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Abstract: Experimental determinations of the detection efficiency for positrons impacting a chan-
nel electron multiplier with incident energies between 0–1400 eV are presented. A log-normal
dependence with energy is established and used to compute the positron-to-positronium detection
efficiency ratio as a function of positronium energy, as required for determining quantities involving
the ratio of positron and positronium rates. A log-normal energy-dependence is also observed in
results of previous work with electrons, protons and ions.
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1 Introduction

Channel electron (𝑒−) multipliers are important tools in the detection of particles in a variety of
environments on Earth [1] and in space [2]. The detection efficiencies of such devices, from the
impact of ions, atoms and molecules, have been studied extensively and predictive relationships,
with energy, velocity or mass of the incident projectiles, proposed ([3–6] and references therein). In
the case of positrons (𝑒+), investigations of the single channel electron multiplier (CEM) detection
efficiency (𝜀𝑑+ ) available in the literature are scarce, covering impact energies 50–1200 eV [7] and
3–30 keV [8].

For positronium (Ps), the short-lived 𝑒−−𝑒+ bound-state, direct determinations of the detection
efficiency (𝜀𝑑Ps) are limited to channel-electron-multiplier-arrays (CEMA) and impact energies
between 13–33 eV [9, 10] where it was found to be consistent, within errors, with that for equivelocity
𝑒+, i.e. 𝜀𝑑Ps was approximately equal to 𝜀𝑑+ evaluated at 𝐸Ps/2 where 𝐸Ps is the Ps kinetic energy.

The ratio of 𝑒+ and Ps detection efficiencies, 𝑅𝑑 = 𝜀𝑑+/𝜀𝑑Ps, is required, for example, to determine
absolute cross-sections for differential Ps-formation [11, 12] and Ps fragmentation in collision with
atoms [10, 13]. Whilst the absolute magnitudes of 𝜀𝑑+ and 𝜀𝑑Ps depend on the detector, its age
and the electronic settings of the system, the ratio 𝑅𝑑 has been found in general not to change
significantly [14].

Following a brief description of the apparatus, new experimental determinations of 𝜀𝑑+ are
presented and compared with previous work [15–17] for incident energies between 0–1400 eV.
Systematic effects are understood with the aid of simulations, allowing the data to be reconciled
into a single curve that shows a clear log-normal energy dependence [18]. 𝑅𝑑 is extracted by first
fitting a log-normal function to current and previous 𝜀𝑑+ in combination and then implementing
the equivelocity relationship to determine 𝜀𝑑Ps [9, 10, 19]. The energy dependence of the detection
efficiency of 𝑒+ [7], 𝑒− [20], protons [21] and positive ions [6, 21] from previous investigations are
also examined and found to be well described by log-normal functions.
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Figure 1. Schematic diagram of the detection system, comprising a CEM and four 90% transmission tungsten
grids R1, R2, R3 and R4, the latter connected to the cone to minimise ®𝐸 × ®𝐵 effects. Equipotential contours
(solid) are shown for the case 𝑉R4 = −70 V, in steps of 5 V inside the cone. Trajectories, simulated in
SIMION, are illustrated for two 𝑒+ (solid with arrowhead) along with that for an SE (dashed with arrowhead)
liberated from R4 due to 𝑒+ reflected by 𝑉 (𝑥) (see text).

2 Detectors & method

The 𝑒+ beam lines at UCL have been described in detail elsewhere, e.g. [16, 22]. Briefly, 𝛽+

particles from the decay of 22Na are moderated by a thin layer of rare gas (Kr or Ne) frozen directly
onto the source capsule or by an annealed W grid, producing slow 𝑒+ that are accelerated by a
variable positive potential applied to the moderator and confined radially by an axial magnetic field.
An ®𝐸 × ®𝐵 filter separates the 𝑒+ beam from fast particles and removes the line of sight between
source and detectors. The beam line described in [22] is also used to generate a Ps beam.

𝑒+, 𝑒−, ions, Ps and other neutral particles can be detected through the multiplication of
secondary electrons (SE) released upon impact with an emissive surface. In the case of a CEM,
the surface of initial impact takes the form of a cone with base diameter large compared to that of
the channel. For the detection of charged particles, typically a potential of opposite polarity to the
projectile charge accelerates them into the emissive layer coating the cone and channel, releasing SE.
A positive bias applied to the back of the CEM (𝑉back) then causes SE to impact the emissive layer,
releasing yet more SE. The channel geometry ensures many impacts occur, causing an avalanche of
SE that are collected at the end of the channel by a positively-biased electrode, generating a current
pulse that can be amplified and detected.

