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Abstract
Slow positrons are generated from a 22Na source and cone-shaped solid neon moderator and
extracted as a magnetically guided beam. Measurements are presented for the mean parallel and
perpendicular energies and the radial distribution of the beam particles. Over a distance of 7 m,
where the magnetic field B varies from 0.005 to 0.12 T, the beam transport is found to be
adiabatic for mean energies up to 50 eV. Non-adiabatic effects, evidenced by an increase in
energy in motion perpendicular to B, are observed at larger transport energies. The implications
of these observations for buffer-gas positron traps and other positron-transport beamlines are
discussed.
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1. Introduction

The interaction of low-energy positrons with matter are
important in many areas, including atomic and molecular
physics, material science, astrophysics, and medicine [1–4].
However, much less is known about positron interactions
with matter as compared with analogous electron interactions.
This is primarily due to the difficulties in obtaining sufficient
numbers of positrons for such studies.

Positrons for laboratory experiments can be obtained
from radioisotopes or from electron–positron (‘pair’) pro-
duction due to bremsstrahlung of accelerated electron beams
[5, 6]. In both cases, they have a broad energy spectrum (e.g.
hundreds of keV) which frequently must be reduced to lower
mean energies (∼eV) before they are useful for atomic phy-
sics and other studies. This is typically achieved by allowing
them to lose energy in a ‘moderator’ material [7, 8]. A key
consideration determining the combined source and mod-
erator utility is the extent of the emitted slow positrons in
phase space; namely the spatial extent and distribution in
velocity space, which can vary considerably based on the
moderator material.

Many materials have been used to produce slow posi-
trons in vacuum, including single-crystal or polycrystalline
metals (e.g. tungsten, copper or nickel) [9–12] and thin layers

of a rare-gas solid at cryogenic temperatures [13–17]. The
major difference between metal and rare-gas moderators is
that metals provide better energy resolution than the solid rare
gases [18], but rare gases are more efficient [19–22]. Solid
neon has been found to have the highest efficiency of any
moderator developed to date. This efficiency depends upon
moderator geometry. In particular, a conical shape is prefer-
able to a cup [18], and so the former arrangement is now used
extensively.

The combination of a 22Na radioisotope source and solid-
neon moderator is very well suited for operation with buffer-gas
positron traps (BGT). In this case, positrons with appreciable
energy spread (e.g. ΔE∼±2 eV) can be captured efficiently,
while the beam exiting the trap has a much smaller energy
spread (ΔE�50 meV). Such BGTs are now used worldwide
in a variety of experiments, including the creation and study of
antihydrogen [23–26] and dense gases of positronium (Ps)
atoms [27], formation and study of the positronium molecule
[28], scattering and annihilation experiments [29, 30], and the
creation of a new generation of Ps beams [31–33].

In spite of their utility, there have been few systematic
studies of the beam-energy and spatial distributions of slow
positrons from neon cone moderators and of the parameters
that determine the quality of the resulting positron beam. A
better understanding of the spatial and energy distribution (i.e.
the mean parallel and perpendicular energies) of the moderated
beam can be expected to increase the utility of such sources for
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a number of applications, particularly those employing BGTs
[34]. In particular, the most useful beams will have small
transverse spatial extent and a narrow energy spread in both the
perpendicular and parallel directions to the magnetic field,
either when used alone or to feed BGTs.

Many techniques have been developed over the years to
study the energy distributions of magnetically guided electron
beams from various sources (e.g. [35–37]). Typically these
beams have much higher currents (μA to mA, compared to
the sub-pA currents from the typical positron beam source),
and so many electron-beam analysis techniques are not pos-
sible for positron beams. However, virtually all of them rely
on the use of the magnetic-moment adiabatic invariant to
investigate the underlying energy distribution.

Presented here is a study of slow positron beam forma-
tion and measurements of both the mean parallel and
perpendicular energies of a magnetically guided beam from a
22Na source and solid-Ne cone moderator. The radial dis-
tribution of the beam is measured and placed on an absolute
scale relative to the point of emission at the moderator cone.
The important role of adiabaticity in in analyzing the beam
energy distribution is also studied.

This paper is organized as follows. Section 2 discusses
the experimental details, including description of the source
and cone moderator. Section 3 discusses the regime of adia-
batic positron transport in the beam line and measurements
that it enables. Section 4 describes measurements and analysis
for the spatial and energy distributions of the beam, and
section 5 discusses nonadiabatic transport effects and the role
they play in modifying the beam energy distribution. The
paper ends with a summary and some concluding remarks.

