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The behavior of positrons in crystalhne and amorphous ice has been studied with a beam of
monoenergetic positrons with incident energies 0—4.5 keV. Positronium (Ps) is formed in the bulk
ice and diffuses until it annihilates or escapes from the surface. Measurements were carried out on
the fraction of ortho-Ps leaving the surface and of the Doppler broadening of the 511-keV y annihi-
lation line. For incident energies 0—60 eV the Ps formation probability shows large variations.
These variations are associated with Ps formation in the so-called Ore gaps and reflect the electronic
structure of ice as demonstrated by Monte Carlo simulations of the positron slowing-down process.
At higher energies, up to about 1 keV, the total Ps yield increases from about 50 to 75%, which is
attributed to Ps formation via spur processes. A large difference is found between the Ps diffusion
coefficient in crystalline ice (about 0.2 cm /sec) and in amorphous ice (roughly 10 cm /sec). From
the red shift of the 511-keV annihilation line the Ps work function (affinity) in the crystalline ice is
estimated to be —2+1 eV. Evidence for low-energy-positron diffraction in the crystalline ice is
found with scattered intensities higher than 25%%uo. Sputtering of the crystalline ice creates surface
damage which strongly reduces the yield of Ps escaping the surface. Cavities of average diameter

0

larger than about 17 A are found in the as-grown amorphous ice. They anneal out at about 100 K,
which is below the crystallization temperature of about 135 K.

I. INTRODUCTION

Conventional positron-annihilation experiments make
use of positron-emitting isotopes which have maximum
energies from 0.5 to 1.5 MeV. In metals such positrons
penetrate of the order of 10—100 pm. Hence, the experi-
ments normally give information about bulk properties.
For recent reviews of the field, see Refs. 1—4.

In recent years a new technique, the low-energy-
positron beam, has been developed. (See, e.g., Refs. 5—8).
Here the energetic positrons from a radioactive source are
first moderated to thermal energies in a metal crystal,
after which a fraction of them (3 X 10 —10 ) leaves the
surface of the moderator with a well-defined energy (a few
electron volts) equal to the negative of the positron work
function of the metal. These positrons may then be ac-
celerated, thus constituting a variable-energy beam of
monoenergetic positrons. ' Such beams have been inten-
sively used in studies of atomic physics5' and of surface
and near-surface phenomena in solids, in particular met-
als. The latter investigations have mainly been dealing
with positron-surface interactions, positron diffusion, and
positron trapping at defects in the bulk and at surface and

interfacial layers.
The aim of the present work has been to study the in-

teraction of low-energy positrons and Ps with a molecular
solid. As a first example we have chosen ice which has
been extensively investigated both by conventional
positron-annihilation methods' ' as well as by many oth-
er techniques. ' Unlike in metals, positrons injected into
most molecular solids have a nonzero probability of form-
ing Ps in the bulk of the material. The process by which
Ps is formed in condensed molecular materials has been a
matter of much debate. ' ' According to the Ore model
of Ps forination, ' which is recognized as being valid for
low-density gases, ' the positron during its slowing down
picks off an electron from a molecule with which it simul-
taneously forms Ps. For energies below El, I —6.8 eV, ——
where I is the lowest ionization energy and 6.8 eV is the
Ps binding energy in vacuum, this process is not energeti-
cally possible. Above an energy EU -I the model predicts
a reduction of the yield of stable Ps, because the Ps for-
mation process must complete with rapid slowing down of
the positron by excitation and ionization. A Ps atom
formed by a positron of energy above EU may also split
up again, thus reducing the yield of stable Ps. The energy
range EL &E & EU is the so-called Ore gap in gases. '
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The spur model of Ps formation, ' ' which has success-
fully accounted for numerous experimental observations,
describes the Ps formation as a two-step process. At the
end of its slowing down the positron first loses the last
part of its kinetic energy (normally assumed about
30—100 eV) by creating a spur' ' (a region containing
reactive species, i.e., electrons, ions, and radicals as well as
the positron). After these species have thermalized the
positron may combine with an excess electron in the spur
to form Ps (in competition with other processes). Thus,
since the characteristic positron energies in the two
models were expected to be different, it seemed possible to
differentiate between the two models by measurements of
the Ps yield as a function of the positron energy.

Another important property which may be determined
with low-energy-positron experiments is the Ps diffusion
coefficient. Ps diffusion coefficients have been published
for only a few insulators, ' and their values scatter over
several orders of magnitude. The reason for this scatter
may be that most of these measurements were made on
amorphous or strongly defected crystalline samples
(powders) which were not always well characterized. '

Hence, there is almost no data on Ps diffusion in crystal-
line solids, and theoretical discussions of the subject are
few. ' This is so despite the fact that Ps is one of the few
neutral light particles whose diffusion in a solid may be
studied, and as such of general interest. Also, for other
investigations, e.g., of defects in molecular crystals' it
would be very valuable to know the Ps diffusion coeffi-
cient as well as its temperature dependence. Slow-
positron measurements are a relatively direct method of
establishing Ps diffusion coefficients. Like positrons in
metals, Ps formed in an insulator may diffuse back to the
surface and escape. By measuring the fraction of Ps that
escapes through the surface for different incident positron
energies (and hence different depths of Ps formation), the
Ps diffusion coefficient is determined.

Further information about the behavior of the positron
(or Ps) can be obtained from measurements of the
Doppler broadening of the 511-keV annihilation radiation
line. We use this method to estimate the kinetic energy
with which Ps leaves the surface (i.e., the negative Ps af-
finity).

In the present work both crystalline and amorphous ice
have been studied using positrons of energies in the range
0—4.5 keV. Both the yield of 3y annihilations and the
Doppler broadening of the annihilation line shape were
measured over the temperature range 45—150 K. A brief
account of some of these results has been given previous-
ly. ' This paper gives a more complete report of the
whole work. The main results obtained were a deterrnina-
tion of the Ps diffusion coefficient, and a demonstration
that in the present experiments one contribution to the to-
tal Ps yield comes from positrons with typical Ore gap en-
ergies, and another contribution, due to spur processes,
from positrons with initial energies of several hundred eV.
Furthermore, crystalline and amorphous ice gave striking-
ly different results, with strong evidence for large cavities
in the as-grown amorphous solid. Damaging the crystal-
line ice surface by ion sputtering strongly influenced both
the Ps formation and diffusion. Finally, the Ps affinity to

the crystalline ice has been roughly estimated.
The paper has been divided into the following sections.

The next section gives the experimental details. Section
III contains some theoretical considerations and describes
the data analysis. In Sec. IV the results are presented and
discussed, and a summary and conclusion is contained in
Sec. V. Two appendixes give details on Monte Carlo
simulations of positron slowing down and Ps formation
(Appendix A) and simulations of Doppler broadening
curves (Appendix B).

II. EXPERIMENTAL DETAILS

The low-energy-positron beam used for the present ex-
periments was the one described by Lynn and Lutz, 9 in
which the positrons after moderation in the source end of
the machine are magnetically guided to the target
chamber. The beam has a diameter of about 6 mm and is
essentially monoenergetic (width 1 eV) with energies in
the range 0—4.5 keV. The positrons are transported from
the source end at a fixed energy of 15 or 25 eV. The ener-

gy with which the positrons hit the sample is then deter-
rnined by the sample potential. For low-energy measure-
ments (0 &E & 1000 eV) the sample potential was ramped
at a frequency of about 0.1 sec ' and data was collected
in a multichannel analyzer in the multiscaling mode. For
high-energy measurements (0&E&4.5 keV) the sample
bias was fixed for a certain measuring time, data being
collected by two scalars (see below) and subsequently
stored in a computer, before a new sample bias was
chosen. The sample biases were normally chosen in a
fixed random order. For both types of measuring pro-
cedures a total spectrum was recorded in 1—2 hours.

Measurements of the energy spectrum of the annihila-
tion photons emerging from the sample and its vicinity
were made with an intrinsic Ge detector which has a full
width at half maximum (FWHM) resolution of 1.45
keV at 514 keV. The detector was placed on the beam
axis behind the sample. Two types of measurements were
carried out. In one type the number of counts (P) in the
511-keV photopeak (500—520 keV) as well as the total
number of counts in the spectrum ( T) were recorded to be
used for the determination of the 3y yield. In the other
type of 511-keV annihilation line was recorded in 78
channels of a multichannel analyzer for determination of
the Doppler broadening of the line. The energy dispersion
was 187.6 eV per channel, and the centroid was main-
tained by a digital stabilizer. The shape of the 511-keV
line was characterized by two parameters, S and W. S
was the area between channels 34 and 44, W the sum of
the areas between channels 10 and 29, and 49 and 68, both
S and W being normalized to the total area within the 78
channels.

