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Positronium Formation and Diffusion in a Molecular Solid Studied
with Variable- Energy Positrons
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Crystalline and amorphous ice were studied with monoenergetic positrons with incident
energies 0 & F & 5 keV. Positronium (Ps) forms in the ice and diffuses as a neutral parti-
cle until annihilation or escape from the surface. Measurement of the fraction of o-Ps
leaving the surface reveals two distinct contributions to the total Ps-formation probability
(both Ore- and spur-type) as well as the Ps diffusion coefficient, 0.17+0.09 cm /sec iu
crystalline ice. R. addition, positronium trapping is observed in sputtered (crystalline)
ice and voids (2 17' diameter) in amorphous ice.

PACS numbers: 78.70.Bj, 61.70.Ey, 71.60.+z, 82.55.Gm

During the last few years the development of
beams of low-energy (& 10-keV) positrons has
opened up new fields of research of surface and
near-surface phenomena in metals and semicon-
ductor's. ' In this Letter we report on the first
low-energy positron study of a molecular crystal,
designed to obtain information about positronium
(Ps) formation, diffusion, and interactions with
structural defects. Ice, studied extensively be-
fore,"was chosen as the first substance. Posi-
trons injected into ice (and many other insulators)
may form Ps, a bound positron-electron state.
The formation process has been under strong de-
bate. ' In the Ore model the positror. ---when
reaching energies in a range typically 5-10 eV
(the Ore gap) during slowing down- ionizes a
molecule with simultaneous formation of a Ps
atom. ' In the spur model Ps formation takes
place between the thermalized positron and a
thermalized excess electron. ' This excess elec-
tron is one of the species (ions, radicals, elec-
trons) created inside the region called a spur
when the positron loses its last major amount of
energy (up to roughly 100 eV).' The different
characteristic energies expected for the two mod-
els suggest that a differentiation between them
can be made by a measurement of the Ps yield
versus positron energy. Ps formed in ice may
diffuse back to the surface and escape. By meas-
urement of the fraction of escaping Ps versus the
incident positron energy the Ps diffusion coeffi-
cient D p, can be determined. The few published
D p, values for solids scatter over several orders
of magnitude. 4

The slow positron beam used is described else-
where. ' The ice samples were prepared in a UHV
chamber by vapor deposition of triply distilled,
degassed water onto a cold single-crystal Cd sur-
face. Samples of crystalline ice were made with

a deposition rate of roughly 0.5 pm/min on a sur-
face at 150 K, while for amorphous samples the
rate was about 0.05 pm/min at 50 K.' Sample
thi. cknesses were about 10 pm. The sample could
be rotated towards the water vapor inlet or a
sputtering gun. The annihilation radiation tQat is
used to determine the orthopositronium (o-Ps)
fraction was detected with an intrinsic Ge detec-
tor.

In ice Ps annihilates mainly with the emission
of two (511-keV) ) quanta. In vacuum, o-Ps de-
cays by 3y annihilation (E& 511 keV), while P-Ps
decays by 2y emission. Hence, the fraction of
detected Sy events measures the amount of o-Ps
escaping the sample (when corrected for the
small fraction of 3y events from the bulk). This
fraction, I"», can be determined from the shape
of the y-energy spectrum. ""Because of the
repulsive exchange interaction between Ps and
the surrounding molecules the Ps atom has a
negative affinity to the crystal, "which is esti-
mated"'" to be —2*1 eV. Thus all Ps reaching
the surface is expected to escape into vacuum.
However, thermalized positrons in ice, which
may also diffuse to the surface, cannot form Ps
(unlike in most metals), because the lowest elec-
tron ionization energy (=10 eV)" is higher than
the Ps binding energy (=6.8 eV), and the positron
work function is measured to be positive. Thus
the measured I"» is only due to Ps which formed
inside or near the surface of the sample and sub-
sequently escaped into vacuum.

Figure 1 shows a typical curve for F» versus
incident positron energy for crystalline ice at 150
K. Small differences between different samples
were observed but the main characteristics re-
mained the same, viz. (1) a low-energy part (E
& 50 eV) where F& varies strongly and exhibits
sharp maxima and minima (a similar structure
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was observed for mica by Mills' ), (2) an inter-
mediate region (50«& 700 eV) where E,z has a
slow, gradual increase, and (3) a high-energy
region (E) 700 eV) where E& shows a steady de-
crease.