2. Experimental details

2.1. Source and cone moderator

As shown in in figure 1, the sealed 22Na radioactive source
(activity ∼6 mCi2) is placed next to a gold-plated Cu cone-
shaped cap (figure 2). The cone and source are attached to the
second stage (∼8 K) of a cryo-cooler by a sapphire washer

Figure 1. (a) Schematic of the positron beam line showing the 22Na source (S), beam tube (BT), buffer gas trap (BGT), cryogenic beam-tailoring
trap (CBT), retarding potential analyzer (RPA), annihilation cell (AC), gamma-ray detectors D1 and D2, CCD camera (C) and phosphor screen
(PS). (b) Height of the beamline from the center of the source to the phosphor screen; (c) the total magnetic field B along this flux line; and (d)
the calculated adiabatic parameter γ. The red sold lines and blue dash lines in (d) correspond to 80 and 30 eV positrons respectively.

2 The Source was Purchased from iTemba Labs (National Science
Foundation, South Africa), It was Originally 50 mCi in Strength and
Encased in their ‘Small-Capsule’ Container.
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which provides good thermal conductivity and electrical
insulation. This permits electrical biasing of the moderator,
which in turn sets the energy of the slow positrons extracted
from the moderator. The cone and source are placed inside a
Cu heat shield which is attached to the first stage of the cryo-
cooler (∼50 K). Neon gas is injected through a small hole in
the heat shield and freezes on the cone. The Ne gas pressure is
controlled via a piezoelectric valve. The Ne gas is allowed to
flow for few minutes (product of pressure times time
∼10 mTorr min). This empirically determined procedure is
found to give the highest flux of slow positrons. Approxi-
mately 2 mTorr for 5 min yields ∼1×106 e+/s (efficiency
∼0.5% which is typical for these sources [20, 38]).

2.2. The positron beam line

Slow positrons from the moderator are magnetically guided.
They have energy spreads of a few electron volts FWHM
[20, 40]. Using this beam as input, BGT based positron beams
have been developed with significant improvements in beam
energy resolution [41, 42] as compared, for example, to
remoderated beams using Ni(100) crystal at 77 K [43]. The
apparatus used here is shown in figure 1. The source and
moderator are connected to a beam tube and gate valve. A
gamma-ray detector measures the flux of moderated positrons
when they annihilate on the closed gate valve (D1 in figure 1(a)).

Besides the moderated positrons, high-energy positrons
that are not moderated (e.g. >1 keV) are also emitted by the
source. A small vertical magnetic field is used to raise the
center of the beamline after the moderator (figure 1(b)) to
filter them out. The energetic positrons fail to follow the field
and annihilate on the chamber walls.

The beam is then magnetically guided through a BGT, a
cryogenic BGT, a retarding potential analyzer (RPA), an
annihilation cell, and finally to a phosphor screen. Other than
using the RPA for the energy measurements described below,
none of the other elements after the beam monitor D1 and
before the phosphor screen are used for the experiments
described here.

2.3. Phosphor screen and camera

The slow positrons follow the magnetic field, since the positron
gyro-radius (e.g. r ~+ 0.1 mme for 1 eV perpendicular energy
at 30mT) is much smaller than the spatial scale of the cone (i.e.
∼mm). A phosphor screen is located ∼6.9 m from the source.
The CCD camera is focused on the screen through a view port
at the end of the beam line. The screen is electrically biased at
+6 V to prevent loss of secondary electrons. The camera
detects the luminescence produced when positrons impinge on
the screen [44]. As discussed in detail below, an annular pattern
is observed as indicated in figure 3. This is qualitatively similar
to ring-shaped patterns observed previously from neon cone
moderators [17, 38, 45, 46].

2.4. Retarding potential analyzer

The RPA, shown in figure 1(a), is a cylindrical electrode with
aspect ratio (length to diameter) ∼3. It is used to obtain details
of the parallel energy distribution of the beam; and in part-
icular, to measure the mean and standard deviation, E and σP,
of the parallel energy.

