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Observation of orthopositronium thermalization in silica aerogel at cryogenic temperatures
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We report orthopositronium (o-Ps) thermalization observed in cryogenic silica aerogel cooled from room tem-
perature to 25 K. It was observed that the o-Ps thermalization rate gets slower as o-Ps itself is colder than room
temperature. This energy dependence can be explained based on a model where the efficiency of kinetic energy

exchange between o-Ps and silica is determined by the de Broglie wavelength of o-Ps. The present measurement
confirmed that a cooling method which utilizes the thermalization process at cryogenic temperatures followed
by laser cooling is applicable for the efficient production of an 0-Ps Bose-Einstein condensate.
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Positronium (Ps), the bound state of an electron and a
positron, is a good probe for fundamental physics. Due to its
simple and purely leptonic structure, Ps has been applied for
high precision tests on bound-state quantum electrodynam-
ics [1-5] and also used in highly sensitive searches on physics
beyond the standard model of particle physics [6]. One of
the most interesting Ps experiments performed recently is
the fine structure (25-2P energy interval) measurement [7,8]
which revealed unresolved 4.2¢ discrepancy between exper-
imental and theoretical values. Another significant feature
of Ps is that it contains antimatter and may be considered
the simplest system containing both antimatter and matter.
Searches for matter-antimatter asymmetry have been per-
formed with Ps [9], including in the gravity sector [10-13],
where experiments to measure the effect of gravity on anti-
hydrogen are in progress [14—17]. One of the desired future
breakthroughs on Ps study is the production of sufficient
quantities of cold ortho-Ps (0-Ps), a spin-triplet state with a
relatively long lifetime in vacuum (142 ns) [4]. Cryogenic
0-Ps at less than 10 K can enable a measurement of the o-Ps
1S-2S energy interval to an order of magnitude precision
higher than existing measurements [2] due to the narrower
Doppler broadening. The precision of 2S-2P measurement
may also be improved by cold o-Ps and subsequent 15-2§
two-photon transition which can be used for efficient produc-
tion of Ps in the 2§ state. More interestingly, a Bose-Einstein
condensate (BEC) of a system containing antimatter can
be realized with high density, cryogenic o-Ps cooled down
to 10 K [11,18-23].
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Recently, we proposed a Ps cooling method, a combina-
tion of thermalization and subsequent laser cooling by 15-2P
transitions, for realizing Ps-BEC [19]. In this method, o-Ps
is confined in a cold, porous SiO; (silica) cavity. In the ther-
malization cooling, the kinetic energy of o-Ps is transferred
to the silica matrix via interactions with the cavity walls,
so o0-Ps thermalizes to a temperature comparable to silica.
Unfortunately, the evaluation of the Ps cooling efficiency of
the thermalization has large uncertainty [19,20] because the
time evolution of the kinetic energy of Ps confined in a silica
cavity has never been observed below room temperature. It is
necessary for the estimation to extrapolate the effective mass
of silica M, which is the mass of silica bodies scattering with
0-Ps in the classical elastic collision model [24] and is the
most important parameter for the calculation of the Ps cooling
efficiency to cryogenic temperatures. Although the best-fit
extrapolation used in our cooling simulation showed sufficient
efficiency for realizing Ps-BEC, the most pessimistic scenario
showed that our cooling method could not cool Ps down to
the BEC critical temperature [20]. For the proposed cooling
method, it is important to determine how fast Ps loses its
kinetic energy below room temperature.

Several previous experiments [24-27] have measured M,
but all were performed at temperatures higher than room tem-
perature. Other experiments [28—30] created Ps in cryogenic
silica materials, but only part of the created Ps had a cryogenic
temperature and the rest did not. A quantum confinement
effect is one of the reasons for the limited thermalization to the
cryogenic temperatures. This effect arises when the thermal de
Broglie wavelength of Ps Ag‘: is as large as the size of cavities
confining Ps. Because the mass of Ps mp; is quite small, 182 is
quite large, i.e., AS¢ = 0.60 nm+/T eV/E = 53 nm+/T K/Tps,
where E is the average kinetic energy of Ps and Tps is the
Ps temperature calculated with the Boltzmann constant kp as
Tps = 2E /3kp. The minimum kinetic energy of confined Ps is
limited such that A$? is smaller than the cavity size [31-33].
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Another aspect of the quantum confinement effect is expected
to slow down or eventually stop the thermalization process
if intervals of quantized kinetic energy in nanocavities ex-
ceed the maximum kinetic energy loss via a collision with
the cavity walls [31]. Although larger cavities are better for
o0-Ps thermalization to avoid the quantum confinement effect,
the rate of collisions between o-Ps and the cavity walls are
decreased; as a result, complete thermalization requires longer
time. These conflicting effects make it difficult to accurately
estimate the efficiency of the Ps thermalization cooling at
cryogenic temperatures solely based on the data obtained at
higher temperatures.

