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Abstract. In recent experiments on positronium time of flight (Ps-TOF) we have studied
emission of cooled and thermalized Ps into vacuum from oxidized nanochannels synthetized in
silicon. Ps cools down through collisions with the walls of the channels before exiting into
vacuum. An important unknown parameter in the Ps-TOF measurements is the permanence
time in the medium, i.e. the Ps cooling time before emission into vacuum. In this paper we
describe an experiment that allows us to estimate the cooling time of Ps by analyzing the PsTOF spectra of cool Ps at three different distances from the sample.

1. Introduction
There is a demand for cool Ps in vacuum for spectroscopy experiments [1, 2] and for the production of
anti-hydrogen beams through the charge exchange reaction between antiprotons and Ps excited in
Rydberg states [3]. An efficient way of cooling Ps is to form it by injecting e + with energy (E+) of
some keV in porous silica materials with porosities open towards the vacuum [4]. Ps is emitted from
the bulk into the pores with energy from ~1 eV to ~3 eV, then it reduces its kinetic energy by
collisions with the walls of the pores and a cooled fraction escapes into vacuum [4]. In porous
materials, with 2.7 nm pores size, a Ps kinetic energy of 42 meV was measured via Doppler
broadening of the 13S-23P transition in the laser direction [5]. The incomplete thermalization was
consistent with the energy of Ps quantum confined in the pores [6]. The limit imposed by quantum
confinement was circumvented forming Ps in oxidized nanochannels with lateral dimensions of few
nanometers [7] and Ps was found to escape with thermal energy at sample temperature in the 150-300
K range [8]. Knowledge of the time delay between e+ implantation and cooled Ps emission (Ps cooling
time) is important both for a correct interpretation of the Ps-TOF measurements [9] and for an efficient
laser excitation of the Ps bunch [3].
The aim of this paper is to present an experimental method for measuring the Ps cooling time. The PsTOF measurements were done at room temperature (RT) in oxidized nanochannels. Only a rough
estimation of the cooling time will be given because the poor statistics.
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2. Experimental
Oxidized nanochannels with diameters in the 5-8 nm range were obtained by electrochemical etching
as described in Ref. 7, 8. Nanochannels were produced in the first 2 μm of the silicon sample. Ps-TOF
measurement were carried out with a slow continuous positron beam [10] keeping the sample at 300±1
K. The Ps energy component perpendicular to the target surface 𝐸⊥ = (𝑚 0 𝑧02 )⁄𝑡 2 , where 𝑚 0 is the e+
rest mass and z0 the distance of the slit center from the target, was derived measuring the time t
between e+ implantation on the target and the γ-rays of Ps annihilation in flight. The start signal was
given by detecting the secondary electrons with two channeltrons, while the stop signals were given by
5 NaI(Tl) detectors arranged in an arc at a radial distance of 130 mm from the sample axis. A 100 mm
thick lead shield, with a 5 mm slit was placed in front of the detectors (figure 1). Spectra were
measured at three different distances 𝑧0 from the target.

