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Interactions between pairs of positronium (Ps) atoms confined in porous silica films have been directly
observed for the first time. Because of selection rules, the nature of such interactions should depend on the
structure of the porous medium: if a Ps surface state exists, dipositronium (Ps,) molecules may be created,
and if there is a continuum of cavity energy levels, spin exchanging collisions may occur. Using two
structurally different silica films, we have been able to isolate and study these two processes. Our data
indicate that Ps, formation occurs primarily via a Langmuir-Hinshelwood-type mechanism on the internal
pore surfaces, with an interaction length of the order of 7 X 1073 c¢m, and that the effective cross section

for nonthermalized Ps-Ps spin exchange quenching in porous silica is around 9 X 107! cm?.
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It has recently become possible to study interactions
between positronium (Ps) atoms by implanting intense
pulses of positrons into porous silica films [1]. This leads
to the formation of Ps atoms that may become trapped in
the internal voids [2,3] with a significant probability of
overlapping. Specifically, if two oppositely polarized trip-
let atoms collide, they may join together to form a Ps,
molecule [4,5] or exchange spins and both be converted
into the short lived singlet state [6] or the m = O triplet
state. Since the Ps, molecule decays rapidly, with a life-
time of ~0.25 ns [7], and the high magnetic field used in
the experiment quenches the m = 0 triplet atoms [8], all of
these mechanisms increase the mean Ps decay rate; we
refer to them generally as “quenching” and to those that
involve Ps atoms changing their spin states as spin ex-
change quenching (SEQ).

In our previous experiments [1], the time resolution of
the system was insufficient to observe quenching effects
directly, and the occurrence of such was of necessity
inferred from the latter parts of our lifetime spectra. In
this Letter, we describe experiments performed using an
upgraded positron beam [9] and a faster detector [10],
which have allowed us to observe directly the density
dependent change in the Ps decay rate. Furthermore, by
using silica films with different structural properties, and
by varying their temperature, we have been able to distin-
guish between the Ps, and SEQ mechanisms.

The experimental arrangement and methodologies have
been described in detail elsewhere [9]. Briefly, sub-ns
positron pulses of varying areal densities were implanted
into the target films in a strong ( ~ 1.5 T) magnetic field,
and the resulting annihilation radiation was detected by a
PbF, Cherenkov radiator attached to a photomultiplier
(PMT) [10] from which single-shot lifetime spectra [11]
were obtained.

Two different silica films were used which, quite fortu-
itously, had the complimentary properties necessary to
isolate Ps, and SEQ events. The first target (S1) was a
45% porous silica film, 230 nm thick with a 50 nm non-
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porous capping layer. This film contained randomly
aligned, interconnected pores with a diameter of 4 nm
[12]. The second target (S2) was 450 nm thick with a
pore diameter of 3 nm and a porosity of ~70%. In this
sample, the pores were aligned and interconnected along
one dimension, making a set of (roughly) cylindrical tub-
ular channels parallel to the film surface [13].

Single shot lifetime spectra (averaged over 12 shots)
taken with both samples at high and low beam densities
are shown in Fig. 1(a). Figures 1(b) and 1(c) show the
differences between the high and low density data. Since
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FIG. 1. (a) Lifetime spectra at room temperature using
samples S1 and S2 taken at low (S1 = 9.5 X 10° cm™2, S2 =
6.7 X 10° cm™2) and high (S1 = 2.9 X 10'° cm™2, §2 = 2.5 X
10'% ¢cm~2) beam areal densities. The S1 data are displaced (by a
factor of 10) for clarity. The bump in the curves at about 19 ns is
due to light feedback in the PMT, and smaller wiggles at later
times are caused by internal cable reflections. (b—c) Difference
between the high and low density data for S1 and S2, respec-
tively, and the fits (as described in the text) from which the
parameters Bg; and By, were obtained.
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only features that depend on the beam density are present
in the difference curves, these data constitute a direct
observation of the quenching process.

Ps localized in a porous material decays primarily via
interactions with the surrounding medium, and hence the
decay rate depends on the pore size [3,14]; if Ps atoms are
able to interact with each other, however, there will be an
additional component to the decay. In this case, the number
of Ps atoms, n, at time ¢ will be described by a (nonlinear)
differential equation:

dn(t, B)/dt = —yn(1 + Bn). €))

Here, vy is the linear Ps decay rate (due to self annihilation
and/or interactions with the surrounding medium), and 3 is
a parameter that describes the nonlinear, density-
dependent decay due to Ps-Ps interactions. B is defined
using a normalization such that n(z = 0) = 1. The differ-
ence between the high and low density spectra, AV [see
Figs. 1(b) and 1(c)], may be written as

AV o« dn(t, B)/dt — dn(t,0)/dt

(1 + B)exp(y?)
[+ B exp(y) - ) @

where A is an arbitrary scaling constant and it is assumed
that there are no Ps-Ps interactions (8 = 0) when a low
density pulse is used. Fitting Eq. (2) to the data of
Figs. 1(b) and 1(c), we obtain Bg; = 1.35 £ 0.06, y¢ =
0.011 £0.05ns”!, and Bgp =095%0.11, y5 =
0.023 + 0.001 ns~!, respectively. We truncate our fits at
time ¢, = 10 ns because the finite resolution and noise in
the prompt peak make the data unreliable at very early
times.