In this Letter, the thermalization process of o-Ps confined
in cryogenic porous silica was observed and M involved
with o-Ps at cryogenic temperatures was analyzed based on
a model introducing a quantum size effect of o-Ps. A method
used in other Ps thermalization measurements [34,35], what
we call pick-off technique hereafter, is chosen to measure
the Ps thermalization and M because this technique has the
advantage that it does not require any additional elements such
as gases or magnetic field which shorten the o-Ps lifetime.

Pick-off annihilation occurs when the positron forming
an o-Ps particle overlaps with an electron belonging to the
surrounding materials (silica in this Letter). The pick-off an-
nihilation rate I'; depends both on the mean-free path L of
the collisions and the size of Ps [36-38]. The dependence
of I'; on the Ps temperature 7ps can be estimated according
to the rectangular Tao-Eldrup (RTE) model [37]. The model
assumes that o-Ps is confined in a three-dimensional rectangu-
lar cavity, in which o-Ps within a distance § ~ 0.18 nm from
the material wall annihilates with a spin-averaged annihilation
rate ~8 x 10° us~! [4,5]. Although silica cavities used in
the present Letter should have more complex shapes than
rectangular with a wide variation, the RTE model is used here
since any effects on the pick-off annihilation rate from specific
morphology of the cavity have not been pointed out so far. The
time evolution of I'; is measured and converted into Tpg by the
RTE model in this Letter.

Figure 1 shows a schematic diagram of the experimental
setup. A 250 kBq 2*Na radioisotope was used as a positron
source. A silica aerogel block (0.11 g cm™3, 32 x 32 x
10 mm?) attached to the cold head of a 4 K GM refrigerator
was used as a converter to trap Ps in its pores. The mean-free
path of Ps confined in the aerogel was calculated as L =
38.47(71) nm from the specific surface area S/V, where S is
the total surface area and V is the bulk volume, of the aerogel
measured by the Brunauer-Emmett-Teller (BET) method [39]
as S/V =9.88 x 10’ m~!. Here we used the relationship
L =4V/S, which is known to hold for three-dimensional
void structures without assuming a specific morphology in
the aerogel. The obtained L reasonably agrees with the pore
size for the aerogel, which distributed from 20 nm to 50 nm
based on electron microscope images, although we did not
use the pore size in the calculation because estimating L from
the pore size requires the real dimension of the pores which
may involve a large uncertainty to the estimation. The output
power of the heater on the refrigerator was controlled so the
temperature of the aerogel T.,, was adjustable from 25 K to
295 K, which was monitored by silicon sensors and fed back
to the controlling system. The base pressure of the vacuum
chamber was 2 x 10~ Pa, which went down to 2 x 107 Pa
while the refrigerator was running. Measurements were per-
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FIG. 1. Schematic view of the experimental setup inside the
vacuum chamber. PMTs and the LaBr;(Ce) scintillator are located
outside the vacuum chamber.

formed at four T,, of 295 K, 210 K, 130 K, and 25 K. The
data at the former three Ti,, were recorded for two weeks,
while the data at 25 K were recorded for one month through
measuring three times after the same thermal cycle: heating
the silica aerogel to room temperature and cooling it down to
25 K. The data acquisition was carried out very stably, and
any fluctuations due to the gas adsorption to the aerogel block
were not observed.