A sequence of integrated camera images of the trans-
mitted beam is obtained. For each image, the RPA is first set
to a static voltage while the beam is blocked upstream. The
camera is then triggered, the blocking voltage is removed, and
the light integrated for 60 s, after which the blocking voltage
is reapplied. The RPA voltage is then changed, and the pro-
cess is repeated. Poloidal averages (i.e. circular rings on the

Figure 2. Schematic diagram of the 22Na source (red filled circular
section with thickness 0.1 mm and sealed using an 8 μm thick
titanium window) and cone-shaped moderator with the location and
frozen Ne gas on the surface indicated in blue. The cone angle
θ=10.3°. The height of the conical section is z0=11 mm, and the
radius r varies from 2 to 4 mm. The source is located z1=1.3 mm
from the base of the cone [39].

Figure 3. (a) Image of the luminescence on the phosphor screen for
beam transport energy of 30 eV. The magenta circle is the periphery
of the screen (diameter 19 mm; pixel size 0.32 mm). The intensity
distribution indicates that an annular positron beam distribution is
generated from the cone moderator. (b) and (c) are the vertical and
horizontal slice passing through the center of the annulus. The peak
to peak distance gives an annulus diameter of 4.0±0.3 mm. The
red and green dash–dot lines indicate the outer edges of the
moderator cone (±4 mm in figure 2). The low-intensity pattern
outside this region is likely due to diffuse light from the
luminescence [47] .
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phosphor screen) are then performed. Adding all rings toge-
ther gives the total luminance. The charge on the phosphor
screen is also measured using a charge-sensitive amplifier to
get the absolute positron flux, and this is used to calibrate the
luminescence signal. A second gamma-ray detector (D2 in
figure 1(a)) is located perpendicular to the phosphor screen. It
detects the gamma rays from positron annihilation on the
screen and is also used to measure the total positron number.

3. Adiabatic positron transport

In a spatially varying magnetic field, when the time variation
of the field is slow in the frame of the moving particle, the
magnetic moment

m =
Ê

B
1( )

is an adiabatic invariant, where Ê is the energy associated
with the positron gyro-motion [48]. An adiabaticity parameter
γ can be defined as the fractional change in B in one positron
gyration in the field [49] e.g.

g
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with τc=2π/ωc, where ωc=eB/m is the cyclotron fre-
quency, =v E m2z  , and m and e are the positron mass and
charge. Thus
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where E is the component of positron energy associated with
motion parallel to the magnetic field. Qualitatively, adiabatic
positron transport will hold if γ=1 and be broken
when γ?1.

Measurement of Ê variations as a function of beam
energy, while keeping the source magnetic field (Bs) constant,
can be used to study adiabatic invariance. Such an analysis for
a room temperature (25 meV) BGT-based positron beam is
discussed in [50, 51]. In that work, measurement of the
perpendicular energy was used to measure the cooling of
positrons in a buffer-gas-trap and to investigate ways to
minimize the energy spread of the ejected beam. In that
context, the E and Ê distributions were well described by
Gaussian and Maxwell–Boltzmann distributions respectively.

The total beam energy distribution f (Et) was obtained by
convolving the joint energy distribution of parallel and
perpendicular energies f (EP, E⊥) with an energy conserving
delta function δ(EP+E⊥−Et). The result was an exponen-
tially-modified Gaussian distribution (EMG) ((equation (5) of
[50]), although the parallel and perpendicular energy dis-
tributions can change along the beam path, the total energy
distribution will be a constant, since the changing magnetic
field cannot alter the energies of the particles, only redis-
tribute it between the motion parallel and perpendicular to B.

The moderated positron beam experiences variations in B
over the 7 m path. Adiabatic transport and equation (1) imply

=  =^ ^
^ ^

E

B

E

B
E ME , 4R

R

S

S
R S ( )

where M≡BR/BS is the magnetic mirror ratio, Ê S and Ê R

are the mean perpendicular energies at the moderator (source)
and RPA. Conservation of energy implies

= + ^E E E , 5t R R ( )

where E R is the mean parallel energy at the RPA. Sub-
stituting equation (4) into energy conservation equation (5),
results in the following linear dependence of E R on M

= - ´ +^E E M E . 6R S t( ) ( )

Thus, in the regime in which adiabatic transport is valid,
measurement of E R as a function of M yields a measurement
of Ê S (i.e. the slope of the curve).