The ice samples were made by depositing water vapor
onto a cold Cd single-crystal substrate. The Cd crystal
was mounted on the cold stage of a closed-cycle He refri-
gerator, electrically isolated from ground (Fig. 1). The
sample could be cooled to about 45 K. The sample tem-
perature was controlled by simultaneous cooling and elec-
trical heating, or the sample was heated by switching off
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liquid water.
A number of investigations have been carried out to

study the structure of solid ice formed by vapor deposi-
tion, ' most recently by Rice and co-workers with the aim
of.producing amorphous ice. Based on the results of
these studies we have grown samples of crystalline ice
[mainly ice Ic (cubic), maybe with a small admixture of
ice Ih (hexagonal)] by deposition at about 150 K and at a
rate of roughly 0.5 pm/min (for an estimated sample size
of 1 cm ), while amorphous ice was created by a roughly
ten times lower deposition rate onto a 45—50-K cold sur-
face. The sample thicknesses were estimated at roughly
10 pm. This thickness ensures that the positrons stop in
the ice and do not penetrate into the Cd substrate.

Measurements were carried out in the range 45—150 K.
The upper temperature was limited by the sublimation of
the sample at higher temperatures.

A problem anticipated to arise during the experiments
was that of sample charging, because the positrons re-
move electrons from the sample. Heavy charging of the
sample may lead to an ill-defined sample potential, and
hence a large uncertainty in the positron incident energy.
In order to neutralize the positive-charge buildup an elec-
tron flood gun was installed which could flood the sample
with electrons of 0—2 eV. However, the sample charging
by the positrons turned out to be less severe than was anti-
cipated. Several scans were possible without appreciable
charging of the sample, especially at the highest tempera-
tures.
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FIG. 1. (a) shows the sample in the measuring position in the
UHV target chamber. The Cd crystal (specimen) on which the
ice is deposited is thermally connected to the He refrigerator
(Displex) through a sapphire (electrically insulating) and a flexi-
ble copper braid. The specimen is surrounded (except for the
beam entrance hole) by a heat shield. The bottom part of this
can be lowered to allow the specimen to be turned in front of the
vapor inlet tube for water-vapor deposition (b).

the refrigerator (recording data during the slow warm-up).
The temperature was measured by Chromel-Alumel ther-
mocouples and a Pt resistor thermometer. The sample
could be turned away from the beam positron to make
possible ion bombardment from a sputtering gun and
water-vapor deposition. For the latter the Cd crystal was
positioned about 1 cm in front of the water-vapor inlet, a
3-mm-diam stainless-steel tube [Fig. 1(b)]. Before deposi-
tion the pressure in the target chamber was about 10
torr. The deposition rate was determined by a leak valve
separating the tube and a water reservoir. Triple-distilled
water was used which was degassed by several freeze-thaw
cycles and subsequent pumping on the vigorously stirred

III. THEORETICAL CONSIDERATIONS
AND DATA ANALYSIS

In many insulators Ps formation may take place in the
bulk of the material. Before Ps annihilates it may be cap-
tured by defects' (in solids) or undergo chemical reac-
tions with some of the molecules. If the Ps atoms are
formed sufficiently close to the surface they may also dif-
fuse to and escape through the surface. Annihilation of
para-Ps (p-Ps, singlet state) in the bulk takes place with
the emission of two y quanta and with a mean lifetime
close to the vacuum value of 125 psec. Annihilation of
ortho-Ps (o-Ps, triplet state) takes place mainly via the
so-called pick-off process by which the positron annihi-
lates with one of the electrons of the medium into two y
quanta, while only a very small fraction undergoes intrin-
sic annihilation into three y quanta. Typical lifetimes for
o-Ps annihilation in the solid are a few nsec, which is
much shorter than the vacuum (intrinsic) lifetime of 142
nsec against 3y decay.

Positrons (not forming Ps) may also diffuse to the sur-
face of an insulator. However, thermalized positrons at
the surface of a molecular solid cannot normally form Ps
because the electron ionization energy of the medium is
too high for it to be energetically possible. This is can-
trary to the situation in most metals. The formation pro-
cess will be discussed further in Sec. IV. The Ps escaping
through the surface into the vacuum has, therefore, nor-
mally been formed in the bulk and diffused back to the
surface. The average Ps diffusion length is given by
L;=(Dp,w;)', where Dp, is the Ps diffusion coefficient
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and 7; is the o-Ps (i =0) or the p-Ps (i =p) lifetime.
Since p-Ps usually lives much shorter than does o-Ps,
Lz &L,. Hence, if o-Ps and p-Ps are formed in the ratio
of 3:1 at a distance from the surface, ' this ratio is higher
than 3 for the Ps which escapes into vacuum.

The calculation of the fraction, f, of positrons which
annihilate from an o-Ps vacuum state is analogous to that
used for metals. ' It is based on the ratio
Rf =(Tf Pf )/—Pf, where Tf is the total number of
counts in the y-ray spectrum and Pf is the number of
counts in the 511-keV photopeak (500—520 keV). f is
then given by
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where subscripts 0 and 75 refer to situations where O%%uo or
75% of the implanted positrons escape the surface as o-
Ps. Equation (1) differs slightly from the similar formula
used previously, ' ' since in the present case f only
represents the fraction of 3y decays (i.e., only o-Ps), and
hence 0&f&0.75. (Previously, f was normalized to in-
clude also p-Ps, and thus 0&f & 1.0). As discussed in de-
tail in Refs. 24 and 26, the accuracy with which f can be
determined depends on the accuracy with which the ratio
P75 /Pp, and the limiting values, R p and R 75 can be es-
timated. We used the following parameters in the analysis
of the data: P75/Pp=0. 4 Rp=5. 9, R75 —13.0, as de-
duced from previous measurements.

Positrons that do not form Ps and hence annihilate as
"free" positrons (in insulators or in metals) have a small
probability (», ) of 3y decay. With the parameters
mentioned above, Eq. (1) incorporates these bulk 3y de-
cays from "free positrons" in such a way that the calcu-
lated f represents only those 3y decays which originate
from o-Ps in vacuum. When Ps also forms in the bulk of
the sample one normally expects an increase of the total
3y annihilation probability. In crystalline ice the 0-Ps
lifetime is 0.7 nsec, ' and hence the average probability of
3y decay for those positrons forming Ps is ~ &(0.7/142,
which only exceeds», by 1.1)&10 . Thus, for ice the
correction to f from Ps formation in the bulk is at most
about O. l%%uo and is therefore ignored. However, for other
molecular substances with 0-Ps lifetimes of several nsec it
may be important. In such cases the parameters Rp and
P75/Pp should be determined directly using the molecular
sample, and not by using a metal sample in its place.

Values of f as a function of positron incident energy E
were measured mainly in two different energy intervals,
viz. 0&Eg65 eV and 0&E&4.5 keV. Figure 2 shows
two typical low-energy curves, (b) for a freshly grown
crystalline ice sample, and (c) for a sample which had
been charged to a couple of volts by the beam (Fig. 1 in
Ref. 21). Figure 2(a) shows the measured total (Tf ) num-
ber of counts for Fig. 2(b). The positron incident energy
was varied by changing the target potential from 29.4 to
—38.2 V, keeping the Cu converter at 25.1 V. E =0 in
Fig. 2(b) was defined by the beam onset (the steep rise in
Tf) which happened at a sample potential of 26.0 V, i.e.,
for a nominal positron incident energy of —0.9 eV. This
deviation from zero is attributed to the contact potential
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difference between the slow-positron converter and the
target minus the positron work function of the Cu con-
verter.

In Fig. 3 we show typical curves f(E) for the high-
energy range above the oscillatory behavior of Fig. 2.
Small differences between different samples were ob-
served, but the main characteristics were the same. As
discussed in Ref. 21, the initial increase in f with E is as-
cribed to an increase in the yield of Ps formed in the ice.
The decrease off at higher energies is resulting from a de-
crease of the fraction of Ps which diffuses back to the sur-
face. The high-energy (50 eV &E &4.5 keV) curves were
fitted with a model:

f =p(E)d, (E)=p(E)/[(1+(E/E, )"],
where

p«)=p ..+(pp —p ..)exp| —~«/Et) f

(2)

(3)
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FIG. 2. (a) shows the total number of counts, Tf, and {b) the
fraction of 3y decays, f, as a function of positron incident ener-

gy, E, for a freshly grown ice crystal. The sharp rise in Tf
clearly shows the "beam onset" which defines E =0 eV
(equivalent to a nominal positron energy of V „,—V„,g„=—0.9 eV, upper scale). (c) is equivalent to (b), but ob-
tained with better statistical accuracy and for a sample which
had been nonuniformly charged a couple of volts by the beam.
This charging introduces a shift and a broadening (and hence
lower peak value), especially of the peak at 6 eV. (c) is the same
as shown in Fig. 1 in Ref. 21.



7052 ELDRUP, VEHANEN, SCHULTZ, AND LYNN 32

50

V, 40

V)

~ 30

C5
20

)0-

0 I I I I I 1 I I

0 2 3 4
E (keV)

FIG. 3. The 3y yield, f, as a function of positron incident en-

ergy at three different temperatures for crystal 1. The increase
in f results from an increase in the Ps formation probability,
while the decrease is due to the finite diffusion length of o-Ps
before annihilation. The curves are fits of Eq. (2) to the data.