The CEM employed in this study is a KBL25RS/90 CEM from Dr. Sjuts [23] with 25 mm
diameter cone, placed behind four W grids through which the beam travels, as shown in figure 1.
For detection of 𝑒+, R1 is grounded and the grids R2 and R3 are typically held at𝑉R2 = 𝑉R4 −150 V
and 𝑉R3 = 𝑉R4 − 50 V respectively, to reflect SE emitted from the CEM surface towards the grids,
thereby increasing the detection efficiency. R4 is connected to the edge of the cone and therefore
all potentials are set by 𝑉R4. 𝑉 (𝑥), where 𝑥 is the point of impact on the surface of the cone, is the
linearly increasing potential from the base to the apex of the cone [24].
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Figure 2. Present 𝜀𝑑+ measurements obtained using a CEM with 25 mm diameter cone as a function of 𝐸+
with grids R2 and R3 biased (filled symbols) and grounded (cross, plus and star symbols) alongside previous
measurements using a CEM with 10 mm diameter cone (hollow up triangle) [15, 16] and (hollow down
triangle) [17]. Also shown in the inset are simulation results, normalised to peak of unity, for 𝑒+ interacting
with the grids and 25 mm CEM cone with voltages applied to R2 and R3 with (solid line) and without (dashed
line) accounting for 𝑉 (𝑥) (see text), and with R2 and R3 grounded and 𝑉 (𝑥) (dot-dashed line).

Positrons are detected by impact with the CEM in coincidence with an annihilation 𝛾-ray
registered by a CsI scintillator located behind the CEM, e.g. [22]. 𝜀𝑑+ can be determined by
performing coincidence measurements between the CEM and the CsI, and is given by 𝜀𝑑+ = 𝑁𝑐/𝑁𝛾

where 𝑁𝑐 is the coincidence rate and 𝑁𝛾 the count rate recorded simultaneously on the CsI detector,
with both quantities net of backgrounds, e.g. [25].

The 𝑒+ impact energy (𝐸+) can be controlled by either maintaining a fixed negative potential
applied to the cone (𝑉R4) and varying the incident 𝑒+ beam energy (𝐸inc), or by keeping 𝐸inc constant
and varying 𝑉R4. In the present study, to keep the 𝑒+ beam intensity approximately constant across
the energy range investigated, the latter method was employed. In both cases the 𝑒+ energy at R4 is
given by 𝐸+ = 𝐸inc − 𝑒𝑉R4.

3 Results & analysis

3.1 Experimental measurements

New measurements of 𝜀𝑑+ as a function of 𝐸+ are shown in figure 2 alongside previous work of
Cooke et al. [15, 16] and Laricchia et al. [17], both employing a CEM with 10 mm diameter cone. For
shape comparison, the data of Laricchia et al. were normalised to the mean of Cooke et al. around
the peak and the current data normalised to Cooke et al. at ' 300 eV. The different filled symbols
correspond to measurements under slightly different experimental conditions (axial magnetic field,
𝐸inc, etc.). Reasonable agreement is found amongst those with voltages applied to R2 and R3 and,
separately, those with R2 and R3 grounded.

For𝐸+ between 0.1–1.4 keV, 𝜀𝑑+ increases with energy up to a peak at' 450 eV before decreasing
slowly towards higher energies. Additionally, 𝜀𝑑+ is found to increase below ' 0.1 keV. This feature
has been reproduced in a Monte Carlo simulation of 𝑒+ impacting the W grids and CEM [19], the
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Figure 3. Current and previous [15–17] 𝜀𝑑+ determinations (symbols as in figure 2) shifted by 74 eV and
23 eV, as determined by simulation for 25 mm and 10 mm diameter CEM cones, respectively (see text).

results of which for a 25 mm diameter cone with R2 and R3 biased and with both grounded are
shown in the inset of figure 2. Besides those produced upon impact with the cone, SE are also
generated from 𝑒+ impacting the grids, that are then accelerated into the cone at increasing energies
as |𝑉R4 | is reduced. The detection efficiency is related to the SE yield from the cone, which for a
range of materials has been found to follow a log-normal distribution [26], and rises sharply as 𝐸+
increases. SE generated at R4 are always accelerated towards the CEM because the cone is positive
with respect to R4, thus contributing to the non-zero offset in 𝜀𝑑+ . When R2 and R3 are grounded,
the rise of 𝜀𝑑+ towards lower 𝐸+ is reduced because SE from these grids are reflected by 𝑉R4.