4. Measurements and analysis

4.1. Radial distribution

An example of the luminescent intensity on the phosphor
screen for a 30 eV positron beam is shown in figure 3 for a
10 min exposure. The relatively long exposure time enhances
a low-intensity background glow and thus enables imaging of
the entire phosphor screen. When combined with the known
magnetic field ratio between the source and the phosphor
screen, this permits a spatial calibration of the image. The
total luminescence is calibrated with an absolute charge
measurement to obtain the total positron number. The image
in figure 3 indicates that the radial beam distribution is a
hollow annulus, with a peak radius ∼2.0 mm, which corre-
sponds closely to the minimum radius of the moderator cone
(see figure 2).

It is believed that all positrons originate from the region
inside the maximum radius of the conical section, r=4 mm.
Thus, the origin of the low-intensity glow outside the mod-
erator cone is unknown. It could be scattered light inside the
phosphor screen at regions of intense light emission. This is
related to the process of ‘veiling glare’ which is common in
high-contrast images using phosphor screens [47].

Radial distributions of the areal (i.e. 2D) positron density
+ne are shown figure 4, as the RPA voltage is varied, for 30

and 80 eV beam transport energies for 60 s exposure times.
They are obtained by locating the image center and azi-
muthally averaging the values at each radius. These dis-
tributions are found to be approximately self-similar as the
RPA voltage is varied for beam energies from 10 to 80 eV.
This is illustrated in figures 4(e) for 30 eV and (f) for 80 eV,
where the area normalized data collapse to a single line. Here,
data for positron number <15% were not included because of
poorer signal to noise. The radial distributions peak at or very
near the inner radius of the cone. The self-similar nature of
the radial distributions, independent of RPA bias, indicates
that the mean parallel and perpendicular energies are

4
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approximately the same at any radial location. This appears to
be true whether positrons emanate from flat surface of the
source or the cone.

As observed above, a distinctive feature of the spatial
distribution is that it peaks at the inner radius of the cone,
r=2 mm. We note that a simple model (albeit with sweeping

Figure 4. RPA data are shown for (a) 30 eV and (b) 80 eV beam transport energies for M=2.3. The respective radial distributions of areal
positron density +ne are shown in (c) and (d) for VRPA varying from 0 to 60 V and 0 to 95 V (top to bottom). Blue, red and green curves are
the radial distributions for 0, 30, 35 V in (a) and 0, 80, 85 V in (b). Area-normalized radial profiles are shown in (e) and (f) for VRPA values
that transmit �15% positrons for the 30 and 80 eV beams.
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assumptions) predicts such a peak. Assuming an isotropic
point source of positrons at axial location z1 in figure 2, the
flux +Ne of positrons impinging on an annular region of the
cone at angle f in the region between radii r and r+dr
(coordinates defined in figure 2) will be

f
=+dN C

d

dr
dr, 7e ( )

with

f =
+ -

- -
z r a

r
tan , 8

z

b a1
1

0⎡
⎣
⎢⎢

⎤
⎦
⎥⎥

( )( )
( )

where C is a constant, a=2 mm and b=4 mm are the small
and large radii and z0=11 mm is the height of the conical-
section moderator, and the source is located z1=1.3 mm
from its base, as shown in figure 2.

The areal density of positrons +ne , to be compared with
the measurements in figure 5, will be

p p
f

= =+
+

n
r

dN

dr r
C

d

dr

1

2

1

2
. 9e

e ( )

This distribution is plotted as the solid black line in figure 5. It
shows a very sharp peak at the inner radius of the cone. This
reflects the fact that the solid angle of source emission sub-
tended by an annular region on the cone surface peaks sharply
at the narrowest portion of the cone. If this consideration
dominates the pattern of re-emitted (moderated) positrons,
that would help to explain the annular pattern of positron
emission from the moderator. However, it still remains an
open question as to the origin of the flux for r�2 mm and
the broadening of the distribution at larger radii.

Radial profile data for the 30 eV and 80 eV beams are
compared in detail in figure 5. The difference between these
curves is shown as the green line. The maximum difference is
<5%, and the root mean square (rms) difference is 1.2%. The
total integrated light intensity as a function of exposure time
is found to have rms fluctuations ∼2% for exposures from 30

to 300 s. For any given individual slice, a jitter of about
1 pixel in the center, would lead to another maximum error of
∼5%. However, the poloidal averaging used here limits the
total average error to ∼2%. Thus, the measured small
deviations appear to be at the level of our measurement
uncertainty. This indicates that the positron emission from the
moderator is independent of the moderator bias at these
energies to within the inherent fluctuations of our experiment.
Integrating the curves in figure 5, the total number of posi-
trons coming from r=0–8.5 mm and comparing it with that
from various regions shows that 89% come from r=0–4 mm
and 63% from r=2–4 mm (i.e. the region of the copper
cone). These measurements are expected to provide important
ingredients for models of slow positron emission from rare-
gas moderators.

