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INTRODUCTION

The aim of the present work has been to study the interaction

of low energy positrons and of Ps with a molecular solid. As a

first example we have chosen ice which has been extensively in-

vestigated both by conventional positron annihilation methods

?4,JS a s well as by many other techniques.
116 Unlike in metals

positrons injected into most molecular solids may have a certain

probability to form IPs in the bulk of the material. The process

by which Ps is formed in condensed molecular materials has been

a matter of strong debate.'7-21 According to the Ore model of

Ps formation,17 which is recognised as being valid for low den-

sity gases,2' the positron during its slowing down picks off an

electron from a molecule with which it simultaneously forms Ps.

For energies below Ej, » 1-6.8 eV, where I is the lowest ior.is-

ation energy and 6.8 eV is the Ps binding, energy in vacuum, this

process is not energetically possible. Above an energy E u ~ I

the model predicts a reduction of the yield of stable Ts, be-

cause of rapid slowing down of the positron by ionisation or by

splitting up again of a Ps atom which may have been formed. 'The

energy range B L <_ E £. £u is the so-called Ore gap in gases.

The spur model of Ps formation,^*^ which has successfully ac-

counted for numerous experimental observations in the field of

Ps chemistry, 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 eVJ by

creating a spur20»21 {,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}. Since the expected characteristic positron

energies in the two models are different, measurements of the

Ps yield as a function of the positron energy should make it

possible to differentiate between the two models.
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Another important property which may be determined with low en-

ergy positron experiments is the Ps diffusion constant. Only for

a few insulators have Ps diffusion constants been published17»22

and their values scatter over several orders of magnitude. In

studies of e.g. defects in molecular crystals15 it would be very

valuable to know the Ps diffusion constant as well as its tem-

perature dependence. Like positrons in metals, Ps formed in an

insulator may diffuse back to the surface and escape it. Sy

measuring the fraction of Ps that escapes the surface for dif-

ferent incident positron energies {and hence different depths of

Ps formation) the Ps diffusion constant may be determined.

The kinetic energy with which Ps leaves the surface (i.e. the

negative Ps affinity} is also accessible to experimental esti-

mation. This may be done by measuring the Doppler shift of the

p-Ps annihilation radiation caused by the velocity of the Ps.

Such measurements thus add information about the Ps-insulator

Interaction.

In the present work both crystalline and amorphous ice have been

studied using positrons of energies in the range 0-4.5 keV. The

experimental methods used were determination of the yields of

3Y-annihilations as well as Doppler broadening measurements in

the temperature range 45-150 K. The main results obtained were a

determination of the Ps diffusion constant, and a demonstration

that in the present experiments one contribution to the total Ps

yield comes from positrons with typical Ore gap energies, and

another contribution, due to spur processes, from positrons with

initial energies of several hundred eV. Furthermore, crystalline

and amorphous ice gave strikingly different results, with strong

evidence for large cavities in the as-grown amorphous solid.

Finally the Ps affinity to the crystalline ice has been deter-

mined. A brief account of some of these results has been given

previously.23
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RESULTS AND DISCUSSION

Values of f as a function of positron incident energy Sine were
measured mainly in two different energy intervals, viz.
0 < Einc < 65 e V and 0 < Ginc < *«5 fceV« Figure 1 shows a typi-
cal low energy curve for a freshly grown crystalline ice sample-
Also shown is the measured total {Tf) number of counts. The
positron incident energy was varied by changing the sample poten-
tial from 29.4 V to -38.2 V, keeping the Cu converter at 25.1 V.
Ei n c * 0 in Fig. 1 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 caused by the contact potential differences between
converter and target.