A displacement in energy is noted between measurements of the current work employing a
CEM with a 25 mm diameter cone and the previous work performed with a 10 mm diameter cone.
Results of simulation (inset of figure 2) for a 25 mm cone, have confirmed the shift to be due to𝑉 (𝑥)
which gives an effective impact energy 𝐸eff = 𝐸+ − 𝑒𝑉 (𝑥). The observed shift is related to 𝑉 (𝑥)
averaged over the illuminated part of the cone 〈𝑉 (𝑥)〉. In all measurements, the gain, set by the
voltage across the CEM (𝑉back − 𝑉R4), was kept constant as 𝑉R4 was varied, therefore 〈𝑉 (𝑥)〉 was
fixed for a given cone geometry. Shifts of ' 74 eV and ' 23 eV were determined by simulation for a
centred 4 mm diameter 𝑒+ beam impacting the 25 mm and 10 mm diameter cones, respectively [19].

Figure 3 shows 𝜀𝑑+ shifted by the amounts determined from simulation. The rise of 𝜀𝑑+ at
negative 𝐸eff , can be understood as being predominantly due to 𝑒+ that are reflected by 𝑉 (𝑥),
subsequently colliding with the grids and generating SE that impact the cone, as illustrated in
figure 1.

3.2 Statistical description

General relationships between impact energy and detection efficiency have been investigated pre-
viously for ions, through scaling of the energy by velocity [5] and mass [3, 6]. Seah et al. [4], in
their model approach, scaled by the energy of maximum efficiency. Here, for 𝜀𝑑+ , we are guided
by recent findings regarding the log-normal distribution as a description of inelastic collisions as
a function of the excess energy 𝐸 ′ = 𝐸 − 𝐸th, where 𝐸th is the threshold energy for the process
under consideration [18]. In the present case, 𝐸 = 𝐸eff and the threshold for detection is the work

– 4 –



2
0
2
2
 
J
I
N
S
T
 
1
7
 
P
1
1
0
2
6

Figure 4. Log-normal fit (solid line, 𝑅2 = 0.97) to 𝜀𝑑+ for biased grids of figure 3 with the work function of
the detector surface deducted (bullets). Also shown are 95% confidence (dotted line) and prediction (dashed
line) bands. In the inset, this result is compared with the log-normal fit (dashed line) to 𝜀𝑑+ obtained with
grounded grids in combination with the high energy points of [17]. The fit parameters in both cases are listed
in table 1.

function (𝜙) of the CEM surface, estimated as 4.5 eV based on the Ni and Pb content of the cone
material [27]. Figure 4 shows a 4-parameter log-normal fit, of form

𝑓 (𝐸 ′) = 𝑦0 +
𝑎

𝐸 ′ exp

−
1
2
©­­«
ln

(
𝐸′

𝑥0

)
𝑏

ª®®¬
2 , (3.1)

to the positive 𝐸 ′ data obtained with biased grids, together with 95% confidence and prediction
bands. In the inset, the fit is compared with that obtained from measurements with R2 and R3
grounded in combination with the high energy points of [17]. The parameters extracted from both
fits are listed in table 1. The non-zero value of 𝑦0 reflects the constant contribution to the detection
efficiency from SE released from the grids in both cases. It is smaller when R2 and R3 are grounded
as only R4 contributes SE in this case.

The detection efficiency ratio 𝑅𝑑 = 𝜀𝑑+/𝜀𝑑Ps as a function of 𝐸Ps is shown in figure 5. It
was determined from 𝑓 (𝐸 ′) and the extracted fit parameters by setting 𝜀𝑑+ as the mean positron
detection efficiency between 250–600 eV, corresponding to the range of beam energies typically
used in fragmentation and differential Ps-formation cross-section measurements [10–12], and by
extracting 𝜀𝑑Ps using the equivelocity relationship [9, 10, 19].