X=AS" . (4)

The functional form found for d, (E) furthermore de-

is an empirical expression chosen to describe the increase
of the o-Ps yield with energy from po at E-50 eV up to
pm~ for large E (see Sec. IV). The function d, (E), which
gives the fraction of o-Ps that diffuses back to the sur-
face, was derived from a one-dimensional diffusion
model. The shapes of typical curves, d„p, and f, are
shown in Fig. 4. In Eq. (2) we assume that all Ps which
diffuses back to the surface escapes. The parameter E, is
related to the o-Ps diffusion length ' by J-, =HE,",
where A is the constant in the relation adopted for the
mean positron penetration depth:

pends on the assumption that the positron implantation
profile is exponential. 27 This latter assumption is open to
some criticism. ' With a different implantation profile
the functional form of d, (E) will be different and the pa-
rameters (E, and n) extracted from a fit 'to experiments
will change. Also, the physical quantities (e.g. , Dp, and
I., ) derived from the fitting parameters may be affect-
ed. ' However, their temperature dependences are not
much affected. The relation, Eq. (4), between mean
penetration depth and incident energy seems to be a good
approximation for both electrons and positrons, at
least for incident energies in excess of approximately 300
eV. Using electron penetration data for low atomic
number insulators, we expect values of n = 1.75 and
A =320+100 A keV ". This agrees well with the data of
Mills and Wilson for positrons on Al and Cu which give
A =335 AkeV " when calculated for ice densities. For
energies below about 300 eV, Eq. (4) with the estimated
values of A and n probably underestimates the mean
penetration depth, at least in insulators.

With these reservations about the model in mind we fit-
ted Eq. (2) to the measured high-energy curves for crystal-
line ice, at first leaving the parameters po, p,„,Ei, P, E,
and n as free-fitting parameters. Because of the correla-
tion between these parameters, they showed rather large
scatter [e.g., p,„=0.55, o(p,„)=0.05; E, =1792,
o(E, )=129; n=1.93, o(n)=0. 13; Ei ——409, o(EI)=33;
corr(E„p,„)= —0.98; corr(E„n) =0.84; corr(E„E, )
= —0.79, where the bar, cr, and corr represents a typical
mean value, standard deviation, . and correlation coeffi-
cient, respectively, of the fitted parameters as determined
from several scans at each temperature]. In bulk ice the
o-Ps yield is close to 56%, ' and we subsequently
analyzed the data with p,„ fixed at 0.56 to reduce the
correlation in the fitted values. [The correlation coeffi-
cients were now: corr(E„n ) =0.43, corr(E„EI ) = —0.57,
corr(EO, P)= —0.36. These values show that the func-
tions p(E) and d, (E) in Eq. (2) are fairly well separated
in the fitting procedure. ]
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IV. RESULTS AND DISCUSSION

A. Crystalline ice

1. I.ow energies

A main challenge in the discussion of the results
presented in Fig. 2 is to interpret the large variations with
incident positron energy of the vacuum o-Ps fraction.
For a comparison with the Ore model let us first formu-
late this model for a solid. ' ' The lower, well-defined,
limit of the Ore gap is given by

0.0 j & I i I i I

0 1 2 3 4
E (vev)

El. ——I—6.8 eV —Qp, ,

and the upper, probably less sharp, limit by

(5)

FIG. 4. Sketch of the two factors that determine the shape of
the curves in Fig. 3 as described by Eq. (2). The curves are
drawn with realistic parameter values for ice. The curve labeled
o-Ps formation is the function p (E) given by Eq. (3), the curve
labeled as the probability of diffusion back to surface is the
function d, (E) in Eq. (2), and the curve labeled o-Ps escaping
surface is f=p (E)d, (E), Eq (2). .

Ev=E' —Q+, (6)

where I is the ionization energy, E the lowest excitation
energy, Q+ the positron and Qp, the Ps affinity (equal to
the work function) to the solid. EL, and Ev refer to the
positron energy in vacuum.



32 POSITRONIUM FORMATION AND DIFFUSION IN. . . 7053

80

C
0 20-
U

0
20

30

.-30

0
o 20

00 20

-.30

"30

-- 10
)

0 20 60 60
Inc&dent. Posi. t r on oner gy (eV3

FIG. 5. Calculated fractions of positrons forming o-Ps as a
function of incident positron energy. The curves were obtained
by the Monte Carlo calculation described in Appendix A. The
contributions to the total curve, d, from the various electronic
bands are illustrated by the three other curves. They are results
if only one band (curve a) (ionization energy Ij ——9.8 eV), two
bands (curve b) (I~ and I2 ——11.S eV), and three bands (curve c),
(I~, I~, and I3 ——16.3 eV) are included in the calculation.
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In
curve d the fourth band (Iq—30 eV) is also included.

The lowest ionization energy according to the review of
ice energy-band structures by Rosenberg et al. is 9.8 eV
(probably with an uncertainty of about 1 eV). Qp, is es-
timated to be —2+1 eV (see Sec. IVA4). Hence we find
El. ——5 eV with an estimated uncertainty of +1.5 eV.
This value is in agreement with the incident positron ener-

gy at which the steep rise in Ps fraction is observed [Fig.
2(b)], which suggests that an Ore-type process may be re-
sponsible for the Ps peak at about 6 eV. We have there-
fore carried out a Monte Carlo simulation 7 of the posi-
tron slowing down and Ps formation in ice considering
only the Ore model, and taking into account all four elec-
tronic energy bands of importance (with I =9.8—10.5 eV,
11.5—12.5 eV, 16.3—16.6 eV, and 27.5—34.0 eV follow-
ing Ref. 36). This is described in Appendix A. A similar
and independent Monte Carlo calculation, which, howev-
er, only takes the first band into account, has also been
made by Van House et al.

The effect of the lower-lying bands having a higher I
will be to provide additional channels for Ps formation in
competition with positron slowing down by inelastic
scattering through excitation and ionization. An addi-
tional positron slowing-down mechanism is the, two-step
process of the formation of energetic Ps followed by col-
lisions with molecules which split up the Ps into an elec-
tron and a positron. In order to calculate the contribu-
tions from these processes to the total Ps yield, it is neces-
sary to know the positron cross sections for slowing down
by inelastic scattering (excitation and ionization) and for
Ps formation. 37'39 Such cross sections are not directly
available for ice, but as discussed in Appendix A one can
make some reasonable estimates. The results of the calcu-

lation are shown in Fig. 5. Although the result for curve
d of Fig. 5 is not identical to the curve for f in Fig. 2,
there is a striking similarity. With the rather larger un-
certainties on some of the input parameters to the calcula-
tion, no detailed agreement can be expected, although
such an agreement could certainly be obtained by adjust-
ing these parameters. This fact suggests that similar mea-
surements may be used to obtain information on, e.g.,
cross sections for various positron scattering processes, in-
cluding Ps formation.

Here we use the results of the Monte Carlo calculation
to interpret the various features of f in Fig. 2. Below
about 5 eV, Ps formation is energetically impossible. The
intense peak at about 6 eV is due to Ps formation in the
lowest-lying Ore gap. Positron slowing down by phonons
will compete with Ps formation and is the likely reason
that f does not quite reach 75%%uo as it does in the calcula-
tions (which do not include phonon scattering). Ore gaps
associated with the energy bands around 12 and 16.5 eV
contribute to the Ps yield at slightly higher energies than
the main peak, thus making the peak asymmetrical. The
maximum at around 25 eV arises mainly from Ps forma-
tion in the Ore gap associated with the band at around 30
eV. The minimum at about 35 eV (which is most clearly
seen in Fig. 2(c), where the scatter of the points is small-
est) is due to formation just above this latter Ore gap of
Ps which splits up again, leaving the positron at such low
energy ( &5 eV) that it cannot form Ps a second time.
The minimum at about 15 eV (Fig. 2) is probably of the
same origin, but associated with the lower-lying Ore gaps
(compare curves b and c of Fig. 5). Positrons with initial
energies above about 40 eV will suffer a sufficient number
of energy losses to lose memory of their initial energy be-
fore Ps formation takes place, resulting in the plateau at
these energies.