4.2. Energy distributions

The beam energy distribution is measured at the RPA, which
is more than 5 m from the source, after the beam has traversed
a wide range of magnetic fields. As long as the transport in
the region where the RPA B field is varied is adiabatic, the
measured distribution will accurately reflect the beam dis-
tribution at the RPA location. It was noted previously [49],
that this particular beamline exhibits adiabatic transport from
the BGT to the phosphor screen for transport energies
<100 eV, so all measurements in this region are expected to
be accurate measurements of the local energy distribution.
However, for the measurements to be a faithful reproduction
of that at the source, the beam must maintain adiabaticity
along the entire path. As discussed in the next section, the
region between the source and the BGT has, until now, not
been investigated, and will be shown to violate the adiabati-
city assumption for some conditions. The following analysis
assumes adiabatic positron transport is valid, which is found
to be correct in an important range of beam transport energies.
The breaking of this invariant will be discussed in the next
section.

The total number of detected positrons at the phosphor
screen for 60 s integration times and different RPA bias
voltages is plotted in figure 6 for three different magnetic
fields at the RPA for beam energies of 20, 30, 70 and 80 eV.
For each magnetic field, the RPA data are fitted with EMG
distributions (discussed above). We note, however, that while
the EMG fits the data reasonably well, it is used here for
convenience without any underlying physical motivation.

The derivatives of the RPA cutoff curves give the parallel
energy distributions (also plotted in figure 6) and thus provide
a measure of the standard deviation σPR and E R , and these
quantities are plotted in figures 7(a) and (b). At low transport
energies, and for M∼1, the parallel energy spread
σP∼1 eV. If the underlying energy distribution were
uncorrelated at the source, then the minimum energy spread
would be found at M=1 [50]. However, we do not have
enough information to describe the complete distribution.
Only the mean and standard deviation are obtained, and so the
degree of correlation is unknown. Data at many different
magnetic fields (both M>1 and M<1) would be necessary

Figure 5. Blue solid and red dash–dot lines are the areal positron
density profiles (peak normalized) at VRPA=0 V for the 30 and
80 eV beams respectively with the difference indicated by the green
line. The vertical black dash–dot lines indicate the minimum and
maximum cone radii of 2 and 4 mm. The black solid curve is the
prediction of equation (9).
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to accurately characterize the true particle distribution at the
moderator [50].

To measure the mean perpendicular energies, the mean
parallel energies E R , obtained from figure 6, are plotted as a
function of M, as shown in figure 7(b), varying BR while
keeping BS constant. As per equations (1) and (4) the slopes
of these fits to the data yield the mean perpendicular energies
Ê R at the RPA. These results are shown in figure 8, where
Ê R is plotted vs the mean parallel energy, with both evaluated
at M=1. For situations in which adiabatic invariance holds
between the source and the RPA, equation (6) is valid. For
M=1, =^ ^E ER S and thus the data provide a measure of the
mean perpendicular and parallel energy at the moderator. The
difference between the lower and higher transport energies
(i.e. 20 and 30 as compared with 70 and 80 eV in figure 8) is
interpreted as evidence of a departure from adiabatic invar-
iance upstream of the BGT at the higher energies.

5. Departure from adiabatic invariance

The precise dependence of Ê R on γ depends upon the spe-
cific situation. When γ=1 adiabatic transport is expected,
while for γ?1 adiabaticity is expected to be broken (e.g.
see [52, 53]). Generally speaking, it is expected that non-
adiabatic changes to the energy will begin to become sig-
nificant for γ∼1. Examination of equation (3) indicates that
such nonadiabatic behavior will occur when B is small and/or
E is large.

