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Abstract

We report experiments in which positronium (Ps) atoms were created in a thick layer of MgO
smoke powder deposited on a thin silicon nitride substrate. The experimental arrangement was
such that a positron beam could be implanted directly into the top of the MgO layer or be
transmitted through the substrate, allowing Ps to be produced within /100 nm or 30 ym of the
powder-vacuum interface. The transverse kinetic energy of Ps atoms emitted into vacuum was
measured via the Doppler broadening of 1°S; — 2°P, transitions, and found to be

E, =~ 350 meV, regardless of how far Ps atoms had traveled through the powder layer. Our data
are not consistent with the model in which energetic Ps atoms emitted into the internal free
volume of a porous material are cooled via multiple surface collisions, and instead indicate that
in nanocrystals lower energy Ps is generated, with negligible subsequent cooling in the large
open volumes of the powder. Our experiments also demonstrate that SiN substrates coated with
MgO smoke can provide a simple and inexpensive method for producing Ps transmission targets.

Keywords: positronium, MgO, tranmission

(Some figures may appear in colour only in the online journal)

1. Introduction

In 1968 Paulin and Ambrosino discovered that long-lived
Positronium (Ps) [1] atoms are produced in fine granulated
powders of SiO,, Al,03, and MgO following irradiation with
energetic positrons [2]. Using positron annihilation lifetime
spectroscopy (PALS) they measured a long-lived Ps lifetime
component that was comparable to the 142 ns vacuum life-
time [3], and whose intensity was dependent on the specific
surface area of the sample. These observations were explained
by Brandt and Paulin [4], who suggested that slow positrons
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could form Ps atoms in the bulk insulator material which
could then diffuse to the grain surfaces and be emitted into the
inter-granular spaces and decay at a rate similar to the
vacuum rate.

Since then Ps formation in many oxides (and other
insulating materials) has been observed [5] and it is now
known that Ps formation in insulators may occur via surface
or bulk processes, both of which will typically result in atoms
emitted with ~eV energies. Recent studies have indicated that
in SiO, both surface and bulk Ps formation occurs [6],
whereas in Al,O3 [7] and MgO [8] Ps formation is most likely
generated only via surface processes.

The long lifetimes of energetic Ps generated in insulating
powders (whether by bulk or surface mechanisms) imply that
multiple interactions with the internal surfaces do not neces-
sarily lead to significant annihilation losses. Such interactions

© 2019 IOP Publishing Ltd  Printed in the UK
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may, however, result in Ps cooling, as demonstrated by
Chang and co-workers in silica aerogel [9]. Thus, the energy
with which Ps is ultimately emitted into vacuum from porous
insulating materials may be considerably lower than the initial
Ps formation energy. The kinetic energy of Ps atoms emitted
directly into vacuum from single crystal surfaces of MgO and
Si0, has been measured by time-of-flight (TOF) spectroscopy
and found to be ~4 and 3 eV, respectively [10]. In other
measurements a 1 eV component from SiO, has also been
seen, with the 1 and 3 eV components attributed to bulk and
surface formation respectively [6]. However, the kinetic
energy of Ps emitted from MgO smoke powder measured by
Curry and Schawlow [11], also using TOF spectroscopy, was
found to be 0.28 4 0.1 eV. Similarly, TOF measurements by
Mills and co-workers revealed 0.19 eV Ps emitted from a
thick layer of room temperature SiO, powder [12]. These
observations appear to support the model of energetic Ps
cooling down via interactions within porous structures [4]
insofar as they exhibit sub-eV Ps emission.

Here we present measurements of the kinetic energy of
Ps emitted into vacuum from MgO smoke powder. Ps was
generated near the top of the layer, by low-energy implant-
ation, and from the back of the powder after implanting
positrons through a thin (50nm) Si;N, (henceforth SiN)
substrate. In the former case Ps atoms were emitted from a
mean depth of ~100 nm. In the latter case the positrons
penetrate only a few microns into the MgO, and Ps atoms
must therefore travel through most of the ~ 30 ym thick layer
to reach vacuum. The kinetic energy of Ps emitted into
vacuum from both configurations was measured via Doppler
broadening spectroscopy, and a constant (transverse) Ps
energy of ~350 meV was observed. Our data are inconsistent
with the emission and subsequent cooling of ~4 eV Ps, and
instead indicate that lower energy Ps is emitted from MgO
nanocrystals, and that it experiences negligible cooling in the
large internal voids.