An important question is whether the relatively large Ps
yield at low E (Fig. 2) ascribed to Ore processes can be re-
garded as representative of bulk ice, or whether the sur-
face strongly influences the Ps yield. The agreement with
the Ore model using ionization potentials for bulk ice
strongly suggests that the observed Ps formation is a bulk
process. However, Ps is able to escape through the sur-
face within a short time, thus preventing possible Ps reac-
tions just after formation. One such reaction could be ox-
idation of Ps by the positive ion which is created when the
positron picks off an electron to form Ps.~ 42 This oxi-
dation process is simply the reverse of the Ps formation
process. If Ps is formed far from the surface and with
low energy (e.g., by a positron just above EL ), it may be
thermalized rather close to the positive ion and hence
have a large probability of being ionized (since the elec-
tron binding energy to the positive ion is larger than to
the.positron). Unless the positron regains all its kinetic
energy in this reverse process and hence is able to form Ps
again, the described process tends to reduce the Ps yield
compared to the situation where Ps has a high probability
of escaping through the surface. In order to estimate
quantitatively the importance of the Ps oxidation, it is
necessary to know, e.g., the Ps slowing-down cross sec-
tions. At present they are not available. However, it
seems unlikely that Ore contributions to the total Ps yield
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will be reduced to an insignificant level in bulk ice.
Still, it should be emphasized that an appreciable frac-

tion of the total Ps yield in bulk ice must be a result of
spur processes. First of all one would expect this, since
the spur model of Ps formation' ' has been successful in
explaining and predicting a number of experimental find-
ings in liquids and has also been able to account for obser-
vations of Ps yields in high-density gasses. Secondly, in
our results the rise of f for E & 100 eV (Fig. 3) is inter-
preted to be a result of spur processes ' (see also Sec.
IVA3).

Furthermore, we should mention that in the present pa-
per we have used the terminology that Ps formed from a
positron with energy in an Ore gap was formed by an Ore
process. On the other hand, Mogensen has argued that
even at Ore-gap energies, the Ps formation process in con-
densed matter is more complicated than just being the
one-step reaction usually assumed for an Ore process. He
therefore argues that the formation should rather be con-
sidered to be a spur process in a single-electron spur.

2. Electron flooding

The flood gun (see Sec. II) was used several times to
neutralize the sample charging, which manifested itself by
a higher and somewhat smeared-out beam onset thresh-
old. After flooding the onset voltage was again sharp.
Furthermore, the structure in the curve of f versus posi-
tron energy (Fig. 2) had completely disappeared, f being
constant equal to about 37% for 0&E &65 eV, i.e., the
same level as in Fig. 2 for the highest energies. The struc-
ture of Fig. 2 gradually reappeared with time after the
flooding, being fully recovered after about 10 hours at 147
K. Although one or two rather speculative explanations
for these observations can be proposed we have at present
no convincing interpretation of the curious effect of elec-
tron flooding. More detailed investigations are required.
We observe no effect of flooding with electrons on the
high-energy curves (-50 eV &E &4.5 keV, Fig. 3).

3. High energies

Figure 3 illustrates that a major effect of temperature
on the high-energy curves is a decrease of the maximum
value of f with decreasing temperature. At the highest
energies the curves coincide. This part of the curves is
determined by the back-diffusion of o-Ps [d, (E) in Eq.
(2)]. Hence we see. directly that Ps diffusion is largely
temperature independent. This is also reflected in the E,
values obtained by fitting Eq. (2) to the curves, as seen in
Fig. 6. The E, values for the two samples deviate by
about 12% (maybe due to some trapping of Ps in defects
in the second sample), but both of them are essentially
temperature independent below 100 K and show only a
small increase at higher temperatures. The average E,
values for the two samples result in Ps diffusion coeffi-
cients Dp, of 0.11, and 0.30 cm /sec.

The values of Dp, compare favorably with other esti-
mates, HF doping of ice creates defects, probably va-
cancies, which trap Ps. From the HF-concentration
dependence of the trapped Ps fraction one may deduce a
lower limit of the diffusion coefficient, assuming that the
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FIG. 6. Values of E„derived by fitting Eq. (2) to spectra like
those in Fig. 3, as a function of temperature. Data for two dif-
ferent crystalline samples are shown: (a) crystal 1, (b) crystal 2.

trapping is diffusion limited and that each HF molecule
gives rise to one trap. This lower limit is DP,-10
cm~/sec. The fact that the present results are at least an
order of magnitude larger suggests that either the trap-
ping rate into vacancies is not diffusion limited (which is
reasonable since of the order of 1 eV has to be dissipated
to phonons in the trapping process) or that the vacancy
concentration is only about one-tenth of the HF concen-
tration.

Using Dupasquier's approach' to calculate the Ps dif-
fusion constant from the width of the narrow p-Ps com-
ponent in angular correlation curves, we can estimate Dp,
from the high resolution data for ice in Ref. 43. Depend-
ing upon the assumptions made about the model, we ob-
tain a temperature independent Dp, -0.07—0.3 cm /sec,
in good agreement with the present more direct measure-
ments.

Measurements of electron mobilities in irradiated ice
give values of 20+10 cm /V sec at 150 K. By the
Nernst-Einstein equation this is equivalent to a diffusion
coefficient of about 0.2 cm /sec. Since the electron and
Ps have a main interaction with the lattice in common,
viz. the exchange interaction, one would expect their dif-
fusion coefficients to be roughly the same, as seems to be
the case, although probably the diffusion coefficient for
Ps is somewhat larger, because Ps is neutral. This differ-
ence is not brought out by the present comparison, but re-
quires more detailed investigations for both electrons and
Ps.

The rise in f between 50 eV and roughly 700 eV (Fig. 3)
we ascribe to an increase in the total Ps yield with posi-
tron incident energy as we shall discuss in the following.
Figure 2(b) shows that the o-Ps fraction leaving the sur-
face may be as high as about 66% (or higher) for Ps
formed in the Ore gap. This is a major fraction of the
highest possible value of 75% (Fig. 5). Hence, we con-
clude that most (if not all) of the Ps formed in the Ore
gaps at low energies escapes the surface. For E values of
about 50 eV the o-Ps fraction leaving the surface is 40%
or lower (Figs. 2 and 3). Hence, the total o-Ps yield at
these energies is less than 40% X —„=45%. Qn the other
hand, studies of bulk ice' show that for high positron en-
ergies the o-Ps yield is about 56%. Therefore the Ps yield
must increase with positron energy somewhere in the
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range 50 eV to several keV.
As argued above (Sec. IVA1), the constant f in the

(50—100)-eV range is attributed mainly to Ps formation
in the Ore gaps at lower energies. Hence, if only Ore pro-
cesses were responsible for the Ps formation the total Ps
yield should be independent of the initial positron energy
for E & 50 eV, and no increase in f should be observed.
We therefore ascribe the observed rise in f to a recom-
bination of thermalized positrons with thermalized excess
electrons created during positron slowing down, i.e., a re-
sult of spur processes. This is further discussed in the fol-
lowing.

A reasonable assumption is that the slowing-down
properties of the positron in ice are almost the same as for
the electron in water (except maybe at energies of a few
eV). Hence the positron creates on average an ion pair for
about every 25 eV of energy loss for Z above —100 eV.
(Below —100 eV more than 25 eV is required on aver-
age. ). Furthermore, the stopping power for positrons in
ice in the energy range from 50 to 1000 eV is 2+1
eV/A. 5 Hence, during the positron slowing down in this
energy interval the distances between the creation of ion
pairs are on average much smaller ( —10 A) than the
thermalization distance for the electrons (-300 A).
The simplified picture which emerges is then the follow-
ing. A positron of a certain initial energy in this range
(which has not formed stable Ps by the Ore process) slows
down with the creation of a number of positive ions and
of the same number of electrons which after thermaliza-
tion are distributed over a region of a size of roughly 300
A. In addition, a number of radicals and excited mole-
cules are created. 's'9 This configuration may also be re-
ferred to as overlapping spurs. On the above assumptions
the positron will slow down somewhere inside the region
of the electron distribution. Since essentially all the elec-
trons will be separated from the positron and the positive
ions by less than Onsager's critical radius for escape, ' the
electrons will be attracted by the positive charges and a
recombination will take place. If one of the electrons
recombine with the positron, Ps is formed. At low ener-
gies (50—100 eV) where only a few electrons (of which
more than one is lost through the surface ) and positive
ions are present the probability of Ps formation is low,
while at higher energies where many positive ions and ex-
cess electrons are created there is a higher probability that
one of the electrons recombines with the positron. Thus,
we can understand the increase of the Ps yield with in-
creasing incident positron energy for E & 50 eV. This in-
crease was also reproduced in the Monte Carlo calcula-
tions of Van House et al. With increasing energy also
the mean positron penetration depth increases (with a
large scatter of the positron trajectory end point, -300 A,
both perpendicular and parallel to the surface; see, e.g. ,
Ref. 28). When this depth is about the size of the excess-
electron slowing-down range (-300 A) the positron can
roughly speaking no longer recombine with the electrons
created by itself close to the surface, and the Ps yield will
become energy independent. This positron penetration
depth is equivalent to an incident positron energy of about
1 keV [Eq. (4)], in qualitative agreement with experiments
(Fig. 3).

The temperature dependence of the curves in Fig. 3
(which is reversible) is mainly reflected by the decrease of
the parameter Ei [Eq. (3)] with increasing temperature.
At low temperatures Ei is roughly constant (440+45 eV)
up to approximately 100 K, and then decreases to 330+30
eV at 150 K. This is ascribed mainly to a temperature
dependence of the slowing-down range of the excess elec-
trons. ' This range is expected to decrease at higher tem-
peratures as a result of a shorter mean free path for in-
elastic collisions with phonons. ' Hence, the slowing-
down range of roughly 300 A mentioned above is expect-
ed to be smaller at higher temperatures. This in turn de-
creases the positron mean penetration depth at which the
Ps yield becomes energy independent (f=p,„). Hence
also E~, the energy at which the Ps yield
p (Ei ) =pp+ 0.39(p,„—po ) [Eq. (3)], decreases.