.
Figure 1. Sketch of the Ps-TOF set up.
Both start and stop signals, were combined in a fan-in/fan-out module and ~104 coincidence events
were collected for each spectrum using a time-to-amplitude converter. Details of the Ps-TOF set up
can be found in Ref. 11.
In order to evaluate the system resolution and the background a calibration run was performed on a
sample made of a Si single-crystal. The resolution function was found to be a Gaussian with 16 ns
FWHM by fitting the positron annihilation prompt peak. The Ps-TOF spectra were smoothed through
a moving average filtering on 21 channels (0.405 ns/channel). The background due to prompt e+
annihilations was subtracted and the effect of Ps finite lifetime and permanence in front of the slit was
taken into account by the multiplication factor 𝑒 𝑡⁄142𝑛𝑠 /𝑡 [12]. The TOF spectra were multiplied by
𝑡 3 in order to obtain the energy spectra [12].
3. Results and discussion
With the aim of measuring the Ps cooling time when Ps approaches thermal energies, the e+
implantation energy was increased up to the value of E+ at which a first fraction of near thermal Ps is
emitted. The average positron implantation depth z is related to the positron implantation energy by
z̅[nm] = 40/ρ [g/cm3 ](E+ [keV])1.6 where ρ is the sample density [5]. At low E+ Ps is formed near
the surface therefore it does not undergo enough collisions with the nanochannel walls to reach
thermal energies. On the contrary, at higher E+ Ps is formed deeper in the sample and the emission
time becomes longer than the thermalization time. The energy spectra obtained by analyzing Ps-TOF
spectra measured at 𝑧0 = 1 cm and with E+ = 6 keV and E+ = 7 keV are shown in figure 2a-2b (in
different scales) and in figure 2c respectively. In figure 2c the spectra measured at E+ = 7 keV for
𝑧0 = 2 cm and z0 = 3 cm, are also reported. The energy spectra, in the following, are analyzed up to
energies of 150-200 meV since for higher energies the tail of the prompt peak cannot be distinguished
from the emission of fast Ps atoms.
The logarithmic spectra were fitted by superimposing two maxwellian-type distributions in which the
exponents n and m were varied from -1/2 to 1 in steps of 1/2:
dN

-

E⊥

-

E⊥
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Where A(m, T1 ) and B(n, T2 ) are normalization factors such that ∫0 E⊥m A(m, T1 )e kBT1 dE⊥ = 1,
-

∞

E⊥

∫0 E⊥n B(n, T2 )e kBT2 dE⊥ = 1 and α + β = 1.
The temperatures T1, T2 of the two distributions and the factors α and , were free parameters in the
fitting procedure, k B is the Boltzman constant.
The best fits to all the energy spectra were obtained with m= - 1/2 which corresponds to a onedimensional maxwellian distribution describing the coolest part of the spectra:
1
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Figure 2. a) and b), Ps energy spectrum measured at E+ = 6 keV and 𝑧0 = 1 cm in linear and semilog
scale, respectively. The light gray curves are best fits that result from the sum of a one-dimensional
maxwellian and a beam maxwellian distribution as in equation (1). The one-dimensional maxwellian
distribution corresponding to the cool Ps fraction and the beam maxwellian distribution corresponding
to the warm Ps fraction are reported in a) as dash-dot and continuous black lines respectively. Their
characteristic temperatures are also indicated. c) Ps energy spectra, in semilog scale, measured at E+ =
7 keV and with 𝑧0 = 1 cm, 2 cm, 3 cm. The lines are best fits to the data obtained with equation (1).
The characteristic temperatures of the two distributions are extracted from the fits.
T k

whose average kinetic energy is given by 〈Ec⊥ 〉 = 12 B and with n=0 which corresponds to a beam
maxwellian distribution (i.e. a simple exponential function) describing the warm part of the spectra:
E