A 200-um-thick plastic scintillator was placed between
the positron source and the silica aerogel to tag the timing
of positron emission, which was almost simultaneous with
the subsequent formation of Ps. Annihilation y rays were
detected by a LaBr3(Ce) scintillator (#38.1 mm x 50.8 mm)
whose head was 6 cm away from the center of the aerogel
target. Data acquisition was triggered by coincident signals in
both the positron and y-ray detectors, enabling us to record
the energy and timing information of each event. The time
resolution was 2.2 ns full width at half-maximum (FWHM)
and the energy resolution at 511 keV was 4.6% FWHM.
Signal processing and recording were performed by NIM and
CAMAC systems. The whole experimental system was coded
in a GEANT4 Monte Carlo (MC) simulator [40—-42] to evaluate
detection efficiencies for positrons and y rays.

Data analysis similar to that described previ-
ously [22,34,35] was conducted to deduce the time evolution
of I'. Histograms of the time intervals ¢ between positron
emission and detection of the annihilation y ray were
processed to evaluate timing spectra. A pileup rejection was
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FIG. 2. Time evolution of (I';) with the various T,,. (I';) is normalized to I'; on the left vertical axis. The right vertical axis shows
Tvs, which is converted from (I';) by the RTE model. The markers are obtained by Eq. (1) whose N are calculated by the experimental
energy spectra. Horizontal bars show timing ranges to produce the spectra for corresponding markers. Vertical error bars show statistical
uncertainties. Fitting curves are superimposed by solid lines calculated by Eq. (2) and the RTE model. The separate measurements at 295 K
(twice) and 25 K (three times) are treated independently in the calculation of x2/ndf, whereas the markers show averaged values at the same
Teny- () M(E') = const for each Ty, (u: unified atomic mass unit). (b) Fitting Eq. (5) to all the data globally.

applied in processing ¢ to prevent distortion of the timing
spectra described in Ref. [43]. o-Ps annihilation events were
selected from ¢t = 30—600 ns, and accidental events estimated
from t = 1250-1500 ns were subtracted. The validity of the
subtracted energy spectra was checked by comparing them
with the respective MC spectra with an appropriate scale
and a detector response function which included calibration
factors and the energy resolution.

To calculate I';, two energy regions are defined. One from
350-470 keV is dominated by o-Ps 3y self-annihilation events
which have a continuous energy spectrum up to 511 keV. The
other from 480-540 keV effectively collects 2y pick-off anni-
hilation events with 511 keV monoenergetic y rays. Counts
within a timing window (1, ;) in the 3y region N;(#1, 1)
and in the 2y region N,(#;, t,) are then sensitive to rates of
self-annihilation and pick-off annihilation, respectively, be-
tweent = t; and t = t,. The average pick-off annihilation rate
(T"2) in the timing windows are calculated by the following
equation:

15)
Ni(t1, 1) =/ dt'[e33T3 4+ exTa(t)IN()

n

15)
No(t1, 1) = / dt'[e2T2(t") + e32T3IN(1)

L

(Ta)(t1.12) _ Jyy dt'T2IN()
— =
s 2 dt'T3N (@)
_&33Na(11, ) — enN3(ty, 1)
enNs(t1, 1) — e3Na(t1, 1)’

where N(¢) is the remaining number of o-Ps at time ¢, I'3 =
7.0401(7) ps~' [4] is the o-Ps self-annihilation rate in vacuum
which does not depend on 7ps or ¢, and &, are detection
efficiencies for my annihilation events in the ny region. The
efficiencies are calculated by the 2y and 3y spectra generated
by the MC simulation. The uncertainty of ¢,,, is evaluated as
3% by a radioisotope whose y-ray spectrum is known.
Figure 2 shows the time evolution of (I';) and Tpg at each of
the measured T.,,. The data clearly show that (I';) gradually

(1

decreases, and it is smaller as Tg,, is reduced. Cooling of
Ps down to around 100 K is achieved in 600 ns at T.,, =
25 K. The classical elastic collision model was used to fit
the measured time evolution of (I';) to determine M. The
time evolution of the average kinetic energy of o-Ps E(¢) is
calculated by the following differential equation [24]:

dE(t) 2

3
=T 2mpsE(t)[E(t)—§kBTenv]- 2

Equation (2) represents the following essential properties of
Ps thermalization: the energy loss rate is proportional to
the Ps collision rate with the cavity walls as —dE(t)/dt
2mpgE(t)/L = v(t)/L, where v(t) is the Ps velocity, and
the Ps kinetic energy approaches the average thermal energy
of 3kpT.ny /2. The pick-off annihilation rate I';(¢) by the RTE
model is calculated as I'> (1) = TNE(L, §, Tps(7)). The data in
Fig. 2 show the measured pick-off annihilation rate (I";) meas Of
unthermalized o-Ps is always higher than the pick-off annihi-
lation rate of completely thermalized o-Ps I'NLE _ calculated
at Tps = Teny by the RTE model, and <F2>me:;s gradually ap-
proaches to TXiE . The data at T,y = 295 K also clearly
show the agreement between (I'2)meqs Of completely thermal-
ized 0-Ps and I'XLE . From these results, we can justify the
adoption of the RTE model in our analysis, and our sample
can be said to be free from possible effects, e.g., contaminants
as reported in some porous silica samples [44], which alter
the estimation based on the RTE model. E(¢) is treated as a
continuous value since the quantization of the kinetic energy
for confined Ps is typically around 6 x 1073 eV with the pore
size and the RTE model. The estimated temperature increase
of the aerogel caused by o-Ps thermalization calculated with
thermal properties of the silica aerogel [45] is less than 1 K
after 10 ns from Ps formation, which makes it reasonable to
treat Tg,y as a constant in Eq. (2). In Fig. 2(a), M is set to a
constant value for each T,y to easily see the tendency of the
Ps kinetic energy dependence on M, and § is fixed to 0.1866
which is obtained by the global-fitting method described later.
The chi-square method is used for the fitting. Best-fit curves
are superimposed in Fig. 2(a), and obtained M are shown in
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FIG. 3. (a) M for the kinetic energy exchanges with o-Ps. Mark-
ers @ with dashed error bars show the fitting result by the constant M
for each T.,,. Horizontal positions of the markers and the error bars
are determined by the weighted mean and the range, respectively, of
E or Tp, for corresponding measurements. The markers with solid
error bars are from the previous experiments which are included
in the global fitting; A, Ref. [25]; OO, Ref. [24]; x, Ref. [26]; O,
Ref. [27]. Both horizontal and vertical uncertainties were used to
calculate chi-square. L are estimated by the o-Ps annihilation lifetime
and the RTE model for experiments which did not report L explicitly.
The solid line shows a center value of the fitting by Eq. (5) and
an adjoining gray band shows a lo combined uncertainty range
with statistical and systematic uncertainties. (b) Each component of
Eq. (5). The integrand of 1/Miyelasiic 1S also superimposed.

Fig. 3(a) by solid circle markers. It is found that M increases
for colder Ps.

To quantitatively explain the observed cooling process, we
introduce a simple phenomenological model which includes
the energy dependence of the o-Ps thermalization efficiency.
This model considers an inelastic scattering process and a
quantum size effect on elastic scatterings by assigning the
energy dependence of M in Eq. (2), in which we simply
added a term 1/Mipelasiic (E) to 1/M, a factor to determine the
efficiency of o-Ps thermalization with T.,,. Although this is
the lowest order approximation, it represents essential prop-
erties of Ps thermalization explained just after Eq. (2), and
allows us to quantitatively reproduce the observed cooling
process from around room temperature down to the cryogenic
temperatures as discussed later. It is assumed here that o-Ps

can excite all the single-photon absorption modes of silica so
the contribution of the inelastic scattering is assumed to be
proportional to the photon absorption cross section as

E -1
Minelaslic(E) =G |:/ k<E>dEC| ’ (3)
0 E’

where C| is a constant, / is the Planck’s constant, and k(1) is
the photon absorption index of silica glass at the wavelength
A [46]. On the other hand, the contribution of the elastic
scattering is assumed to be

0)
Melastic(E) = MO + Ea (4)

where My and C, are constants. The 1/E term can be at-
tributed to the quantum size effect of Ps. 0-Ps interacts with
several atoms which make up the cavity wall of the silica
aerogel naively within the size of ~ (A3E)? o¢ 1/E. This quan-
tum size effect may be observable especially for Ps because
of the large AS® which is the same for the quantum con-
finement effect, but the underlying physical mechanisms of
these two effects are different. In our aerogel, the quantum
confinement effect would not be significant because the o0-Ps
mean-free path L is 3.6 times longer than A8 = 11 nm even
at Tps = 25 K. From Eqgs. (3) and (4), M (E) is modeled as the
following equation for fitting globally to the data:

1 1 1
M(E) Minelastic (E) Melastic (E)

The free parameters of the fitting are C;, My, and C, in the
M(E) function and § in the RTE model. The initial kinetic
energy of 0-Ps Ej is assumed to be within the range of 0.8—
3.0 eV [24,47]. All the measured data are simultaneously
fitted, and chi-square for the previous experiments shown in
Fig. 3(a) is also considered in the minimizing function.