In the above discussion we argued that at least in the
low-E range most ( & 85%) of the Ps formed would es-
cape the surface. Also, in the interpretation of the high-
energy curves (Fig. 3) we have assumed (Sec. III) that all
Ps diffusing back to the surface escapes. This does not
seem to be an unreasonable. assumption, since a Ps atom
being eje:ted from the surface with a kinetic energy of 2
eV (see below) will traverse a possible surface trap of, e.g.,
10 A width in less than 2&&10 ' sec. This time is about
the same as for a positron being emitted from a metal sur-
face. In that case the positron may lose enough energy by
electron-hole pair creation to become trapped in a surface
state. This low-energy-loss process is not available in an
insulator. It is therefore likely that Ps will escape the sur-
face. However, it is worthwhile briefly to consider the
possibility that the neutral Ps atom might lose enough en-
ergy in this short time to become localized in a "surface
state" (similar to physisorption).

If all Ps becomes weakly bound to the surface at low
temperatures, having a very small overlap with the ice (to
account for the high fraction of 3y decays), but desorbed
thermally at 150 K, this could roughly explain the main
features of the temperature effect in Fig. 3. However, the
Doppler-broadening results below could not be accounted
for. If, on the other hand, only 10—20% of the Ps be-
came surface trapped at low temperatures (the rest escap-
ing) with a relatively large overlap with the ice, but cou.d
thermally detrap at 150 K (binding energy =0.1 eV), this
could approximately produce the temperature variation in
Fig. 3 and be in reasonable agreement with the Doppler-
broadening results. In this model p,„[Eq. (3)] becomes
slightly temperature dependent. Hence, the fitted parame-
ter values [Eqs. (2) and (3)] will deviate somewhat from
the ones determined for a temperature-independent
p,„=0.56 (Sec. III).

From the present experimental data we can hardly
determine which of the two explanations of the tempera-
ture effect in Fig. 3 (if any) is the correct one, although as
argued above the latter seems less likely.

4. Doppler broadening

The results of the Doppler-broadening measurements
given by the S and JY parameters are shown for low ener-
gies in Fig. 7 and for high energies in Fig. 8. For low en-
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pie and at other temperatures are very similar to those in
Fig. 9.

The calculated curves were compared to the experimen-
tal points. By shifting the absolute values slightly for the
S and somewhat more for the 8' parameters, good agree-
ment can be obtained between experimental results and
calculations for Ep, values of 1.0—1.5 eV for S and
1.5—2.5 for W as shown in Fig. 8. The difference in ab-
solute values between calculations and experiments may
be associated with an additional background which has
not been accounted for in the calculations. Such a back-
ground will give rise to a decrease in S and an increase in
8'which is the trend indicated by the data. Furthermore,
some simplifying assumptions have been made, e.g., the
shapes of the angular correlation curves for positrons at
the surface and in the bulk are assumed the same. This
assumption is most serious for the low-energy curves (Fig.
7). Since S will be less affected than W by these problems
(and especially for higher energies), we attach more signi-
ficance to the Ep, values from the S parameter fitting in
Fig. 8.

The results show that Ps is ejected from the ice surface
with a kinetic energy of a few eV (see further below).
This energy may arise from two sources. One would be
that Ps formed in the bulk crystal has not been thermal-
ized before it escapes the surface. Ps formed closed to the
surface, i.e., for small E, may on average have higher en-

ergy when escaping than Ps formed at larger depths. A
typical thermalization distance is probably about the same
or somewhat larger than that of the electron, ' i.e., corre-
sponding to the mean implantation depth at E-1 keV.
However, since the curves for constant Ep, (independent
of E) are in good agreement with the shapes of the mea-
sured curves (Fig. 8), we have evidence that only a minor
fraction of Ep, is due to nonthermalization.

The other possible source of a nonzero Ep, is a negative
Ps affinity, Qp, [Eq. (5)], to the crystal. A repulsive ex-
change interaction exists between the Ps electron and the
surrounding molecules. This is manifested in molecular
solids by Ps trapping in vacancies and clusters of vacan-
cies and in molecular liquids by the existence of Ps bub-
bles. ' Hence, we would expect thermalized Ps that has
diffused to the surface to be expelled into the vacuum
with a kinetic energy close to —Qp, . [Inelastic processes
at the surface may reduce the kinetic energy somewhat
below —Qp, (see discussion in the preceding section). j
This kinetic energy will not depend on the depth of Ps
formation, in apparent agreement with experiments (Fig.
8). Hence, we take this agreement as evidence that the
main part of the kinetic energy of the Ps leaving the sur-
face is due to the negative Ps affinity to the crystal, and
only a smaller fraction is a result of nonthermalization.

An important assumption in the calculations (Appendix
B) was that the Ps velocity is perpendicular to the ice sur-
face, i.e., directly away from the detector. For some met-
als it has been shown that essentially thermalized posi-
trons are ejected due to their negative work function
inainly perpendicular to the surface. It seems reasonable
to expect the same for Ps emission from a molecular crys-
tal surface, since the gradient of the potential (which gives
rise to the ejection) is on average perpendicular to the sur-

face. Possible inelastic processes at the surface may
though perturb the perpendicular emission to some extent.
This problem should be further investigated by, e.g.,
angle-resolved Ps emission measurements. The present
samples are probably polycrystalline with the crystallite
surfaces oriented at an angle to the average planar surface.
Hence, even if Ps is ejected perpendicular to the surface
locally with the velocity Up„ it may not be directly away
from the detector. Since only the velocity component vi
pointing away from the detector contributes (in first or-
der) to the Doppler shift, the shift will be reduced com-
pared to that calculated from up (Appendix B). If the
reasonable approximation is made that Ps is ejected uni-
formly within a 90' cone (the angle between the average
surface normal and maximum deviation from it is 45'),
we obtain (ui ) =0.85vp„equivalent to a total kinetic en-
ergy of the ejected Ps being about 38% larger than the
values obtained in the fitting of Figs. 7 and 8.

Hence, we obtain values of Qp, in the two cases of
—(1.0—1.5) and —(1.4—2. 1) eV. Since some minor con-
tribution to Ep, probably arises from nonthermalization
an inelastic surface processes as discussed above, we finish
this discussion of the Doppler-broadening data by con-
cluding that a conservative estimate of the Ps affinity to
ice, Qp„ is —2+1 eV. A direct measurement of the max-
imuin energy of emission of Ps from a MgO surface
(0.8+0.2 eV) has previously been reported. It would be
very interesting also to measure the Ps velocity distribu-
tion for ice directly.

5. Positron scattering

When the positrons enter the target chamber they pass
through an accelerator grid. " In most of our experi-
ments this grid was at a potential about 1 V below the
moderator voltage (e.g., + 24 and + 25 V, respectively).
Hence, if the incoming positrons are scattered off the
sample with 1 eV or more loss of energy parallel to the
beam direction (e.g. , an elastic scattering at an angle) they
do not have enough energy to pass the accelerator grid
and will be repelled back into the sample. As a result all
positrons will annihilate at or close to the sample, and the
total count rate in the detector will be independent of E,
an illustrated in Fig. 2(a). Some measurements were car-
ried out with the accelerator grid grounded. This allows
positrons backscattered from the sample to escape the tar-
get region, being guided by the magnetic field, and to an-
nihilate far from the detector. This will reduce the total
count rate as illustrated in Fig. 10, curve b, which also
shows the result for a + 24 V grid bias (curve a). At the
highest energies both curves are flat, suggesting that only
little backseat tering takes place.

Hence, they were normalized at 100 at these energies
and the difference calculated (Fig. 10, curve c). This
measurement is analogous to those reported by Mills and
Platzman ' for Al and Cu. It is important to note that
the Ps fraction versus E was identical for cases a and b.
Hence, the difference in Fig. 10 is not related to Ps forma-
tion. Furthermore, it shows that the backscattered posi-
trons which are directed back again into the sample by the
accelerator grid enter the sample with essentially the same
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energy as the first time. Thus, the first scattering has
been essentially elastic.

This suggests that we have observed low-energy-
positron diffraction (LEPD} from the ice surface (maybe
with some of the structure due to positron surface-
resonance scattering ). In Ref. 53 we showed a curve re-
sulting from a simple calculation of the energy depen-
dence of the Bragg diffraction intensity for polycrystalline
ice Ic, based on LEED data. The calculated curve has
some similarity to the measured scattered intensity (Fig.
10, curve c}. However, such a simple calculation cannot
be expected to give very detailed agreement. To further
study the observed phenomenon, proper LEPD calcula-
tions should be compared with measurements on oriented
single crystals done with good energy and angular resolu-
tion. That we do observe a diffraction phenomenon is
supported by the fact that for amorphous ice no structure
like the one in Fig. 10 was observed.

