 3. Signal detected with the Nal detector (black curve). The amplitude of 60 mV
corresponds to the detection of 3 gamma rays of 511 keV. The gray curve is the trigger
signal (divided by a factor 100) used to dump positrons from the accumulator.

that it would deliver a 20 mV signal for a gamma ray of 511 keV. The
detector has been then set at a distance of 145 cm from the closed gate
valve at the exit of the accumulator, defining a geometrical acceptance
of 6Q2/0Q =1.18-107 (see Fig. 1). The alignment has been done with a
laser pointer. A series of test runs were made with the AEgIS positron
system in order to verify the presence of signals multiple of 20 mV.
Signals of 20,40,60,80 mV amplitude were observed and ascribed to
the detection of 1, 2, 3, 4 gammas, respectively. Only a few events
with amplitude not being a multiple of 20 mV were recorded. They
were excluded from the statistic when their amplitude was more than
+10% out of the closest multiple of 20 mV. A signal corresponding to
the detection of 3 gammas with energy of 511 keV is reported in Fig. 3.

Complete GEANT 4 simulations have been run to better interpret the
experimental tests. PENELOPE physics (G4EmPenelopePhysics Class
Reference) has been used to simulate two different geometries: the full
geometry of our apparatus and the case of detector + lead collimator
without other structures around (see Fig. 4a). For each simulation, 5
10° gamma rays at 511 keV have been generated at a distance of 145
cm from the detector front surface. The energy spectra simulated using
the two geometries are reported in Fig. 4b. In both the configurations,
the signal of the 511 keV events is predominant explaining why many
measured signals were multiple of 20 mV. In the case of the simulation
in the detector + lead collimator configuration, the ratio between the
counts in the full energy peak and the number of 511 keV gammas in
the solid angle determined by the collimator gives a direct estimation
of the full energy peak efficiency at 511 keV of our detector (0.64, in
agreement with the indication given by tests with the ?>Na radioactive
source).

The introduction of the full geometry in the simulation produces
a decrease of the 511 keV photopeak amplitude due to the attenua-
tion given by the material interposed between the detector and the
positron annihilation spot. By comparing the number of counts in the
photopeaks in the two simulated geometries, the gamma attenuation
factor results y, = 0.137. This value is in good agreement with a cross
check estimation done considering the materials placed between the
accumulator exit and the detector (a stainless steel flange of 2 cm, the
steel valve plate of about 1 cm, and about 3 mm of steel which is the
phosphor holder installed in the Ps test chamber) and their attenuation
coefficients at 511 keV [32]. The introduction of the full geometry also
results in the increase of the counts on the left of the 511 keV photo-
peak. This effect is ascribable to the presence of Compton gamma rays
scattered towards the detector from the surrounding materials [33,34].
As in the experimental tests we counted in the photopeak all the signals
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with an amplitude multiple of 20 mV + 10%, even Comptons with an
energy above 460 keV (corresponding to an amplitude of 18 mV) were
recorded. From the simulation, one can observe that, of all the events
with energy above 460 keV, 15% belong to scattered Comptons and
85% are in the 511 keV photopeak. Taking into account this effect, the
simulations indicate that the effective detection efficiency at 511 keV
in our experimental tests is 0.75 = 0.64/0.85.

At this point, measurements of amplitude distribution were per-
formed and compared with the Poisson distributions of Eq. (1) in order
to extract the average number of gammas emitted per spill of the
accumulator.

3. Results and discussion

A first run of 100 measurements has been performed storing for each
measurement 100 pulses in the accumulator and spilling them.

The results of such measurements are shown in Fig. 5 (plotted in %
probability). The experimental distribution well represents a Poisson
one and is compatible with an average number of photons between 3
and 4. The best fit according to Eq. (1) gives 1 = 3.4 + 0.2 (reduced y?
=0.31).

Taking into account the correction factors for attenuation (n, =
0.137), geometrical acceptance (62/2 = 1.18 - 1073), folding the ex-
perimental results with the values of detection efficiency and Compton
contribution yielded by the GEANT4 calculation (e5;; ey = 0.75, see
previous section) and considering that an e* annihilation produces 2
gammas (gamma multiplicity = e, = 2), the number of positrons at the
exit of the accumulator can be calculated as:

A

N+ = (2)
¢ Hy - 0R2/Q €, - €51] Kev

that turns out to be N,» = (1.4 + 0.2) - 10°. The reported error
takes into account also the probability of detecting simultaneously 2
Compton whose sum of energy coincidentally is exactly (511 + 50) keV
and that can be confused with a real 511 keV event. According to the
GEANT4 calculation, this contribution is less than 3% of the detected
events.