The fitting curves are superimposed on the data in
Fig. 2(b). All data are reasonably described by Eq. (5),
which favors the quantum size effect model. The obtained

parameters are C1 = 6.57%(statistical) %7 (systematic) ueV,

My = 0.675% (statistical) ) ((systematic) u, C, =26
2(statistical)fg(systematic) ueV, and §=0.1866=+
0.0007(statistical)fgjgg%(systematic) nm, where u is the
unified atomic mass unit. Here, the systematic uncertainties
were estimated by considering the following factors: the
assumption of Ey and &,,, the measurement uncertainty of
L, and the temperature distribution of the silica aerogel.
The obtained § is consistent with previous reports [37]. The
fitted M(E) function is superimposed in Fig. 3(a) with a
lo uncertainty range (gray colored area) of M(E) to which
statistical and systematic uncertainties are combined. The
function M(E) is consistent with the previous experiments
and the analysis with constant M for each T.,,. Each
component of the fitted Eq. (5) is shown in Fig. 3(b). The two
steps of Mipenastic at £ =~ 60 meV and 140 meV are caused
by the peaks of k(A) at A = 22 um and 9 pum, respectively,
due to Si—O—Si resonance modes of vibration. The elastic
contribution is dominant at 7ps lower than room temperature,
while the inelastic contribution becomes important at higher
Tps. A global fitting only with the elastic contribution ends
up with x?/ndf &~ 12, which makes it necessary to include

®)
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the inelastic contribution. The simple model of the inelastic
contribution used for the fitting is accurate enough in the
range of the Ps kinetic energy of the present measurement
and indispensable to reasonably explain the observed o-Ps
thermalization process at cryogenic temperatures for the
evaluation of the Ps cooling efficiency by thermalization.

The efficiency of Ps cooling by the thermalization process
can now be evaluated with a good precision for 7p; down to
100 K. It is revealed that the process is slower than the best-fit
assumption in Ref. [19] due to the large M at low Tps. To
evaluate the Ps cooling efficiency of a combination of the
Ps thermalization and laser cooling, we simulated the time
evolution of 7ps based on Ref. [19] reflecting the results of this
Letter. The simulation showed that the cooling efficiency was
too low to realize Ps-BEC because it took twice as long time
as the assumption in Ref. [19] to cool Ps down to ~100 K,
only below that temperature the laser cooling is effective.
Halving L from 100 nm, which is used in Ref. [19], to 50 nm,
which is still large enough to neglect the quantum confinement
effect, can double the thermalization efficiency because the Ps
energy loss rate is inversely proportional to L based on Eq. (2).
Although a shorter L has a disadvantage of higher Ps pick-off
annihilation rate which decreases the Ps density and BEC crit-
ical temperature, the Ps cooling simulation with L = 50 nm
shows that the Ps cooling efficiency becomes high enough
to realize Ps-BEC. Based on recent experiments of laser ex-
citation of Ps confined in porous materials [44,48,49], laser
cooling of Ps by 15-2P transitions proposed in Ref. [19] might

have an obstacle because of the shortened lifetime of excited
Ps inside the pores. Detailed understanding of interactions be-
tween excited Ps and porous materials is necessary for future
laser cooling experiment of Ps confined in a silica cavity.

In summary, cooling of 0-Ps down to 100 K in cryogenic
silica aerogel has been performed and the time evolution
of the o-Ps temperature has been measured by the pick-off
technique. We have not only observed that the thermalization
process becomes slower for Ps with less kinetic energy even
in the silica cavities free from already suggested mechanisms
for the lack of Ps thermalization at cryogenic temperatures
but also identified the quantum size effect which can explain
the measured slow thermalization with good agreement. This
measurement has significantly decreased the uncertainty of
the proposed cooling method, so we conclude that production
of an 0-Ps BEC is confirmed to be feasible by this method
once laser cooling of Ps confined in silica cavity is realized.
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