It should also be added that after electron flooding of
the crystal the structure in Fig. 10, curve b, disappears
and the curve becomes identical to the curve a. Maybe
this is a result of the potential fluctuations introduced in
the surface by the electrons.

6. Sputtering

In order to study the effect of near-surface damage, we
bombarded crystalline ice at 44 K with 3-keV Ne+ ions to
a dose which sputters away about 2000 A of the surfaces5
and leaves a distribution of damage into the crystal with a
mean depth of 50—100 A, and with a tail stretching to a
few hundred A depth. Measurements of f were made on
the sample as-sputtered and while it was allowed to slowly

warm up. Also, Doppler-broadening curves were recorded
at the lowest and highest temperatures. The results are
shown in Fig. 11. Clearly there is a very strong effect of
the ion bombardment on f.

From earlier studies' ' ' it is known that radiation
damage in ice affects Ps in mainly two ways, i.e., firstly
Ps formation is partly inhibited, and secondly the Ps
which is formed may become trapped in vacancies and va-
cancy clusters. Hence, we should expect the Ne+ bom-
bardment to give rise to a decrease of the spur contribu-
tion to the Ps yield in the damaged region, i.e., a slower
rise of p(E) (curve labeled o-Ps formation in Fig. 4) due
to the inhibition. Furthermore, we should expect that
trapping of Ps in defects in the damaged region should
reduce d, (E) (curve labeled probability of diffusion back
to surface in Fig. 4) compared to the curve in Fig. 4. A
rough quantitative account of these two effects can be
made by putting E~-1000 eV and multiplying d, with
0.5+0.5 exp( —E/600 eV) in Eq. (2). The resulting f(E)
curve is in very good agreement with the as-sputtered
curve [open circles, Fig. 11(a)], on the assumption that
only 70%%uo of the Ps reaching the surface escapes (one
would expect that even if Ps reaches the surface there will
be a competition between escape and trapping into de-
fects). The fact that sputtering damage gives rise to a
curve which can be accounted for in the above way pro-
vides strong support to the interpretation given earlier
(and sketched in Fig. 4) of the curves in Fig. 3.

During warm-up of the sputtered ice a change of the
f(E) curve is observed for temperatures above approxi-
mately 100 K. This is in agreement with the earlier find-

80

60
0

40

20
V)I—
Z 0

30
C3

50

4.0— +++
- +++~+gg~ ++

4:W*
v) g0

C)
20—

10—

0

I

+ 145—149K
137-145K
118-137K—

x 50—117K
o 44K

20
~ lg .~~. c~ ~

~ ~ gP

8

0.56 —&b&

0.55—
V)

149K

0 ~

'i I I I I I I I I i I 3 I I

0 10 20 30 40 50 60 70

E (ev)

FIG. 10. Evidence for positron backscattering. Curve a
shows total countrate versus E for an accelerator-grid voltage
(V, ) of 24 V. Curve b is like curve a, but with V, =O V.
Curves a and b are normalized to 100 at the highest voltages.
Curve c is the difference between curves a and b. The beam on-
set is not as sharp in curve a as in Fig. 2 due to a few volts
charging of the sample.

0.54

0.53- ~~
0.52 I i I

2
E (kev)

FICi. 11. Effect of sputtering and subsequent annealing of
crystalline ice as reflected (a) in the fraction of 3y decays, f, and
(b) in the Doppler-broadening peak parameter, S. In (a) the
points were obtained as a function of increasing energy, while
the sample was warming up through the indicated temperature
intervals. The curves in (b) are dragon to guide the eye.
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ing that at 100 K and above vacancies are migrating and
the radicals responsible for Ps inhibition disappear. At
the highest temperatures the curves show the shape
characteristic for crystalline ice. However, it should be
noted that the (145—149)-K curve at the highest energies
shows a higher 3y rate than observed both for other sam-
ples (Fig. 3) and for the same sample before sputtering,
while at the lower energies (E(1 keV) it is opposite.
Thus the enhancement at higher E is not a result of an
enhanced probability of Ps emission through the surface
due to, e.g., sputter cleaning of the surface. Neither is it
obvious why sputtering and subsequent annealing should
give rise to a larger diffusion coefficient for Ps. An ex-
planation might be that the treatment gives rise to a very
irregular surface. It is known that large cavities may be
formed in ice which has been irradiated at low t'empera-
tures and subsequently heated. If a high density' of cavi-
ties coalesce very large cavities or even a very irregular
surface may result. With such a surface structure Ps
would on average have a shorter diffusion distance to a
free surface than for a sample with a planar surface.

The Doppler-broadening S parameter [Fig. 11(b)] also
clearly reflects the difference between the as-sputtered (44
K) and the annealed (149 K) ice, the slow rise of the 44-K
curve being the combined effect of the Ps inhibition and
trapping. At 3 keV the two curves differ mainly because
of the difference in the fraction of 3y decays.
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FIG. 12. Amorphous ice. The fraction of 3y decays, f, as a
function of positron incident energy. At 43 K, f was measured
both in the low- and the high-energy regions. The beam onset
was found at a nominal positron energy of —3.5 eV. At higher
temperatures only the high-energy region was measured. Major
changes in the curve shapes occurred at about 100 and 135 K.
The three types of curves are associated with amorphous ice
containing large cavities (43 K), amorphous ice without these
cavities (124 K), and crystalline ice with defects (148 K).

4000

B. Amorphous ice

The results for as-grown amorphous ice are shown in
Fig. 12. They are significantly different from those for
crystalline ice (Fig. 2 and 3). At low energies f is con-
stant, independent of positron energy from E =0 eV to at
least 70 eV. This behavior is identical to that for e
flooded crystalline ice (Sec. IV A 2), except that f is slight-
ly lower for the amorphous ice. The beam onset is at a
nominal positron incident energy E = —3, 5 eV, i.e., 2.6
eV lower than for crystalline ice. This difference cannot

be accounted for by contact potential differences, but may
be due to negative charging of the sample. The charging
probably occured by electrons from the ionization pres-
sure gauge which were trapped in the amorphous struc-
ture during the growth of the sample. Such electrons will
probably have a binding energy of only 1—2 eV, and even
zero incident energy positrons can form Ps with them.
Thus, the low-energy results may have the same origin as
the results for e -flooded crystalline ice, and hence be an
effect resulting from the presence of excess electrons and
not necessarily from the amorphous structure in itself. To
resolve this question more investigations are needed.

For higher energies f decreases much more rapidly than
for crystalline ice (Fig. 3), but levels off at the highest en-
ergies. As mentioned in Ref. 21, .we interpret the rapid
decrease as due to a much shorter Ps diffusion length
(equivalent to a diffusion coefficient Dp, —10 cm /sec)
in amorphous ice where Ps may become trapped in the
cavities in the structure. The leveling off at high energies
shows that positrons injected a few thousand angstroms
into the sample may annihilate by 3y decay. The most
likely explanation of this is that the as-grown amorphous
ice contains large cavities in which Ps may become
trapped. In these cavities the 0-Ps pick-off rate will be
sufficiently low to allow for an appreciable fraction of the
0-Ps atoms to decay by intrinsic 3y annihilation. One can
estimate ' that the cavities must have average diameters
of —17 A or larger. Cavities of this size are not unrealis-
tic, since similar sized and larger voids have been observed
in amorphous semiconductors. ' Furthermore, it was
recently suggested that preparation of amorphous ice in
a way similar to ours may lead to a highly porous solid
with a network of pores or voids [while putting a baffle
between the vapor inlet tube and the cold plate (Fig. 1)
would lead to a nonporous solid]. Somewhat smaller
voids have also been observed in crystalline ice after irra-
diation or HF doping and subsequent annealing. ' '

An extreme case of a "highly porous solid" would be
one with a very irregular surface (where pores from the
surface penetrates deep into the solid). Such a structure
may also give rise to the observed high level of 3y decays
at high E (Fig. 12) as briefly discussed in the preceding
section.

On annealing the amorphous ice, the curve f ( E)
changes at about 100 K from the one shown with open
circles to the one shown with triangles in Fig. 12. No
changes occur until 135 K above which temperature the
curve shown with solid circles is measured. This curve is
unchanged at higher temperatures until the ice disappears
due to sublimation. We interpret the transition at 100 K
as being the result of the disappearance and/or coales-
cence of the cavities, the sample remaining in the amor-
phous phase. This annealing effect is consistent with ob-
servations of annealing of voids in amorphous Ge (Ref.
SS) and with suggestions put forward about the defect
structure in both amorphous ice and semiconductors. '

Finally, the amorphous sample crystallizes at 135 K, a
crystallization temperature found also in other studies of
amorphous ice. ' The curve is now consistent with the re-
sults for crystalline ice (Figs. 3 and 4) if a small E, value
(=600 eV) is assumed. A low value may result from Ps
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trapping in defects left over after the phase transition. It
would be very interesting to study amorphous ice in more
detail also by conventional positron annihilation tech-
niques.