A second set of measurements accumulating 1000 trap pulses for
each spill has been performed. Also in this case 100 measurements were
carried out. We performed some tests in exactly the same conditions as
the preceding run obtaining signal amplitudes compatible with more
than 20 gammas. During these test runs it was noticed that:

1. The Poisson distribution for mean values larger than 10 is very
broad.

2. The preliminary tests showed that the detector response is not
linear for a flash of gammas larger than 15.

3. Repositioning and re-aligning the detection system, in order to
reduce the geometrical acceptance, would be a rather challeng-
ing task.

Therefore we decided to keep the original geometrical acceptance
and introduce an additional absorber made of thin calibrated sheets
of lead in order to attenuate the flash of gamma rays reaching the
detector at each spill. A lead absorber of 14.8 mm was then placed
at the end of the Ps test chamber (see Fig. 1) equivalent to 4 halving
lengths for 511 keV gammas, thus giving an attenuation factor of 1/16 =
0.0625 [32]. In this way the number of gammas reaching the detector
at each accumulator spill was again of a few units. The experimental
distribution for 1000 trap pulses is shown in Fig. 6.

The experimental distribution fits a Poisson with a mean value 4 =
3.7+0.1 (reduced y2 = 0.07). Applying Eq. (2) with proper correction
factors (;47 = original attenuation - additional attenuation = 0.137 -
0.0625, 52/2 =1.18-107%, ¢, = 2 and €5} yey = 0.75) we obtain that at
each spill of 1000 trap pulses the accumulator delivers (2.4 + 0.2)-107
positrons. In Fig. 7, the two values of positron number estimated at
100 and 1000 pulses with the Poisson method are compared to the
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Fig. 7. The e* number estimated with the Poissonian method detailed in the text for
100, 400, 600 and 1000 trap pulses (black squares) compared to the values (reported
in Fig. 2) measured with the calibrated CsI(T]) detector + photodiode (gray squares).
Statistical errors are reported.

results obtained with the CsI(T1)+photodiode method. Two more values
estimated with the Poisson method at 400 and 600 pulses are reported
in the plot.> A reasonable agreement between the results achieved with
Poisson and the CsI(Tl)+photodiode method has been found.

4. Conclusions

The intensity of positron bunches produced by the AEgIS positron
system has been measured with a technique based on the Poisson
distribution that characterizes the number of emitted gamma rays into

2 Due to the impossibility to place the Nal(Tl) detector exactly in the same
position as during the previous two measurements, three Poisson distributions
have been acquired in a different position at 100, 400 and 600 pulses and the
relative 4 values have been extracted. The new position resulted in a value of
4 <1 for 100 pulses. This allowed to appreciate the Poisson distribution even
at 400 and 600 pulses without the introduction of any further attenuator. The
found value of A at 100 pulses in the new position has then been normalized to
the positron number values at 100 pulses of the previous set of measurements.
The values of positron number for 400 and 600 pulses have been rescaled
accordingly. The obtained values for 400 and 600 pulses are reported in Fig. 7
with the relative propagated errors.
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a solid angle covering a small fraction of the 4 sphere. The measure-
ments have been performed with a 2” x 4” Nal crystal + PMT. The
detector was placed inside a lead collimator with an entrance hole of 2
cm diameter in order to maximize the full energy response of the system
to 511 keV gamma rays. The number of positrons estimated with this
technique is in reasonable agreement with the results of measurements
carried out with a calibrated CsI(T1) detector giving a valid cross check
of previous estimations.

The described Poissonian method requires many spills from the
accumulator and thus a rather lengthy measurement. However this is
compensated by the possibility of monitoring the number of positrons
annihilating in different positions of a complex apparatus like the one
of AEgIS that are too difficult to reach with other devices. Thanks to the
small dimension of the needed equipment and reduced constraints of
the Poissonian technique the intensity of bunches can be evaluated in
practically all the positron annihilation sites such as valves, degraders
and surfaces of inner devices and actuators. As the described Poissonian
method works in the low gamma density regime, it can be applied also
in presence of thick layers of attenuating materials interposed between
the source of the burst and the detector where other methods working
in the regime of many simultaneous gammas (like the one based on
Cs(T1) + photodiode) fail. This is, for example, the case of the external
monitoring of the number of positrons in a burst annihilating inside
superconducting magnets like the ones used in the experiments dealing
with antihydrogen formation [16,35-37].
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