2. Experimental methods

2.1. Ps excitation and detection

The experimental apparatus and measurement techniques
used in this work are described in detail elsewhere [13, 14]. A
two-stage Surko type buffer gas trap [15] was used to gen-
erate a pulsed positron beam containing ~10° positrons in a
3 ns, 4 mm spot (FWHM) at 1 Hz. The beam was implanted
into a SiN-MgO target, and the resulting Ps atoms were
probed by two simultaneously applied pulsed lasers. These
were Nd:YAG pumped dye lasers with ultra-violet (UV) light
at A = 243 nm and infra-red (IR) light at A = 729-760 nm.
The UV laser was used to drive 1°S;—2°P, transitions, and
the IR laser was used either to photoionize n = 2 atoms or to
excite them to long-lived Rydberg levels via 2°P
; — 1D, /n3S; transitions. Here the positron beam direction
was along the z axis, the target was in the x—y plane, and the
laser propagation was along the x direction.
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Figure 1. Lifetime spectra recorded by a PWO detector for 3 keV
positrons implanted into a layer of MgO and an untreated Al plate.
The dashed vertical lines indicate the analysis time windows used to
obtain f;, as explained in the text.

The production of Ps atoms was monitored using a sin-
gle-shot version of PALS (SSPALS) [16] that involves the
detection of pulsed Ps annihilation radiation in real time using
fast detectors. In this work we use both lead tungstate (PWO)
[17] and a lutetium yttrium oxyorthosilicate (LYSO) scintil-
lators [18] coupled to photomultiplier tubes. These detectors
have different light output and timing properties, making
them useful in different scenarios. An example of Ps forma-
tion measured with a PWO detector is shown in figure 1. Here
3 keV positrons were implanted into a layer of MgO, and into
an untreated Al plate. We expect that MgO will generate
some Ps but that almost none will be produced by the Al
plate. The amount of Ps present can be quantified by the
parameter fy which is is proportional to the amount of o-Ps
present and is defined as

C C
£ :j; V(t)dt/fA V)dr, (1)

where V(¢) is the detector output voltage. The time windows
used to analyze lifetime spectra (A, B, C) depend on the
detectors used and the type of event being studied. Typically
for photoionization events we use (—20, 30, 400) and (—20,
70, 600) ns for PWO and LYSO respectively. We take the
lifetime spectra produced from Al to be the background, and
obtain a fix = 5.7% £ 0.4%. As a crude approximation the
actual fraction of implanted positrons that form long-lived Ps
atoms may be estimated to be Fps = 2 X [f; — f, ] [19].

The interaction of the laser light with Ps atoms can
change the amount of long-lived Ps present, either by forcing
atoms to annihilate, or by promoting them to longer-lived
states. Laser-induced changes in f; are quantified by the
parameter S., defined as

SW _ f;l(off) _f;i(on)’ (2)
Jacon

where f,, and fj., refer to measurements made with the
excitation lasers on and off resonance [13].

The SiN-MgO target was mounted so that it could be
rotated by 180°, allowing either side to face the incident
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Figure 2. A schematic of the target chamber, laser beam, and
detector positions (a), and the target orientation with respect to the
incident positron beams for reflection (b) and transmission (c)
operation. The grid electrode was situated 10 mm in front of the
target electrode and contained a 90% transmission mesh.

UV & IR lasers

positron beam, as indicated in figure 2. A grid electrode was
mounted in front of the MgO side and used to control the
electric field during laser excitation of Ps. The beam
implantation energy Eg was controlled by the voltage applied
to the grid/target electrodes.

2.2. Target preparation

To make the target a 10 cm long strip of magnesium ribbon
weighing ~0.15 g was combusted in air, and the resulting
oxide smoke was collected on the front surface of a SiN
membrane held ~10 cm above the flame. The manufacturer
(Norcada) specified SiN dimensions were
5mm x 5 mm x 50 nm, and the film was mounted on a
200 pm thick silicon frame. Within 30 min of fabrication the
target was mounted on an electrode structure and inserted into
the experimental chamber, which was then pumped out to a
pressure below 10~° mbar.