For ice the limits of the main Ore gap (i.e.,
that associated with the lowest ionization energy)
can be estimated at"" 5+1 to 10 ~1 eV. Taking
into account that the curve in Fig. 1 is shifted
2-3 eV because of the charging of the crystal (by
the positrons), the main peak is seen to fall ex-
actly in the Ore gap. We interpret this peak as
Ps formation resulting from an Ore-type process.
The second peak (at =25 eV) is ascribed partly to
positrons which have been scattered into the main
Ore gap by one inelastic collision (in a few cases
two), partly to an Ore gap at about 25-30 eV,"
and partly to Ps formation by the spur mechan-
ism for positron energies above the ionization
threshold [ = 10 eV (Ref. 13)]. A more detailed
discussion of this will be published elsewhere. "

As noted earlier, all Ps formed close to the
surface will escape. Hence, above the oscilla-
tory behavior, the measured P&= 379o repre-
sents the total o-Ps yield at E = 50 eV. Bulk ice
measurements' show an o-Ps yield of about 55%.
Hence we ascribe the increase of +» between 50
and 700 eV to the increase of the total Ps yield
with incident positron energy. This increase is
attributed to recombinations of thermalized posi-
trons and electrons (i.e. , a spur process). The
number of ionized electrons generated by a posi-

LOG OF INCIDENT POSITRON ENERGY (eV)

FIG. 1. Typical curves for the 3y annihilation fraction
E3 of 0-Ps v s log gp of incident pos itr on energy in

y
crystalline ice. Some of the positrons in ice form Ps,
which then diffuses to the surface and escapes into
vacuum, where 0-Ps annihilates with 3y emission.

tron increases with the incident energy. The
range of the electrons until thermalization is ex-
pected to be about 300 A,"i.e., roughly the same
as the mean penetration depth of 1-keV positrons.
Hence, the number of thermalized electrons, with
which the positron has a nonzero probability to
recombine into Ps, increases with initial positron
energy up to roughly 1 keV, above which it does
not change. Furthermore, the fraction of ionized
electrons lost through the surface as secondary
electrons (about 2 per incident positron at these
energies") becomes smaller with increasing in-
cident positron energy. The decrease of I"

& at
E) 700 eV is ascribed to the diffusion of Ps from
the bulk to the surface in competition with the
annihilation of Ps. This is analogous to positron
diffusion results for metals. "

The measured curves above 50 eV were fitted
by a model:

E~=P(E)(E,[1+(E/E,)"] '],
where

P(E) =(P —P,„)exp[ —,'(E/E )~]+P—

is an empirical expression for the energy-depen-
dent Ps yield (=P, at = 50 eV, P in the bulk).
The expression in curly brackets in Eq. (1) is
derived from a one-dimensional diffusion model'
giving the fraction of o-Ps that diffuses back to
the surface (where it escapes). The mean pen-
etration depth of positrons x, and hence the mean
Ps formation depth, is related' to the positron
energy E approximately as x =AE" . Assuming
that the slowing down of positrons is very similar
to that of electrons, we can take A =320+100 A/
keV" .""'" The parameter E, in Eq. (1) is re-
lated to the diffusion length I-, p, [L, p, = (D p,v, p, )
=gE,", where 7; p, =0.7 nsee is the o-Ps lifetime
in ice].

Table I gives the parameters extracted by the
curve fitting for two different samples at given
temperatures. For simplicity we give the value
E», at which P(E»,) =(P ~ -P,)/2+P, . The val-
ues of n in Table I are in reasonable agreement
with the expected value of about 1.75." Since the
fitting parameters (E„n) in the curly brackets in
Eq. (1) are determined mainly from the data
points at the highest energies, and since the em-
pirical expression for P(E) can fit any reason-
able, increasing curve that saturates, the fitted
diffusion parameters depend only slightly on the
functional form of P(E). Still, there is a relative-
ly strong correlation between n and E„which
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TABLE I. The main parameters resulting from a
fit of Eq. (1) to curves in Fig. 1 measured for two dif-
ferent samples (E & 50 eV). The value of &0 is (49.5
+2.5)%. During fitting, two parameters were fixed,
E~ ——0.75 and P~» ——75%. The uncertainties given in
the table are estimates based on the scatter of the data
of several runs (only one run at 70 K). E&i& is the
energy at which half the Ps yield increase has taken
place.
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FIG. 2. F3& vs incident energy in crystalline ice
after Ne+ sputtering and subsequent annealing. Open
circles, as sputtered, 44 K; crosses, 50-117 K; tri-
angles, 118-137K; plusses, 137-145 K; solid circles,
145-149 K.