G(Ew⊥ ) =

- ⊥
1
kB T2
e
kB T2

(3)
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whose average kinetic energy is given by 〈Ew⊥ 〉 = T2 k B . From now on, we will call these
distributions, cool distribution and warm distribution of the spectra, respectively.
As the fitting procedure does not support α = 0 or  = 0, a single distribution is not sufficient to
describe the energy spectra. A change in the slope of the energy spectra can be appreciated by
observing the spectrum measured with E+ = 6 keV and reported in linear scale in figure 2a. The lines
in figure 2 are best fits to the experimental data. In figure 2a, one can notice how the beam maxwellian
dominates at higher energy while the one-dimensional maxwellian is crucial to describe the steep
slope of the data at lower energy. The fitted temperature T1 and T2 characterizing the two distributions
are reported.
Increasing the positron implantation energy from 6 to 7 keV, the temperature T1 of the cool
distribution strongly decreases from 684 ± 50 K to 290 ± 17 K, while the temperature of the warm
distribution is only reduced from 1800 ± 50 K to 1688 ± 150 K (figure 2c). The spectra measured at E+
= 7 keV and z0 = 1 cm, show that a fraction of Ps atoms approaches thermal equilibrium with the
sample and is emitted into vacuum at near thermal energies. A more precise evaluation of the
temperature requires taking into account the permanence time of Ps inside the sample before being
emitted, i.e. the cooling time.
The blue and red curves in figure 3a represent the time distributions relative to the cool and warm
energy distributions (equations (2) and (3) respectively) with the weights α and , and the
temperatures T1 and T2 extracted from the fits. In order to determine each time distribution, the
corresponding energy distribution is divided by t3 and multiplied by a normalization coefficient. The
gray curves, sum of the red and blue ones, reproduce fairly well the Ps-TOF spectra.
The average time of flight 〈𝑡𝑚 〉 was calculated for the cool and the warm component of each time
distribution measured at 𝑧0 = 1, 2 and 3 cm. This time is the sum of two factors: 〈𝑡𝑚 〉 = 〈𝑡𝑝 〉 +
〈𝑡𝑓 〉 where 〈𝑡𝑝 〉 is the Ps average permanence time in the nanochannels before emission and 〈𝑡𝑓 〉 is the
real average time of flight 〈𝑡𝑓 〉 = 𝑧𝑜 /𝑣⊥ with 𝑣⊥ being the Ps perpendicular velocity not affected by
the permanence time. 〈t m 〉 values as a function of z0 were linearly fitted with the equation 〈𝑡𝑚 〉 =
〈𝑡𝑝 〉 + 𝑧𝑜 /𝑣⊥ and are shown in fig 3b. The intercepts of the two sets of values give 〈𝑡𝑝 〉 = 〈𝑡𝑐1 〉 and
〈𝑡𝑝 〉 = 〈𝑡𝑐2 〉, the average Ps cooling time of the cool and warm distribution respectively. The slopes of
the two straight lines give the reciprocal of the Ps perpendicular velocities 1/𝑣⊥ . The error on 〈𝑡𝑚 〉
arises from the the statistical error on the temperature of the two distributions (see figure 2c). The error
on 𝑧0 is due to the spatial resolution of ̴ 8 mm at the target axis as determined by the geometry of the
set-up (see figure 1). It was evaluated as represented by the standard deviation, 8/√3 mm, associated
to a uniform distribution.
The fit gives an average cooling time 〈𝑡𝑐1 〉= 18 ± 6 ns for the Ps emitted with the one-dimensional
maxwellian distribution. For the Ps of the warm distribution we can only conclude that the average
time 〈𝑡𝑐2 〉 is estimated to be less than 7 ns. The Ps perpendicular velocities result 𝑣𝑐⊥ = 4.8x104 ±
2x103 m/s and 𝑣𝑤⊥ = 7.4x104 ± 3x103 m/s for the cool and warm distributions respectively.
The real average time of flight, 〈𝑡𝑓𝑐 〉 and 〈𝑡𝑓𝑤 〉, of each spectra are correlated to the Ps perpendicular
velocities by the relation:
𝑧
𝑧
𝑣𝑐⊥ = 〈𝑡 0 〉, 𝑣𝑤⊥ = 〈𝑡 0 〉
(4)
𝑓𝑐

𝑓𝑤

In order to estimate the Ps temperature and average kinetic energy we assume that the shape of the 𝑡𝑓
distribution is not altered by the permanence time compared to the measured time of flight 𝑡𝑚
distribution. Thus the average time 〈𝑡𝑓𝑐 〉 and 〈𝑡𝑓𝑤 〉 of the two time distributions can be calculated
2𝑚