To estimate the thickness of the MgO layer the same
combustion-deposition procedure as described above was
performed, using thin (0.1 mm) Cu foil with an area of 4 cm”.
The foil was weighed before and after MgO deposition, and
the powder weight found to be 3.9 £ 0.1 mg. Assuming a
powder density [2] of 0.35 gcm ™ we find a layer thickness
on the order of 30 ym. As we have no independent ver-
ification of the powder density in our experiments this must
be considered as an approximation.

1000

100
Cube edge length (nm)

Figure 3. (a) A Karl Zeiss XB1540 scanning electron microscope
(SEM) image of MgO smoke nanocrystals deposited on a Cu plate
obtained with an electron beam energy of 3 keV. (b) MgO cube edge
length distribution obtained from the SEM image in (a) using particle
size analysis software ImageJ [25].

A scanning electron microscope (SEM) image of MgO
smoke collected on a 1 mm thick Cu plate is shown in
figure 3(a); it reveals cubic structures of MgO with varying
crystal edge lengths. The formation of MgO(100) single-
crystal cubes after burning Mg in air is a well-known phe-
nomena that has been widely studied [20-22]. Similarly, ion
implantation and annealing in MgO single crystals can result
in the formation of stable internal rectangular nano-voids
[8, 23]. The distribution of crystal sizes obtained from Mg
combustion in air depends to some degree on various synth-
esis conditions, including humidity, Mg purity, flame temp-
erature, and oxygen partial pressure [24]. In general, however,
highly asymmetric distributions are observed, with cube sizes
ranging from a few nm to several microns. Our SEM images
were analyzed using particle size analysis software, Imagel]
[25], and the results are shown in figure 3(b). We find a broad
cube size distribution, ranging from 10 nm to 1 um, with a
mean cube edge length of ~140nm, and correspondingly
distributed open volumes between the single crystal cubes.
The MgO thickness and cube size distributions are not
expected to be significantly different using SiN substrates.
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2.3. Positron energy loss and stopping profiles

The transmission of positrons through the SiN substrate can
be described using standard positron stopping profiles. These
have been widely studied in the context of positron annihi-
lation based depth profiling which is used, for example, to
characterize multi-layer thin films [26]. Good agreement is
found between disparate materials, including metals [27] and
amorphous polymers [28], suggesting that positron implant-
ation profiles are largely independent of structure and depend
only on the mass density for typical experimental conditions.
Because of this, positron stopping profiles in a wide range of
materials are frequently approximated by the Makhovian
stopping profile P(z), which may be expressed as [29]

m—1

——exp {{—(z/z0)"}},
20

P(Z) _ mz

3

where zo = z/T'(1 + (1/m)), m is a material dependent
(shape) parameter. 7 is defined as the mean implantation
depth of positrons with energy K (units of keV) into a mat-
erial of density p (gcm ™) given by [27]
___ AKY
= )
p
where the values of A, v and m depend on the material. The
implantation of positrons into the MgO powder can also be
approximated using the same Mahkov description. However,
the accuracy will depend on how well the mean density is
known, and the model will be less applicable for low
implantation energies owing to the structure of the powder.
The true density of MgO is ~3.5 gcm > but for powder it is
approximately an order of magnitude lower [2]. Estimated
positron implantation profiles in MgO powder are shown in
figure 4(a). The lowest energy direct implantation depth is
~100nm. The implantation profiles obtained using
equations (3) and (4), with the parameters A = 3.3 ugcm ™2,
v=17, m=2, p~ 3gcm73 for SiN [30] are shown in
figure 4(b). Also indicated in the figure is the fraction of each
distribution that would be transmitted through the SiN sub-
strate into the MgO layer.