As we shall explain, we interpret the quenching in S1 as
being due solely to the formation of Ps, molecules, and that
in S2 as being due only to SEQ. When Ps is initially
emitted into the voids (of both samples), it has an energy
of around 1 eV [15] and can take 10’s of ns to thermalize
[16], depending on the condition of the pore surfaces [17].
The quenching in both S1 and S2 is rapid, however, and it
is likely that the Ps in S2 is not thermal. Conversely, in S1,
molecule formation occurs via surface states, so these
atoms must be thermalized (a hypothesis which is con-
firmed by the thermal desorption data shown below). This
implies that some fraction of the Ps atoms in S1 are “born™
in a surface state. In 2, where there is no surface state, the
Ps atoms are probably thermalizing throughout the quench-
ing process, which complicates our determination of the
SEQ cross section; this is something we should like to
know, insofar as it determines the rate at which a partially
spin polarized ensemble of Ps atoms will become fully spin
polarized, an important consideration in experiments to
create a Ps Bose-Einstein condensate (BEC) [18].

We shall approximate SEQ as a free particle scattering
event, and estimate the cross section, oggq, in the follow-
ing way: At ¢t = 0, the decay rate due to spin exchange

= Av(t»m(-vt) -

between approximately equal numbers of m = +1 and
m = —1 o-Ps atoms is

By = \/§<n>USEQﬁ- 3

Here, » is the mean Ps speed, and (n) is the mean density of
m = +1 Ps atoms. We estimate a mean Ps energy of
025 eV during the quenching [19], so that v =
2 X 107 cm/s. We approximate the mean Ps density as
(n) = fu=1N,/pw?zy,, where f,—; = 0.013 is the frac-
tion of positrons that form Ps in the m = 1 (or —1) state,
N, is the number of positrons per pulse (1.8 X 107), p is
the sample porosity (0.7), w is the full width at half
maximum (FWHM) of the Gaussian areal beam profile
(250 pm) [9], and z,, is the mean positron implantation
depth (60 nm) [20]. In this way, we find (n)=
89X 10% cm™3, and then oggq =9 X 107" cm?
Owing to the uncertainties in the Ps density and thermal-
ization rate, we estimate that this is probably only accurate
to, at best, a factor of 2.

The cross section we measure is an effective cross
section describing two distinct processes. That is,

OSEQ = 01-1,11—00,00 T O 1-1,11—10,10- 4)

Here we have used the same notation as that employed by
Ivanov, Mitroy, and Varga [21] in which the cross sections
are labeled according to the total spin s and the spin
projection m of the incoming and outgoing Ps states thusly,
T s,my,symy—s!m shm,- The first term on the right of Eqn. (4)
describes the spin exchanging reaction in which an m = 1
triplet atom colliding with an m = —1 triplet atom leads to
two singlet atoms, and the second term refers to an inter-
action in which the outgoing atoms are both m = O triplets;
the latter atoms are rapidly quenched in the magnetic field,
and both processes are essentially indistinguishable in the
present experimental configuration.

The calculated value for oggq as defined above is 5.2 X
10715 cm? in the zero energy limit, while at 0.25 eV it is
~2.1 X 107'% cm?) [21]. Our measurement of oggq is
therefore consistent with the theoretical value, albeit with
a rather large error.

A similar analysis of the data obtained with sample S1
yields an interaction length R for Ps atoms on the pore
surfaces of R ~ 7 X 10™% cm. This determination does not
take into account the correct surface structure and should
be considered an order of magnitude estimate only.

One of the most significant differences between the two
samples used is the fact that S1 appears to have a Ps surface
state while S2 does not. The presence of such a surface
state is indicated by an increase in the amount of long-lived
Ps present when the sample is heated, due to the thermal
desorption of surface atoms [22]. This is indicated in Fig. 2
which shows the parameter f, as a function of temperature
for the two samples. This parameter is the integral of
lifetime spectra from 20 to 150 ns divided by the integral
from —20 to 150 ns, and is a measure of the amount of
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FIG. 2. f, as a function of temperature for S1 (filled circles)
and S2 (open circles) taken at the low beam density. The S2 data
were taken using a reduced magnetic field of 0.15 T to minimize
the effect of radiation damage, which leads to an increase in f,.
A fit was made to the S1 data using the procedure described in
the text.