V. SUMMARY AND CONCLUSIONS

.The present work constitutes a study of crystalline,
amorphous and irradiated ice using monoenergetic posi-
trons of energies 0—4.5 keV. These positrons were inject-
ed into the ice and measurements were carried out of the
fraction of 3y annihilations (essentially equal to the frac-
tion of o-Ps escaping the ice surface into the vacuum) and
of the Doppler broadening of the 511-keV annihilation y-
energy line.

Important information has been obtained about the Ps
formation probability as a function of positron energy in

crystalline ice. At low energies (0—65 eV) the Ps yield
shows large variations (Fig. 2). This was explained as Ps
formation in the so-called Ore gaps, a conclusion strongly
supported by an Ore-model Monte Carlo calculation of
the positron slowing down and Ps formation processes
(Fig. 5). At higher energies (E & 100 eV) the Ps yield in-

creases with energy as a result of thermalized electron-
positron recombination, i.e., spur processes (Fig. 3). The
possible influence of the surface on the balance between
the Ore and the spur contributions to the total Ps yield
was briefly discussed.

Ps diffusion to the surface was observed for positron
energies above 700 eV (Fig. 3). The Ps diffusion coeff-
icien was Dp, ——0.17+0.09 cm /sec with only a weak tem-
perature dependence (Fig. 6).

Doppler broadening data were compared with calcula-
tions based on the 3y yields (Figs. 7—9). From this the Ps
affinity (or work function) to the ice was estimated at
—2+1 eV.

Evidence for elastic scattering of positrons from the
surface of the crystalline ice in the low-energy region was
obtained. It was argued that the observation was probably
due to low-energy-positron diffraction (LEPD). The in-
tensities of scattered positrons were as high as 289o (Fig.
10). No scattering peaks were observed in the amorphous
ice.

Ion sputtering of crystalline ice at 44 K resulted in a
strong reduction of the 3y yield (Fig. 11), in agreement
with the expected effect of the sputtering damage, i.e., in-
hibition of Ps formation and trapping in defects of Ps.
On heating above 100 K (the vacancy migration tempera-
ture) the curve characteristic of crystalline ice was gradu-
ally recovered.

In the amorphous ice the 3y yield was energy indepen-
dent at low positron energies (Fig. 12). This lack of a
structure, similar to that found in the e -flooded crystal-
line ice, was thought to be associated with electron trap-
ping in the amorphous structure during sample prepara-
tion. A rapid decrease of the 3y yield at higher energies
was interpreted as a result of Ps back-diffusion to the sur-
face with a diffusion coefficient of Dp, —10 cm /sec,
i.e., more than 2 orders of magnitude smaller than in. crys-
talline ice. The data also showed evidence for the pres-
ence of large cavities ( & 17 A diam) in the as-grown

amorphous ice. These yoids disappeared after annealing
to about 100 K.

Being the first (to our knowledge) slow-positron study
of a molecular crystal, the present work of course leaves a
number of questions and problems. First of all it would
be very interesting to study other molecular crystals with
low-energy positrons, in order to firmly establish the rela-
tionship between electronic structure and Ps yield, and to
determine the Ps diffusion coefficient. Higher precision
can be obtained by using positrons of higher energies than
the 4.5-keV maximum of this study. In this connection it
might be interesting to look at crystals with no bulk Ps
formation (e.g., anthracene) to obtain additional informa-
tion about the influence of the surface on the Ps forma-
tion. The curious effect of flooding the ice surface with
electrons should be studied in a more detailed and quanti-
tative way than has been possible in the present work.
The electronic structure of amorphous ice is very similar
to that of cubic ice. Hence, following the interpretation
of the present data we should expect a structure similar to
that of Fig. 2 for uncharged amorphous ice. It would be
an important test of our interpretation to perform this ex-
periment. The voids discovered in the as-grown amor-.
phous ice would be better studied by conventional posi-
tron lifetime measurements. Such an investigation would
add important information about the structure of amor-
phous ice and would be valuable for comparison with
similar voids in amorphous semiconductors. Finally, a
direct measurement of the kinetic energy and angular dis-
tribution of Ps ejected from an ice surface would be very
interesting.
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APPENDIX A: MONTE CARLO CALCULATION
OF THE PS YIELD

In this appendix we discuss a Monte Carlo calculation
of the slowing down of the positrons and of the Ps forma-
tion as a function of the positron incident energy in the
low-energy region (0&E &70 eV). We use a slightly
modified version of a Monte Carlo program written by
Jacobsen for calculations on gases. The model used in
the calculation assumes that a positron may be slowed
down by electronic excitations and ionizations and by
forming energetic Ps which subsequently splits up in col-
lisions with molecules, leaving the positron with lower en-

ergy than before the Ps formation. Stable Ps is considered
to be formed when the Ps kinetic energy is less than its
binding energy (or a few eV higher, see below), i.e., for
positrons with energies in the Ore gap. Slowing down of
positrons by, e.g., phonon scattering has been assumed in
a first approximation to be a second-order effect com-
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(2E/3 I )W, +I for E & 1.5I—,aE,'. =
Iz for 1.5Ij &E &Ij. (A2)

pared to the above-mentioned slowing-down processes,
and has therefore not been included. Furthermore, we as-
sume that all the slowing-down processes are fast com-
pared to the lifetimes of the positron. These lifetimes
therefore do not enter into the calculations. Finally, the
Ps formation between a positron of energy below the
lowest Ore gap and one of the free electrons which may
have been generated during the slowing down (spur
model) has not directly (see below) been considered in the
calculations.

For the calculation of the slowing down relative,
energy-dependent cross sections, o.j, are ascribed to the
various slowing-down processes mentioned above. A ran-
dom number, A'i, determines via the cross sections which
of the slowing-down processes shall be chosen for a posi-
tron of a certain energy, E. If

m m+1
g crJ.(E) &Wi g trJ(E) & g o~(E), (A 1)
j=1 j=1 j=1

the process associated with the cross section o +& is
chosen. X is the total number of possible processes, and
A'i here and below represents a number which is evenly
distributed between 0 and 1. For each of the scattering
events the positron suffers a certain energy loss (further
discussed below), unless stable Ps is formed. The calcula-
tion scheme is the following. A positron is given a certain
initial energy, E~„. By Eq. (Al) a scattering process is
chosen and the appropriate energy loss, AE&, is subtracted
from E;„, unless stable Ps is formed. Then Eq. (Al)
determines a new scattering process at energy
E=E;„—AE& and'the associated energy loss AEq is sub-
tracted from the positron energy. This procedure contin-
ues until either stable Ps is formed or the positron is
slowed down below EL, , the lower limit of the lowest Ore
gap, where Ps formation is energetically impossible within
the model. This calculation is made for 2000 positrons
for each E;„. The Ps yield is then determined as the frac-
tion of the positrons which form stable Ps. E;„ is
changed in steps of 1 eV over the range 0 &E;„&70 eV.

Rosenberg et al. have compiled some of the available
data on the electronic energy-band structure of ice. Their
results are three bands of a width of about 1 eV, the lower
limits of the ionization energy I; being 9.8, 11.5, and 16.3
eV, and one band of energy 27.5—34 eV (apart from a
band I; -540 eV from oxygen core electrons). The lowest
conduction-band energy they estimate at —2.5 eV, while
Ref. 62 gives a value of —0. 1 eV. Using the mean value,
we find the lowest excitation energies, E;, for the four
bands at 8.S, 10.2, 15.0, and 26.2 eV.

The positron energy losses associated with the different
inelastic scattering processes were estimated as follows.
When an excitation event is chosen [Eq. (Al)] the energy
loss is taken as the proper excitation energy mentioned
above. In an ionization process the positron may lose
more than the ionization energy. Based on the data of
Turner et al. on electron energy deposition in liquid wa-
ter, we approximate the energy loss by

If Ps is formed by a positron with kinetic energy E (b
denotes before), the Ps kinetic energy is given by
Ep, E~——Q+——I; +6.8 eV+ Qp„where Q+ and Qp, are
the positron and Ps work functions (equal to the affinities
of the particles to the crystal relative to the vacuum level),
and 6.8 eV the vacuum binding energy of ground state Ps.

The energy requirement for Ps formation is that
Ep, )0, i.e., that

E~&Et ——I;—6.8 eV Q—p, +Q+ . (A3)

This determines the lower limit of the Ore gap for energy
level no. i (N. ote that all through the present calculations
we refer the energies to inside the crystal. ) Finally, to
compare with the experiments we subtract Q+ from all
positron kinetic energies. This means that experimentally
the lower limits of the Ore gaps are independent of Q+
while the upper limits are not [compare Eqs. (A3) with (5)
and (6) in Sec. IV].