Figure 4(c) shows the positron energy loss, and
approximate subsequent penetration into the MgO layer as a
function of the incident positron energy. The energy loss data
were obtained from the NIST stopping power and range tables
for electrons (ESTAR) database [31]. Note that no data is
available below 1keV. These data were generated using the
Bethe—Bloch equation, with an interpolated database of shell
and density corrections. They are expected to be accurate to
less than 10% for energies below 10 keV, at which level of
precision electron and positron stopping profiles are effec-
tively the same.

Figure 4 indicates that in the transmission configuration a
positron beam energy >2 keV is needed for a significant
fraction of the beam to traverse the SiN substrate, and that
even at 6 keV the positrons would not penetrate more than
~1 pm into the MgO. Therefore all Ps atoms produced in the
transmission mode have to travel through =30 ym of MgO
powder to reach vacuum.
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Figure 4. Positron implantation profiles for different energies in (a)
MgO and (b) SiN calculated using equation (3). The yellow bar in
(b) represents the 50 nm SiN film thickness. The approximate
fraction of each distribution transmitted through the SiN is also
indicated. The 1000 V profile has been truncated vertically for
clarity. (c) Energy of transmitted positrons (solid red line) as a
function of implantation energy by monoenergetic positrons in a
50 nm SiN film. The thin straight lines corresponds to no energy
loss. The corresponding mean implantation depth into an MgO layer,
assuming a powder density of 0.35 gcm ™ is also shown (dotted
blue line).

3. Results and discussion

3.1. Positronium formation

The production of Ps atoms following positron implantation
into the target in both reflection and transmission modes was
measured via single shot lifetime spectroscopy, as described
in section 2.1. The background subtracted values of f; are
shown in figure 5(a). When positrons are directly implanted
into the MgO (reflection mode), f; decreases with increasing
Ep. A similar effect is observed in mesoporous silica, and is
attributed to Ps annihilation losses following surface inter-
actions as the atoms leave the pore network. This idea is
supported by the concomitant Ps cooling [32]. This model
does not explain the reduction in fy observed in MgO because



J. Phys. B: At. Mol. Opt. Phys. 52 (2019) 105004

L Gurung et al

T T T T T T T T T T T T T T T —T T T

15F §'—} reﬂect‘ion (a)

[ ¥ transmission

10k ]

5E ]

2 [ e A R T S T

s 049 2 3 4 5
<

~ —r T T T T T T T T T 17

$—$ HV reflection (b)1

14 -

12+ -

10F -

8 [ PR I T N T N T | |

PR IR IS I N R T
2 4 6 8 10 12 14 16 18 20
Positron implantation energy (keV)

Figure 5. (a) Background subtracted f; measurements recorded using
a PWO detector as a function of positron energy in reflection
(circles) and transmission (triangles) orientations (see figure 2) and
(b) high voltage test measurements designed to estimate the MgO
thickness, as described in the text.

there is no associated cooling. The open volumes in MgO
powder are much larger than the voids in mesoporous silica,
and the scattering rate is therefore much lower, which pre-
vents both Ps thermalization and annihilation. MgO powder
also differs from mesoporous silica in that it has a very broad
distribution of crystal sizes. Therefore, at higher beam ener-
gies it is possible for positrons to be implanted deeper into
larger crystals, reducing the probability of diffusion to the
crystal surface.

The positron diffusion length in MgO is 14 + 1 nm [33],
meaning that positrons implanted much deeper than this into
individual large crystals will not form Ps. By comparison, in
mesoporous SiO, films [34] Ps is primarily formed in the bulk
material, and the Ps diffusion length (11 & 1) nm [33] is
generally larger than distance to an internal surface. Hence,
the formation of Ps in such films is largely independent of the
beam energy [35], but the subsequent transmission of Ps into
vacuum is not. Conversely, in MgO smoke Ps formation is
inhibited at higher beam energies, while Ps transmission
through the voids is unaffected.

The almost monotonic decrease in fy observed in
figure 5(a) for reflection mode indicates that positrons are not
penetrating the MgO layer and stopping in the SiN substrate.
When positrons are implanted into the SiN side of the target
(transmission mode), f; increases with increasing beam
energy from zero up to a level commensurate with the
reflection mode measurement. This occurs because at higher
implantation energies positrons start to penetrate the SiN,
enter the MgO layer and form Ps. The dependence of the

increase in fy with the Ps beam energy is consistent with the
expected positron transmission fractions shown in figure 4(b).
For those positrons that do penetrate the SiN, the fraction of
energy lost is relatively small, as indicated in figure 4(c), and
therefore the penetration into the MgO crystals (and hence Ps
formation efficiency) is very similar to that observed in
reflection mode.