As shown in figure 1(d), the largest values of γ by far
occur at both ends of the narrow beam tube, with the max-
imum, γm, occurring at the location immediately after the
moderator. These values are indicated in figure 8. For
example, at 30 eV, γm=0.98 and at 80 eV, γm=1.6.
Referring to the data shown in figure 8, it is seen that Ê R

increases from ≈0.8 eV at E=30 eV, to ≈1.6 eV at

Figure 6. Measured positron number as a function of RPA bias for = =M 1.2B

B
R

S
(black circles), M=1.7 (red squares), M=2.3 (blue

crosses), for (a) 20 V, (b) 30 V, (c) 70 V, and (d) 80 V bias applied to the moderator. Dotted lines are the EMG fits with respective colors.
Data are fit to a 95% confidence level. The derivatives of these fits are the parallel energy distributions at the RPA, represented by the color-
coded solid lines. Mirroring is visible as the distributions are skewed towards lower energies as M is increased.
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E=80 eV, a factor of two increase, as γm increases by a
factor of ∼1.6.

For mean energies �50 eV, the mean perpendicular
energy is approximately constant at 0.8±0.1 eV, which
shows that the energy maintains approximate adiabaticity for
γm1.3. For energies above this, the measured beam para-
meters are not expected to reflect those in the region of the
moderator. The fact that the parallel energy spreads σPR
shown in figure 7(a) are significantly larger at 70 and 80 eV,
as compared with lower energies, is a further consequence of
this nonadiabatic redistribution of perpendicular and parallel
energy.

6. Summary and concluding remarks

Experimental measurements and analysis have been presented
for the parallel and perpendicular energy distributions and the
spatial distribution of positrons from a 22Na source and cone-
shaped solid-neon moderator. The parallel energy spread σP
of the moderated positron beam is ∼1 eV. The mean
perpendicular energy is comparable, ~Ê 0.8 eV. To our
knowledge, this is the first measurement of Ê . For the

specific magnetically guided beam studied here, adiabatic
positron transport was observed for beam energies in the
range 10–50 eV. However, for energies >50 eV, adiabatic
invariance was observed to be broken due to weak magnetic
fields and strong gradients at specific locations along the
beam line.

The radial distributions at all energies studied (10–80 eV)
are very similar, indicating that the adiabatic invariant asso-
ciated with the guiding-center motion is conserved, even
though that associated with the mean perpendicular energy is
not [48]. The self-similarity of the energy distributions indi-
cates that the mean parallel and perpendicular energies are the
same for any radial location of the cone moderator, irre-
spective of whether positrons are generated from the flat area
above the source (i.e. presumably covered with solid neon) or
the moderator-cone surface. Finally, the total number of slow
positrons emitted was found to be independent of the mod-
erator bias and the beam transport energy.

These observations highlight the fact that positron mod-
eration in a rare-gas moderator is a complicated process, yet
to be understood in detail. For the purposes of optimizing
beam transport in a given beam line, measurement of the
mean perpendicular and parallel energies, as is done here, is
likely sufficient. However, understanding the detailed physics
of the moderation process will require more information.
Retarding potential measurements over a wider range of
magnetic fields would enable a deconvolution to determine
the underlying energy distributions both parallel and
perpendicular to B. This, and studies with moderators with
different cone angles, would provide more detailed informa-
tion about the actual positron emission process.

Generally speaking, the results presented here are rele-
vant to a wide range of magnetically guided charged-particle-
transport beamlines. A key application is use as a positron
source to feed BGTs, which are able to accumulate positrons
efficiently and cool them to the ambient gas temperature. The

Figure 7. (a) Parallel spreads σPR and (b) mean parallel energy
relative to the moderator bias, -E eVR mod , from the fitted curves in
figure 6 are plotted as a function of the mirror ratio M. Straight-line
fits (solid lines) in (b) provide measures of the mean perpendicular
energies Ê R, and an estimate of the total mean energy from the
intercept as M 0.

Figure 8. Mean perpendicular energies Ê R at the RPA for different
mean parallel energies E R at fixed magnetic field throughout the
beam line. The value ~Ê 0.8 eVR for lower beam energies (red
dash–dot line is the adiabatic value). Corresponding values of γm at
specific energies are also indicated.
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efficiency of these traps depends upon the energy distribution
of the incoming positrons. When adiabatic invariance is
broken, a moderated positron beam, such as that studied here,
will have more Ê , and this can result in magnetic mirroring,
broader parallel energy distributions, and decreased trapping
efficiency. Other situations where adiabatic transport is
important include positron beams from high-flux sources (e.g.
NEPOMUC reactor source [54]), and in cases where the beam
must be transported over several meters at low magnetic
fields. Here, breaking of the adiabatic invariant can limit the
utility of these beams in a number of applications [55, 56]. In
these situations, it is important to avoid such nonadiabatic
effects.
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