In figure 6(a), detection efficiencies determined in previous work for 𝑒+ [7], 𝑒− [20] and
protons [21, 23] are shown. Because of insufficient information, the data are plotted versus the
nominal energy 𝐸 rather than 𝐸 ′ = (𝐸 − 𝑒𝑉 (𝑥) − 𝜙). Although there are considerable discrepancies
among measurements for 𝑒− reported in the literature, those of Bordoni [20] broadly agree with
the results of Philips [21] and Dr. Sjuts [23] (not included in the figure for clarity). Figure 6(b)
displays the detection efficiency for Ne+, Ar+, Kr+, Xe+, and the combinations O+

2 and O+, and N+
2

and N+, determined by Krems et al. [6]. Due to the lack of biased grids, no offset was expected in
the results of Sueoka [7], Krems et al. [6], Philips [21] and Bordoni [20], therefore a 3-parameter

– 5 –
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Figure 5. 𝑅𝑑 as a function of 𝐸Ps (solid). The standard error, propagated from the uncertainty of the fit
parameters, is also displayed (dashed).

Figure 6. (a) Detection efficiencies as a function of nominal energy (see text): 𝑒+, Sueoka [7] (diamond);
𝑒−, Bordoni [20] (square); protons, Philips [21] (up triangle). Also shown are log-normal fits (lines) to the
corresponding data: 𝑒+ (dot-dashed); 𝑒− (dashed); protons (dotted). (b): positive ion detection efficiencies
of Krems et al. [6]: O+

2 and O+ (circle); N+
2 and N+ (down triangle); Ne+ (up triangle); Ar+ (square); Kr+

(diamond); Xe+ (star), alongside log-normal fits to the corresponding data: N+
2 and N+ (long dashed); O+

2 and
O+ (short dashed); Ne+ (dotted); Ar+ (dot-dashed); Kr+ (solid); Xe+ (double-dot-dashed). The parameters
extracted from the fits are listed in table 1.

log-normal function was used and found to describe the data well, except at low energies where
deviations may be noted arising from the use of 𝐸 rather than 𝐸 ′. The extracted fit parameters are
included in table 1.

4 Conclusions & outlook

Experimental determinations of the CEM 𝑒+ detection efficiency have been presented for energies
between 0–1400 eV. A log-normal energy dependence of the detection efficiencies of 𝑒+, 𝑒−, protons
and ions has been established. The ratio of the 𝑒+ and Ps detection efficiencies has been extracted
using a log-normal fit to current and previous CEM 𝑒+ detection efficiency measurements in com-
bination with the equivelocity relationship [9, 10, 19] and with typical voltages applied to the CEM
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Table 1. Parameters extracted from log-normal fits to 𝜀𝑑+ of the current work, shown in figure 4, and those
from previous studies, shown in figures 6(a) and 6(b). The 3-parameter log-normal (equation (3.1) with
𝑦0 = 0) was fit to data in all cases except those from this study where the 4-parameter function was applied
due to the constant contribution to 𝜀𝑑+ from R4.

Projectile 𝑎 𝑏 𝑥0 𝑦0

𝑒+ (biased grids) (5.50 ± 0.82) × 102 1.53 ± 0.07 (4.51 ± 1.05) × 103 0.17 ± 0.02
𝑒+ (grounded grids) (8.00 ± 1.61) × 102 1.65 ± 0.09 (6.91 ± 2.28) × 103 0.10 ± 0.02

𝑒+ [7] 1.10 ± 0.12 1.03 ± 0.08 1.81 ± 0.36
𝑒− [20] 12.1 ± 4.2 2.79 ± 0.11 (5.84 ± 3.87) × 102 -
Protons [21] 91.4 ± 2.8 1.90 ± 0.02 (7.11 ± 0.45) × 102 -
O+

2 and O+ [6] 2.00 ± 0.17 1.29 ± 0.04 4.95 ± 0.64 -
N+

2 and N+ [6] 1.58 ± 0.18 1.21 ± 0.06 3.49 ± 0.65 -
Ne+ [6] 3.48 ± 0.10 1.38 ± 0.01 10.0 ± 0.4 -
Ar+ [6] 4.03 ± 0.29 1.41 ± 0.03 13.2 ± 1.4 -
Kr+ [6] 4.94 ± 0.49 1.49 ± 0.03 17.3 ± 2.4 -
Xe+ [6] 10.2 ± 2.4 1.58 ± 0.07 41.7 ± 13.6 -

cone and grids. The goodness of the log-normal fits (𝑅2 ≥ 0.95) to data for a variety of projectiles
with different charge and mass provide additional evidence in support of the conclusions drawn by
Laricchia et al. [18], that such a statistical function may also describe the energy dependence of
inelastic collisions at the quantum level.
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