The rotating sample arrangement (see figure 2) was
designed to withstand voltages <6 kV. In order to check the
MgO layer thickness a test measurement was performed using
an apparatus in which much higher voltages could be applied
to the target. These data are shown in figure 5(b). Here an
isolated copper foil with MgO prepared in the standard way
was bombarded with positrons with energies up to 21 keV. If
a significant fraction of the positron beam were to penetrate
the MgO layer and enter the Cu substrate we would expect to
see a sudden decrease in f]. No such decline in Ps production
was observed even at 21 keV, which is consistent with an
MgO layer larger than ~20 pm (see figure 4(a)). These data
are therefore consistent with the ~30 ym estimate described
in section 2.2.

3.2. Positronium energy

The mean transverse kinetic energy of Ps atoms emitted into
vacuum was measured using Doppler broadening spectrosc-
opy [32]. UV and IR light traveling parallel to the target
surface (as shown in figure 2) was used to drive 1°S,—2°P,
transitions, and to photoionize the 2°P, atoms. Positrons lib-
erated via photoionization were accelerated back into the
target due to the applied electric field, leading to annihilation.
This process changes fy, and thus also S, (see equation (2)).
The width of the 1°S;—2°P, transition is dominated by
Doppler broadening, and can therefore be used to infer the Ps
velocity spread in the direction of the UV laser. Line shapes
measured for Ps produced in reflection and transmission
modes are shown in figure 6 for different positron beam
energies. These data are fitted to

—(\ = Xo)?

ag

S(\) = Aexp

where o and )\ are the Gaussian width and the resonance
wavelength respectively. The mean squared Ps velocity in the
direction of laser propagation is (v2) = [co/\o]% and the
kinetic energy E, = E), = %mpsvxz. Here we assume that the x
and y components are the same. The energies derived in this
way from the data in figure 6 are shown in figure 7. The
measured Ps energies showed no dependence on the positron
beam energy, or even whether the Ps was produced in the
refection or transmission configuration. Although there is
some statistical variation, all measured energies are consistent
with each other. For the reflection and transmission modes the
mean Ps energies obtained from the Doppler profiles were
E,. =340 £+ 143 meV, and E. =337 + 115 meV,
respectively.

Ps emission from the MgO surfaces is expected to be
essentially isotropic owing to the random distribution of
nanocrystals, although Ps that is emitted into vacuum may
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Figure 7. Transverse kinetic energy of Ps atoms produced in
reflection (red circles) and transmission (blue triangles) modes for
different positron beam energies. The solid lines indicate the mean of
the measurements and the shaded bars the standard deviation. The
2 keV transmission data point has not been included in the average
value owing to the low Ps signal at this energy (see figure 5(a)).

tend to be slightly forward directed. By simulating isotropic
emission profiles for the Doppler data shown in figure 6 we
find that the observed Gaussian-like profiles can only be
obtained if the Ps has an intrinsic energy spread on the order
of the standard error (i.e. ~100 meV). Similarly, we can also
rule out the presence of an additional Ps component with
energies >1eV with intensities more than 30% of the low-
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Figure 8. Laser pulse delay relative to positron implantation
measured in the reflection and transmission configurations, with
positron beam energies of 1 and 4 keV, respectively.

energy component. This was done by adding a fast comp-
onent to the Doppler profiles and estimating the extent to
which this component affects the quality of the (single
component) Gaussian fits.

Beam-based TOF measurements were conducted by
Sterlazzo, Berko, and Canter using single-crystal MgO(100)
surfaces [10]. They observed Ps emission with a broad energy
distribution, peaking at around 4 eV with a tail extending up
to more than 10 eV. A lower peak energy of 2.6 eV was
measured by Nagashima and co-workers [6], who also
observed a broad energy spread. The small MgO(100)
nanocrystals in a powder sample might be expected to emit Ps
with a similar distribution of energies. However, this is not
consistent with our data, since the Ps generated at low beam
energies in the reflection mode would experience only mini-
mal cooling, and should therefore be emitted with almost the
original energy distribution. The fact that the observed ener-
gies are essentially constant for all implantation energies and
configurations implies that Ps cooling in MgO smoke powder
is negligible.