We estimate Qp, ———2+1 eV (Sec. IV A4). A rough es-
timate of Q+ is 1 eV (Ref. 35) (in agreement with mea-
surements in this work which show Q+ to be positive).
Hence we allow Ps formation in the calculations at ener-
gies above EL, I;—3.8 ——eV. If the Ps has enough energy
to split up again, the electron will subsequently be in the
conduction band or at higher energies rather than in a
valence band (as before Ps formation). Hence, the kinetic
energy available to be shared between the positron and the
electron is E" E(this also—shows that stable Ps is
formed if E & E;*). Not knowing how this energy is par-
titioned among the two particles, we have chosen an even
distribution (a denotes after):

E'=(E E; )9Pi . — (A4)

In principle, Ps may split up if Ep, is larger than the Ps
binding energy in the crystal, i.e., if Ps is formed by a pos-
itron of energy E larger than E; . However, it seems
likely that also formation of Ps with a somewhat larger
energy may result in stable Ps. One possibility could be
that the formed Ps cools down to an energy in the stable
regime by phonon scattering. Another possibility would
be that the formed Ps travels a distance and then splits
up, whereupon the positron and electron slow down by
phonon scattering to thermal energies within each other' s
Coulomb attraction and finally recombine into stable Ps.
A third possibility might be that Ps crosses the surface
into the vacuum before splitting up. These considerations
lead us to accept a higher threshold for stable Ps forma-
tion than E'"=E;,viz.

«"=E,. +
where Wz is a random number with a Gaussian distribu-
tion with the standard deviation 1. For the results shown
below cx was somewhat arbitrarily chosen to 4 eV.

No measurements have been performed of the excita-
tion, ionization or the Ps formation cross sections. Hence,
we have to estimate these. Vfe do this by analogy with the
results of Coleman et al. ' for Ar, He, and Ne and by
comparing these with the cross-section data for e slow-
ing down in water by Turner et al. In the energy range
10—15 eV (i.e., just above the lowest ionization energy in
ice and water) the ratio between the excitation and ioniza-



7062 ELDRUP, VEHANEN, SCHULTZ, AND LYNN 32

tion cross sections, cr'"'/o"", is very large for water (Ref.
45, Fig. 1). This is in agreement with the data for posi-
trons which show negligible ionization cross sections up
to about 5 eV above the ionization energy. Above this the
ionization cross sections increase approximately linearly
with energy. Hence, we have chosen the cr' " to be zero up
to 5 eV above I; and then to increase linearly with energy
with a slope of 0.01 eV '. From Fig. 1 of Ref. 45 one can
for E & 17 eV deduce the total excitation cross section,
once a' " are known on assuming that positron and elec-
tron cross sections are the same. We have chosen to share
this cross section equally between the energetically al-
lowed excitations and to assume constancy below 17 eV.

.Hence we obtain, e.g., o.l"' ——0.2 up to about 22 eV, then it
decreases and is const=0. 05 above about 35 eV. [Since
only relative values of the cross sections are important no
units are used. Probably one unit is of the order of 5(mao)
(Ref. 63 and 64)].

From a comparison of the cross sections in Ref. 63 and
64 (assuming that the Ps formation cross sections of Refs.
64 are correct), we estimate o; ' to be roughly equal to cr,""
at —50—100 eV and to rise steeply above the Ps forma-
tion threshold EI . Hence we have chosen

0 for E &El. ,
Og

1 for E&EI,
for i =1,2,3. The fourth broader band we have approxi-
mated by two, one with I4 ——27.5 eV, one with I5 ——30.8
eV, and with the cross sections rising linearly over the
width of the band:

p. 0.5[E—(27.5 —3.8)]/3. 3 for 23.7&E &27.0 eV,g4
0.5 for 27.0 eV (E,

p () 5[E (30.8 —3.8)]/3.2 for 27.0&E & 30.2 eV,
0.5 for 30.2 eV &E.

the uniform energy distribution of the positron and elec-
tron kinetic energies after Ps splitup [Eq. (A4)]. If instead
we assume that the two particles share the energy equal-
ly [i.e., in Eq. (A4), WI ——0.5] we obtain a curve with
large variations also at the higher energies, rather than a
constant one (see also Ref. 37). This is not in agreement
with the experiments.

By carefully adjusting some of the parameters in the
calculation we could no doubt calculate a curve almost
identical to the experimental one. However, at the present
stage this is probably proceeding too far. Later, more de-
tailed experiments might form the basis for more refined
Monte Carlo calculations from which information about
positron and Ps scattering cross sections and energy losses
can be deduced.

APPENDIX B: SIMULATION
OF DOPPLER-BROADENING SPECTRA

The Doppler-broadening spectrum is measured in an
energy interval of 14.6 keV ( =78 channels X 187.6
eV/channel) centered around the centroid of the spec-
trum. The spectrum contains several components:

B(E)= N++Np p, +Np p, +N, p,

+No-Ps +Egrid+N (B1)

I,"p, ——0.024@ (E)d, (E),

Ip p, —,'p(E)dp(E), ——
(B2)

(B3)

where + refers to free positrons, b and U to bulk and
vacuum, respectively. Ns„d is a contribution from annihi-
lations in the accelerator grids of the machine, and N' is
an additional background, which may originate from vari-
ous sources as discussed in Ref. 24. The intensities of
these components are I/= J N/(E)dE. The fraction of
o-Ps in vacuum is given by Eq. (2). In the considered in-
terval the energy distribution of the y quanta from the 3y
decay of o-Ps in vacuum is roughly a square for E & 511
keV (for no "red shift, " see below) and zero for larger E.
Its area amounts to =2.4%%uo of the total 3y intensity.
Hence we have for o-Ps and p-Ps in vacuum:

Finally, to account for the finite-energy resolution of the
machine we have included an energy spread of FWHM
equal to 1 eV on the nominal positron energies.

The result of the calculation is shown by curve d of
Fig. 5. To illustrate the contributions to the total curve
from the various electronic bands we have also plotted re-
sults of calculations if a) only one band were present
(curve a) (Ii ——9.8 eV. This result is very similar to that
of Van House et al. ), two bands (curve b) (II and
Iq ——11.5 eV), and three bands (curve c) (II, Iz, and
I3 ——16.3 eV).

Although there are deviations between the measured
curve and the Monte Carlo simulation the similarity is
striking. A number of assumptions and simplifications
have been made, in the calculation, e.g., about cross sec-
tions and energy losses. However, if these parameters are
varied within reasonable limits the curves obtained are
qualitatively similar, although of course the details are
varying. One exception to this is the assumption about

and in bulk:

I p =p (E)[1—d (E)]

Ip p, ———,p (E)[1 dp(E)], —

where

dp(E) = [1+(E/Ep )"]

assuming an exponential positron penetration profile.
Since we have (Sec. III and Refs. 8 and 25)

we get

E E ( / )
I/2n

For the positrons not forming Ps in the bulk, we have

I+ ——1 —4p (E)/3 .

(B4)

(B5)

(B6)
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Annihilation in the grids is estimated to contribute
Is„z——0.06, while a rough estimate of I' is 0.05 (in the
present study the exact values of these two terms are not
important). The numerical values of the intensities as
functions of E are derived using the fitted parameters E„
n, P, and E

&
(Sec. III) inserted into Eqs. (2) and

(B2)—(B6).
The shapes of the various components are in good ap-

proximations Gaussians, and their widths can be estimat-
ed from angular correlation curves for bulk ice. ' ' Us-
ing the equivalence between Doppler-broadening and an-
gular correlation curves (1 keV is equivalent to 3.914
mrad) and including a broadening of the components (the
resolution of the Doppler broadening is 1.45 keV, that of
the angular correlation is =1 mrad), we get for free e+
FWHM equals 2.982 (ignoring a small contribution from
3y decay) and for pick-off annihilation of o-Ps FWHM
equals 3.071 keV. para-Ps in the bulk gives rise to three
components, ' viz. a narrow central peak from intrinsic
annihilation (FWHM equals 1.472 keV, I =0.633I& p, ), a
pick-off component (FWHM equals 3.071 keV,
I =0.092I& p, ) and several "side peaks, " that will be
smeared out in a polycrystalline sample. We approximate
this to a Gaussian (FWHM of 2.11 keV, I =0.2751& p, ).
para-Ps in vacuum can only decay by intrinsic annihila-

EE=511
C

1+ (keV),
C

(B7)

where e is the velocity of light, and vp, [=(Ep,/m)'~ ] is
assumed perpendicular to the surface. As an approxima-
tion we take the widths of the two last components in Eq.
(Bl) as FWHM equals 3.0 keV.

From these intensities and widths simulated Doppler-
broadening curves were generated for various positron in-
cident energies, E, and various Ep, . The S parameter was
determined as the area of the curve between —0.938 and
+ 0.938 keV, and W as the sum of the areas between—5.440 and —1.876 keV and between 1.876 and 5.440

keV (zero being the curve centroid), both parameters nor-
malized to the area of the whole curve. These windows
are equivalent to the experimental ones (Sec. II). One set
of simulated S and W parameters are shown in Fig. 9,
and the curves which fit the experiments best are shown
in Figs. 7 and 8.

tion giving rise to a FWHM of 1.472 keV. However, if Ps
leaves the sample surface (away from the detector) with a
certain velocity, vp„ this gives rise to a red shift of this
component (as well as of the vacuum ortho-Ps com-
ponent) given by
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