may be reflected in the apparent temperature de-
pendence of n and the scatter of E, (Table I).
From the present data we conclude that D p, in ice
is 0.17+0.09 cm'/sec with a relatively weak tem-
perature dependence. This may be explained with
a simple quantum-tunneling model of P s diffu-
sion, with a Ps bandwidth of about 1 eV. For
comparison, D p, may be indirectly estimated,
from the width of the P-Ps peaks in angular cor-
relation curves. ' Based on the high-resolution
data of Douglas et al."we obtain a rough esti-
mate D p,

= 0.3 cm'/sec.
The temperature effect clearly seen in Fig. 1

and in the decrease of E», with temperature (Ta-
ble I) is attributed mainly to the temperature de-
pendence of the secondary-electron slowing down
range due to a decrease of the electron mean
free path between inelastic collisions. " Using
the theory of Ref. 18 with a typical optical phonon
energy in ice (200 cm '), we obtain a variation of
the secondary-electron range very similar to that
of E»» i.e., only a small change up to about 100
K, and then a decrease to roughly 80% of the low-
temperature value at 150 K.

To investigate the effect of surface damage,
crystalline ice was bombarded at 44 K with 3-keV
Ne' ions that create damage in a 50-100-A-thick
surface layer. Figure 2 shows the strong effect
of the damage, partly a result of inhibition of Ps
formation in the bulk and partly due to Ps trap-
ping in the defects created. ' On annealing above
approximately 100 K (the vacancy migration tem-

perature') the curve characteristic of crystalline
ice is gradually recovered.

Results obtained for amorphous ice are shown
in Fig. 3. The curve for the as-grown sample
differs significantly from the crystalline-ice
curve (Fig. 2). There is a rapid initial decrease
in E» probably due to the much shorter I-p,
caused by Ps trapping in the amorphous struc-
ture. E» levels off at (8-9)% for high positron
energies. This shows that positrons penetrating
as deep as (3-4)x10' A have a rather large prob-
ability of 3y decay. This can only be explained
by o-Ps trapping in large cavities in the bulk
amorphous ice, where the pick-off annihilation
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FIG. 3. E&
&

vs incident energy during annealing of
amorphous ice. Open circles, as grown, 45 K; tri-
angles, 115-132 K; plusses, 141-151K. Major changes
in the curve shapes occurred at 96—114 and 132-140 K.
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rate is strongly reduced. If about 50% 0-Ps is
formed, all of which becomes trapped in cavities,
there is roughly 17% probability of 3y annihila-
tion. The leads to an o-Ps lifetime of 0.17~142
=24 nsec, equivalent to a cavity diameter of
about 17 A." On annealing above 100 K a clear
transition takes place. The high-energy level of
I" & disappears, signaling the disappearance of
the cavities. At the amorphous-to- crystalline
ice transition at 135 K (Ref. 3) the curve changes
again. The variation of +& with E is now con-
sistent with the results for crystaQine ice (Figs.
1 and 2), if the I p, is considerably shortened
(to about 150 A compared to 1000 A in the as-
grown crystal). This may be due to defects cre-
ated at the phase transition that are capable of

trapping Ps.
In conclusion, we have shown that Ps forma-

tion in crystalline ice apparently takes place via
both an Ore-type process (seen for initial posi-
tron energies of 5-35 eV) and a spur-type pro-
cess (seen for energies & 100 eV). The Ps dif-
fusion coefficient is determined to be 0.17~0.09
cm'/sec, being the first direct measurement of

diffusion of a neutral ultralight particle. A clear
effect of near-surface damage was observed as
well as a qualitative difference between crystal-
line and amorphous ice, the latter apparently
containing large (& 17-A) cavities in the as-grown
state.
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