If significant energy loss were taking place we would
expect that the amount of time taken for Ps atoms to be
emitted into vacuum would be different between reflection
and transmission measurements [36]. A relative measurement
of the Ps emission time can be obtained from the laser-delays
needed to optimize the excitation signals. The laser-
target alignment procedure places the laser beam approxi-
mately 1 mm in front of the target surface. Scanning the laser
delay to optimize the temporal overlap with the Ps atoms as
they leave the target will then reveal any difference in the Ps
emission time, limited by the reproducibility of the beam
aliment and the temporal width of the laser pulse (&5 ns).
Figure 8 shows such scans, measured in the transmission and
reflection configurations. These data show that the Ps emis-
sion time is almost the same in both configurations, which is
consistent with a low cooling rate. This suggests that long
open channels are formed in the powder samples, allowing Ps
atoms to travel with mean free paths on the order of a micron,
and with relatively few collisions.
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Figure 9. Laser-induced changes in the time profile of Ps
annihilation radiation, recorded following the excitation of the

n = 12 Rydberg Ps atoms in the transmission mode (thick blue line).
Also shown is the same measurement with the IR laser tuned to
photoionize Ps (red dashed line) and a Monte—Carlo simulation of
the Ps production and decay (thin green line), as explained in

the text.

The Doppler profiles shown in figure 6 provide a mea-
sure of the transverse Ps velocities. To estimate their long-
itudinal speeds, Ps atoms were excited to n = 12 Rydberg
states that have radiative lifetimes of ~5 us [37], allowing for
TOF measurements over a much longer time scale than is
possible for ground state atoms. Rydberg Ps atoms were
produced by tuning the IR laser wavelength to 749.84 nm to
drive 2°P,—12°D/12S transitions. Rydberg Ps emitted in
the transmission orientation was then able to travel towards
the grid electrode (Az =1 cm) and then further upstream
towards a microchannel plate (MCP) detector (Az = 8 cm),
as indicated in figure 2. Measurements of laser-induced
changes in Ps annihilation rates are shown in figure 9. These
data were obtained by subtracting spectra measured without
laser excitation (Back) from spectra obtained with laser irra-
diation (Sig). This produces a difference curve that indicates
changes in the amount of annihilation radiation present rela-
tive to the ground state decay [13]. Thus, a positive signal
denotes excess annihilations, while a negative signal indicates
fewer annihilation events. The data in figure 9 represent two
cases, Rydberg production and photoionization.

The ionization data in figure 9 exhibit a peak at # =~ 0 (i.e.
just after the Ps is produced) caused by the annihilation of
positrons liberated following photoionization, with a sub-
sequent reduction in decay events thereafter. The Rydberg
data show positive peaks close to 40 and 300 ns caused by Ps
collisions with the grid electrode and the MCP, respectively.
By matching a Monte Carlo simulation of Ps trajectories
(including the full vacuum chamber geometry) to the mea-
sured TOF data we obtained estimates for the Ps longitudinal
speeds (that is, the mean Ps speed in the z direction,
perpendicular to the target). These correspond to kinetic
energies of E, ~ 425 + 50 meV, which is consistent with the
Doppler broadening measurements. The simulations
employed a cosine Ps angular distribution as this was found to
be broadly consistent with the measured data. The size and
shape of the vacuum chamber meant the delayed Ps

annihilation profiles were sensitive to both the angular and
velocity distributions, whereas the early profiles (caused by
collisions with the nearby grid electrode, see figure 2) were
mostly sensitive to the velocity distribution.