𝜋2𝑚0
𝑧 .
2𝑘𝐵 𝑇𝑤 0
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𝐵 𝑐

Substituting these expressions in equation (4), the

best estimation of temperatures can be achieved as 𝑇𝑐 = (2.67)2
dimensional maxwellian distribution [equation (2)], and 𝑇𝑤 =
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maxwellian distribution [equation (3)]. The temperatures result to be 𝑇𝑐 =342±25 K, and 𝑇𝑤 =
1230±250 K. From equations (2) and (3) the corresponding average kinetic energies result to be 〈𝐸𝑐⊥ 〉
= 15 ± 1 meV and 〈𝐸𝑤⊥ 〉 =107 ± 22 meV. Usually when a single Ps-TOF spectrum at a distance 𝑧0 is
recorded, it is implicitly assumed that the permanence time 𝑡𝑝 is negligible compared to 𝑡𝑓 .
Nevertheless this simple assumption could lead to an incorrect Ps energy evaluation when Ps is
formed deep in a porous sample with small or tortuous pores.
The central value of the cool distribution temperature, evaluated in the spectra measured at different
distance from the sample surface, rises from 290 K to 339 K approaching the real
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Figure 3.a) Ps-TOF spectra measured at E+=7 and at 𝑧0 = 1, 2 and 3 cm. The black curves are the
time distributions corresponding to the energy spectra best fits. The blue curves are the time
distributions of the cool Ps while the red curves are the time distributions of the warm Ps. The average
time of flight 〈𝑡𝑚 〉 of each distribution is reported and its position marked by an arrow.
b) Average time of flight 〈𝑡𝑚 〉 calculated from the time distributions of figure 2c, as a function of the
distance 𝑧0 from the sample surface. Triangles for cool distributions and circles for warm
distributions. The intercepts of the two best fit lines give the mean permanence time 〈𝑡𝑝 〉 of Ps before
being emitted into vacuum. The slopes of the lines give the perpendicular flying velocity 𝑣𝑐⊥ and 𝑣𝑤⊥
of the cool and warm Ps distributions.
temperature 𝑇𝑐 =342 K (see figure 2c). As a matter of facts, as the distance 𝑧0 increases, the
permanence time 𝑡𝑝 becomes progressively negligible compared to the time of flight 𝑡𝑓 .
From the measured Ps-TOF spectra we can observe that the cool distributions measured at a distance
𝑧0 ≥ 2 cm are characterized by a temperature compatible with 𝑇𝑐 =342 K within the errors and are
well fitted by a one-dimensional maxwellian function. This is an a posteriori confirmation that, for the
present sample, the shape of the distribution is not (or slightly) affected by the permanence time 𝑡𝑝 , as
we have previously assumed evaluating 𝑇𝑐 .
The measured 〈𝑡𝑝 〉 = 〈𝑡𝑐1 〉 can be compared with a theoretical estimation of permanence time in
similar nanochannels calculated in Ref.8. In the framework of the diffusion model, the mean
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permanence time of diffusing Ps in 5-8 nm regular nanochannels after e+ implantation at 7 KeV was
calculated to be 16 ± 1 ns [8], in very good agreement with our experimental value of 18 ± 6 ns.
4. Conclusions
We have shown that measuring Ps-TOF spectra at different distances from the surface of a porous
sample allows one to extract the cooling time of Ps. From very preliminary measurements done in
nanochannelled samples we have estimated a mean Ps cooling time, corresponding to the mean
permanence time 〈𝒕𝒑 〉 in the nanochannels before emission, of 18 ± 6 ns. In this time Ps reaches quasi
thermal kinetic energies 〈𝑬𝒄⊥ 〉 ≅ 15 meV. The method used to extract 〈𝒕𝒑 〉 will allow us to study in
detail the cooling process of Ps by measuring 〈𝒕𝒑 〉 at different positron implantation energy and at
different sample temperature. At present, we have installed an improved version of the Ps-TOF
apparatus at the high intensity positron source NEPOMUC inside the FRMII in Munich. First tests
with high positron fluxes performed by using a pair of large area MCPs as secondary electron
detectors have shown that high signal to noise ratio can be obtained thus largely improving the quality
of the data. With this set up more precise results can be obtained by acquiring five spectra at five
different distances, in order to validate the linear fitting procedure. In the meanwhile a MonteCarlo
simulation is under development in order to understand the origin of the two distributions.
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