In Figure 2 we show typical curves f(Ej.ne) for,the high energy
range above the oscillatory behaviour of Fig. 1. As discussed in
ref. 23 the initial increase in f with G|nc AS ascribed to an
increase in the yield of Ps formed in the ice. The decrease of f
at higher energies is resulting from a decrease of the fraction
of Ps which diffuses back to the surface. The high-energy (b"3 eV
< E < < 5 keV) curves were fitted with a model (the index inc has
been omitted here for clarity):

f * p(E) * do{E) * p{E)/:[i + {E/Eo)
nj (1)

where

B- Pmax + (Po - pmax) exp{--{E/E1)
8) {2)

2

is an empirical expression chosen to describe the increase of
the o-Ps yield with energy from p o at Einc ~ 50 eV up to Pmax -o
large Ej.nc . She function do(B), which gives the
fraction of o-Ps that diffuses back to the surface, was de-
rived12 from a one-dimersional diffusion model. In Eg. {1} we
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assume that all Ps which diffuses back to"the surface escapes.
This is supported by the fact that Ps in ice has a negative
workfunction (estimated at -2 * 1 eV, see below. Section 3). It
is unlikely that Ps can loose this amount of energy to the crys-
tal in a sufficiently short time (~ 10"** sec) for it to get
trapped in a surface state. The parameter Eo is related to the
o-Ps diffusion length8'13 by Lo • AEg where A is the constant
in the relation adopted for the mean positron penetration depth:

X « AE« (3)

). Low Energies

A main challenge in the discussion of the results presented in

Fig. 1 is to interprete the large variations with incident

positron energy of the vacuum o-Ps fraction. For a comparison

with the Ore model let us first formulate, this model for a

solid.17*3S The lower well-defined limit of the Ore gap is given

by:

• E L = J - 6.8 eV - Q P s . (4)

and the upper-probably less sharp-limit:

Eu = E* - Q+ (5)

where I is the ionisation energy, E* the lowest excitation
energy, Q + the positron and QpS the Ps affinity J= work func-
tion} to the solid. Ê , and Eg refer to the positron energy in
vacuum.

The lowest ionisation energy according to the review of ice
energy band structures by Rosenberg et al. 3 6 is 9.8 eV (prob-
ably with an uncertainty of about 1 eV). « p s is estimated to
-2 ± 1 eV (see below. Section 3 and ref. 35J. Hence we find: Ej, »
5 * 1.5 eV. This value is identical to the incident positron
energy at which the steep rise in Ps fraction is observed
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{Fig. 1), This suggests that an Ore type process is responsible

for the Ps peak at about 6 eV. We have therefore carried out a

Monte Carlo simulation37 of the positron slowing down and Ps

formation in ice considering only the Ore model,, and taking into

account all four electronic energy bands of importance [with

I - 9.8 - 10.5 eV, 11.5 - 12.S eV, 16.3 - 16.6 eV, 27.5 -

34.0 eV following ref. 36}. This is described in ref. 57.

The effect of the lower lying bands will be to provide ad-

ditional channels for Ps formation in competition with positron

slowing down by inelastic scattering through excitation and

ionisation. An additional positron slowing down mechanism is

the two-step process of first the formation of Fs with kinetic

energy larger than its binding energy and secondly during

collisions with molecules the splitting up of this Fs into an

electron and a positron, the latter with lower energy than

before Ps formation. In order to calculate the contributions

from these various processes to the total Ps yield it is necess-

ary to know the positron cross-sections for slowing down by

inelastic scattering (excitation and ionisationI and for Ps

formation.37/42 such cross-sections are not directly available

for ice, but as discussed in ref. 57 one can make some reason-

able estimates. The results of the calculation are shown in

Fig. 3. Although the result in Fig. 3d is not identical to

the curve for f in Fig. 1 there is a striking similarity. With

the rather large uncertainties on some of the input parameters

to the calculation no detailed agreement can be expected,

although such an agreement could certainly be obtained by proper

adjustment of some of the input parameters. This fact suggests

that similar measurements may be used to obtain information on

e.g. cross-sections for various positron scattering processes,

including Ps formation.