The total emission energies are not directly measured by
Doppler broadening or by TOF spectroscopy. For a known
angular distribution one could add the components measured
in different directions to obtain the total emission energy.
However, the orientation of the nanocrystal surfaces is
unknown, and hence so is the Ps angular distribution. If we
assume that the cosine approximation is valid then we can
infer that the total Ps emission energies are on the order of
1 eV. We note that we can make a direct comparison between
our single component data with other TOF measurements
using powder samples (i.e. [11, 38]) as they will have similar
angular distributions, and also measure only one component.
The situation with single crystal samples is more complicated
owing to their rough surfaces, which will give rise to differ-
ent, but also unknown, angular emission profiles.

NB: the double peak observed at early times in the
Rydberg data may be caused by ionization of some Rydberg
atoms immediately after their creation by the excitation laser
light, although signals of this type are subject to large fluc-
tuations because of noise in the prompt peak and can also
depend on how the spectra are normalized. This is not
included in the simulation, and does not impact the TOF
estimates obtained from the later peaks in these data.

Our measurements are consistent with those of Curry and
Schawlow [11] who observed E, = 0.28 £ 0.10eV Ps
emission from a ~6 pum thick layer of MgO powder placed in
front of a ?Na source. This observation has been attributed to
hot (several eV) Ps cooling in voids, but without an explicit
measurement of the initial Ps energy such a process could not
be confirmed. These data can also be explained by the for-
mation of low-energy Ps atoms that experience minimal
energy loss, just as we have measured.

This raises the question of why the emission of Ps atoms
with energies E, of several eV is observed from single crystal
bulk MgO surfaces, while smoke nanocrystals appear to
produce mostly low-energy Ps. In order to answer this it is
necessary to consider the possible Ps formation processes in
these materials. Two-dimensional angular correlation of
annihilation (ACAR) studies of positrons in bulk MgO
crystals do not show the narrow momentum components
characteristic of bulk Ps [8, 10], suggesting that Ps formation
in MgO is exclusively a surface process. As pointed out by
Sferlazzo and co-workers [10], it is possible that Ps exists in
bulk MgO in a weakly bound Mott—Wannier-like state [39],
which would be susceptible to pick off decay and therefore
would not necessarily be detectable via ACAR methods.
These atoms are expected to be emitted with a broad dis-
tribution, with a maximum value approaching ~5.8 eV,
which could extend to higher values if Ps is not thermalized
[10]. This mechanism is therefore not ruled out by previous
observations of Ps emission from bulk crystals [6, 10].

It is also possible for Ps to be formed at MgO surfaces by
positrons interacting with electrons excited into the conduc-
tion band by the incident positron beam. Energetic positrons



J. Phys. B: At. Mol. Opt. Phys. 52 (2019) 105004

L Gurung et al

implanted into MgO nanocrystals will thermalize by exciting
electron-hole pairs. MgO has negative electron affinity, with
the bottom of the conduction band at the surface located about
0.5-1.0eV above the vacuum level [40, 41], meaning that a
significant fraction of excited electrons will escape from the
surface region. Some electrons, however, may become trap-
ped in various surface states. It is known, for example, that in
MgO nanocube powders, surface excitons can separate [42],
and the resulting electrons may become trapped at Mg corner
and kink sites [42, 43]. The energies of these electrons will
depend on the surface site coordination, ranging from
—0.6 eV (cube corner) to —2.0 eV (step kink) [43] below the
vacuum level. The number of such sites depends on the
physical geometry of the MgO; smoke nanocrystals are
known to have flat surfaces [44], whereas bulk single crystal
surfaces are generally very defective, even if polished [45, 46]
or cleaved in situ [47, 48]. Thus, even though some electrons
can be trapped at corner sites in nanocrystals, the number of
electrons trapped at kink sites at surface steps on cleaved or
polished MgO surfaces will be considerably higher. Ps for-
mation resulting from the interaction with surface trapped
electrons will be therefore much more likely at bulk surfaces.