(long-lived) Ps present. It is evident from Fig. 2 that f,
increases with temperature for S1 but not for S2. It is not
clear why S1 has a Ps surface state and S2 does not [23].

fa4 was measured as a function of the beam density n,p
for both samples. To reduce the effects of drift, the density
was cycled repeatedly through five (or six) values from
high to low density. The mean value of the 5 (6) f,
measurements in each cycle was subtracted from the 5
(6) measurements in the cycle, and the corrected measure-
ments were averaged over all the cycles to obtain Af, as a
function of density, as shown in Fig. 3. This figure shows
measurements made at different sample temperatures, and
it is clear that the amount of quenching (characterized by
the slope Q = dAf,/dn,p) in S1 is reduced as the tem-
perature is increased, while the quenching in S2 does not
depend significantly on the temperature. We interpret this
as being due to the formation of Ps, molecules by Ps atoms
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FIG. 3. The density dependence of Af, for the S2 (a) and S1
(b) samples for various temperatures, as indicated in the legends.
The solid lines are linear fits to the data which determine the
parameter Q (described in the text). We note that the magnitude
of the quenching signal seen in S2 (Q ~75 X 107" cm™2)is a
lower limit as the sample had been partially damaged by irra-
diation with the positron beam.

in the surface state in S1 [5]. When all of the Ps atoms have
been desorbed from the surface state, Ps, formation cannot
occur, but the desorbed atoms are prevented from taking
part in spin exchanging collisions because the discrete
cavity energy levels cannot accommodate the hyperfine
energy difference between the incoming and outgoing Ps
states, so at high temperatures, there is no quenching at all.
We hypothesize there is no such suppression of SEQ in $2
because the pores are aligned and the energy levels are not
discrete. Since there is no surface state in $2, Ps, formation
is unlikely to occur therein.

Figure 4 shows the temperature dependence of the
quenching signal Q(T) in S1, which is parameterized by
the slope of data such as that shown in Fig. 3(a). In the
absence of three body collisions, Ps, formation may occur
via two different mechanisms: a reaction between two Ps
atoms in a surface state (known as a Langmuir-
Hinshelwood (LH) reaction [24]) or between a surface
state and a ‘“‘gas phase” Ps atom (known as an Eley-
Rideal (ER) reaction [25]). Figure 2 shows a fit to the
positronium fraction as a function of temperature, which
provides the normalized thermal positronium yield Y(T),
such that 0 = Y(T) = 1 [26]. Since the formation of Ps,
depends on the population of the surface state, we would
expect a quenching signal resulting from an ER process to
have the form Q(T) « Z, where Z = 1 — Y(T), since Y(T)
refers to single atom desorption. If two surface atoms are
involved in the quenching (LH model), then we should
expect Q(T) = Z2. In Fig. 4, both of these functions (scaled
to match the low temperature value of Q(T)) are plotted
along with the measured quenching data [5]. The LH
model is clearly a better match to the data (note: this is
not a fit) indicating that this mechanism is most likely the
predominant mode of Ps, formation [27].

In our prior work [1], we argued that the apparent
density dependent change in the Ps decay rate could not
be due to the inhibition of Ps formation by spur electrons,
and the present data show conclusively that this is indeed
the case; the quenching has been directly observed (Fig. 1).
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FIG. 4. The quenching in sample S1 as a function of the
temperature. The thermal positronium yield Y(7) was obtained
from a fit to the data shown in Fig. 3 and has been scaled to fit the
amplitude of the quenching signal. The expected ER and LH
model curves are plotted as described in the text.
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In light of the observed temperature dependence of the
quenching, however, our previous speculation that our data
might be due to a combination of Ps, formation and SEQ is
shown to be incorrect. In that work, a sample very similar
to S2 was used, and it is therefore unlikely that any Ps,
formation occurred. Moreover, our estimate of the SEQ
cross section did not take into account the slow Ps ther-
malization, and, in the absence of a direct measurement of
the quenching rate, relied on an oversimplified model. The
present determination, while itself somewhat imprecise,
supersedes the former. Given the complex nature of the
SEQ process under these experimental conditions, a
Monte Carlo simulation is probably required to properly
account for the inhomogeneous Ps density distribution and
the fact that the Ps atoms are not thermal.

To summarize, by using sub-ns positron pulses and an
improved detection system, we have been able to directly
observe Ps-Ps interactions in porous silica films. Varying
the sample temperature and using different types of films
have made it possible to distinguish between and study Ps,
and SEQ effects. Our data are consistent with Ps, forma-
tion occurring via an LH type mechanism, in accordance
with a recent estimate for quartz surfaces [28], which
suggests that this might be a good material for future laser
spectroscopy studies of molecular positronium in vacuum.
Our estimate of the SEQ cross section is broadly consistent
with the calculation by Ivanov, Mitroy, and Varga [21], and
reiterates the need to use a spin polarized positron beam in
future experiments to create a Ps BEC.
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