Here we use the results of the Monte Carlo calculation to

interprete the various features of f in Fig. 5. 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 751 as in
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the calculations (which do not include phonon scattering). Ore

gaps associated with the energy bands around 12 eV 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 formation in the Ore gap

associated with the band at around 30 eV. The minimum at about

35 eV (which is more clearly seen in ref. 23, Fig. 1) is du«» 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. 1)

is probably of the same origin, but associated with the lower

lying Ore gaps -(compare Pig. 3 (b) and (c)). Positrons of in-

itial energy above about 40 eV will suffer sufficient number of

energy losses to lose memory of their initial energy before Ps

formation takes place, resulting in the plateau at these en-

ergies.

2. High Energies • • .

Figure 2 clearly illustrates that the main effect of temperature

on L'*e high energy curves is a decrease of the maximum value of

f with decreasing temperature, in particular in the range 150-

100 K. At the highest energies the curves coincide. This part of

the curves is determined by the out-diffusion of o-Ps (do(S) in

Eg. (1)). Hence we see directly that the Ps diffusion is essen-

tially insensitive to temperature. This is also reflected in the

E o values obtained by fitting Eg. (1) to the curves, as seen in

Fig. 4 which shows Eo values for two different samples as func-

tion of temperature. Although the Eo values for the two samples

deviate by about 15% (maybe due to some trapping of Ps in de-

fects in the second sample} both of them are almost temperature

independent. The average E o value for the two samples result in

Ps diffusion constants D p s of 0.11 em
2/see and 0.30 cm2/sec.

The values of Dps compare favourably with other estimates. HP

doping of ice^S creates defects, probably vacancies, which trap

Ps. From the HF-concentration dependence of the trapped Ps

•fraction one may deduce a lower limit of the diffusion constant
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assuming that the trapping is diffusion limited and that each HP

molecule gives rise to one trap- This lower limit is :Dps =

10~2 cm^/sec. The fact that the present results are at least an

order of magnitude larger suggests that either the trapping 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

-<bout one tenth of the HP concentration.

On using Oupasquier's approach17 by which he calculates the Ps

diffusion constant from the width of the narrow p-Ps component

in angular correlation curves we can estimate Dps from the high

resolution data for ice in ref. 34. Depending upon the assump-

tions made about the model we obtain Dps ~ 0.07 - 0.3 cm /sec,

in good agreement with the present direct measurements. For the

the different approximations one obtains mean free seeattering

lengths of 7 - 20 A . In the model17 this length is put equal

to the localization length of the Ps wavefunction. The esti-

mated values seem rather low to ensure the presence of p-Ps

side-peaks as observed'** in angular correlation curves; however,

the model only claims the estimated localization lengths to be

rather approximate values, and as such they do not seem un-

reasonable.

As discussed briefly in ref. 23 we ascribe the rise in f between

50 eV and roughly 700 eV (Pig. 2) to an increase in the total Ps

yield with positron incident energy. Experimentally, it is known

that for high positron energies {bulk studies} the o-Ps yield is

about 55%.14 Since it is about 37% at 50 eV (on the reasonable

assumption that all Ps leaves the crystal) we must expect an

increase in the Ps yield with positron energy. As argued above

{Section 1) the constant f value in the 50 - 100 eV range is

attributed mainly to Ps formation by the Ore process in the

Ore gaps at lower energies. Hence, if only Ore processes were

responsible for the Ps formation the total Ps yield should be

independent of the initial positron energy, also above 100 eV

(except maybe for a small increase at about S40 eV from oxygen

core electrons), and no increase in f should be observed. Hence,

we ascribe the observed rise in f to a recombination of
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thermalized positrons with thermalized excess electrons created

during positron slowing down, i.e. a result of spur processes.