For thermalized positrons with low momenta along the
surface [49], the kinetic energy of emitted Ps is largely
determined by the energy difference between the electron in
MgO and in Ps, assuming Ps has zero or negative binding
energy with the MgO surface. Electrons tunneling from
localized corner and kink states can produce energetic Ps with
a wide kinetic energy distribution peaking at about
Kps ~ Ep—E., where Ep; = 6.8 eV is the Ps binding energy
in vacuum, and E, is an average energy of electrons localized
at low-coordinated surface sites at surfaces of MgO nano-
crystals with respect to the vacuum level = 1.3eV [43]. Ps
produced in  this way will have  energies
Kps =~ 6.8 — 1.3 = 5.5 eV. Therefore, this process is also not
ruled out by previous observations of Ps emission from bulk
crystals [6, 10]. In this case the precise surface conditions
would dictate the angular emission profile but one would
expect E, to be several eV or more.

On the other hand, the top of the surface valence band of
MgO bulk samples is about 6.7 £ 0.4 eV below the vacuum
level [50-52]. If there are no available surface electrons, most
of the Ps will be created by electrons tunneling from states in
the valence band of MgO nanocrystals, which have energies
E. about 6.5 eV below the vacuum level and higher [43].
Therefore the kinetic energies of such Ps atoms are expected
to peak at about 6.8 — 6.5 = 0.3 eV, with a distribution due
to the energy variations caused by different nanocrystal sizes.
Again, the angular emission profiles would depend in this
case on the nanocrystal orientations.

This mechanism is consistent with our observations. Our
measurements do not rule out some fraction of energetic Ps
formation, which we estimate to be less than 30%, as
described above. Some amount of fast Ps may be expected
owing to the presence of electrons trapped in corner and edge
states. Surface electrons would be unlikely to affect Ps formed
in the bulk, and our data therefore suggest that there is no
weakly bound Mott—Wannier-like Ps in the bulk samples, and

that the Ps formation in those crystals occurs mainly via
positron interactions with electrons trapped in surface states.

Our measured Ps energies are lower than those obtained
by Gidley and co-workers [38], who measured a maximum Ps
energy of E, = 0.8 £ 0.2 eV from MgO powder following
the implantation of 400 eV positrons. These data exhibited a
very broad distribution, with a significant component of
slower Ps atoms having energies close to E, = 350 meV (see
figure 4 of [38]). The 400 eV beam energy used in this work
is lower than we are able to apply in the present experiments
because of the beam bunching method used [13], and it is
possible that below some energy threshold the Ps formation
mechanism in nanocrystals is more similar to the bulk crystal
case. This may happen if spur electrons are closely associated
with positrons in the near-surface region [53], giving rise to a
larger fraction of energetic Ps (similar to that observed in bulk
samples) as well as a low-energy component of the sort we
have observed.

4. Conclusions

The data presented here show that Ps is emitted into vacuum
from MgO smoke powder with essentially the same energy
profile, regardless of the distance the atoms have to travel
through the powder layer. This observation is inconsistent
with the emission of atoms with several eV unless they are
able to rapidly cool down to a few hundred meV, but cannot
lose energy thereafter. The general picture of collisional
cooling, which has been commonly accepted for many years
[54], appears not to be correct in the case of MgO smoke
nanocrystals. Our data suggest that in this case lower energy
Ps is generated by thermal surface positrons interacting with
valence electrons, and that there is very little cooling in the
large open volumes of the powder. This Ps formation process
is not the same as that observed in bulk MgO crystals, which
have many more sites available for surface electron trapping.

Our experiments suggest that MgO smoke will not be
useful for the generation of cold Ps atoms, although the
procedure for coating thin SiN substrates does provide a
simple and inexpensive method for producing Ps transmission
targets [55-57]. These can be useful in experiments in which
it is desirable to decouple positron beam transport and Ps
production regions. For example, Ps scattering experiments
[58], high-resolution TOF measurements [5S9] or precision
spectroscopy of Ps [60].

It may be possible that the properties of MgO powder can
be usefully applied to high-density Ps experiments [60, 61]. If
an intense positron pulse is implanted into the right target it is
possible to generate a spin-polarized Ps gas [62] which may
form a Bose-Einstein condensate (BEC) if the temperature is
low enough [63]. In order to achieve sufficiently high Ps
densities the incident positron pulse must be so intense that it
is likely to locally destroy the target [60]. If the positrons are
implanted into a thick layer of MgO powder, however, then
Ps atoms may be transported away from the energy deposition
region and then be able to cool down and form a BEC.
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