3. Doppler Broadening

The results of the Doppler Broadening measurements given by the

S and W parameters are shown for low energies in Fig. 5 and for

high energies in Fig. 6. For low energies the characteristic

features of the data is a maximum in S (and equivalent minimum

in W) at the energies where f shows a maximum (Fig. 1). The

high energy curves on the other hand show a gradual increase in

S (decrease in W) up to 1 - 2 keV and a constant value at higher

energies, maybe with a weak maximum in S in some cases {[and a

somewhat more pronounced minimum in W ) . In order tc understand

the shapes of these curves we have computer generated Doppler

Broadening curves and calculated the S and W parameters from

them. To do so we have used the information from the measure-

ments of f vs. energy (of which some are .shown in Figs. 1 and

2). From these latter data the fraction of o-Ps, p-Ps and

"free" positrons in the bulk ice and in vacuum as function of

energy can be obtained. The contributions of these various

states to the Doppler Broadening spectrum can be obtained from

the knowledge of shapes of angular correlation curves in ice.14

An additional effect to be taken into account is the Soppier

shift of annihilation quanta from Ps which is ejected from the

sample into the vacuum. The most important influence of this

effect on the Doppler Broadening spectrum comes from p-Ps whose

narrow annihilation line may be shifted appreciably, causing an

effective widening of the Doppler Broadening curve. The cal-

culations are described in detail in ref. 57. In Fig. 7 we

show one set of results of these calculations. The figure shows

the calculated S and W parameters as functions of positron in-

cident energy for different values of the energy Eps with which

Fs leaves the sample surface. The Ps velocity is assumed perpen-

dicular to the sample surface and thus away from the detector,

giving rise to a "red shift" of the p-Ps annihilation line. The

equivalent curves for the other sample and at other temperatures

are very similar to those in Fig. 7.
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The calculated curves were compared to the experimental points.

By shifting the absolute values slightly for the S- and somewhat

more ior the W-parameters good agreement can be obtained between

experimental results and calculations for Eps values of 1,0 -

1.5 eV for S and 1.5 - 2.5 for W as shown in Pig. fi The differ-

ence in absolute values between calculations and experiments may

be associated with an additional background which has not been

accounted for in the calculations.26 Such a background will give

rise to a decrease in 5 and an increase in W compared to the

calculated values which is the trend indicated by the data.

Furthermore/ some simplifying assumptions have been made, e.g.

that the shapes of the angular correlation curves ior positrons

at. the surface and in the bulk are The same. This assumption is

most serious for the low energy curves {Fig. 5}. Since S will be

less affected than W by these problems {and especially for

higher energies) we attach most significance to the Eps values

from the S parameter fitting in Fig. 6.

The above results show that ?s 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 thermalized before it escapes the

surface. Ps formed close to the surface, i.e. for small EijjC*

would on average probably have a higher energy when escaping

than Ps formed at larger depths, a typical tbermalization

distance probably being about the same or somewhat larger than

that of the electron, ' i.e. equivalent to roughly E^ n c ~ J keV.

However, the fact that the curves for constant Eps {independent

of &£nc) are in good agreement with the shapes of the measured

curves (Fig. 6) is strong evidence that only a minor fraction of

Eps is due to non-thermalization.

The other possible source of a non-zero Eps is a negative Ps

affinity, QPs {Eg. (4)), to the crystal.49 There is a repulsive

exchange interaction between the Ps electron and the surrounding

molecules. This is evidenced in molecular solids by the fact

that Ps is trapped in vacancies and clusters of vacancies and in

molecular liquids by the existence of Ps bubbles.'5 jn r ef. 35

Qps was roughly estimated to -2,8 eV. Hence, we would expect
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thermalized Fs that diffuses to the surface to be expelled into

the vacuum with a kinetic energy equal to -Qp,g. This kinetic

energy will not depend on the depth of Ps formation, in apparent

agreement with experiments (Pig. 6}. Hence, we take this agree-

ment as evidence that the main part of the kinetic energy of the

Ps leaving the surface is due the negative Fs affinity to the

crystal/ and only a smaller fraction a result of non-thermaliza-

tion.

An important assumption in the calculations (ref. 57) was that

the Fs velocity is perpendicular to the ice surfacef i.e.

directly away from the detector. For soire metals it has been

shown that essentially thermal!zed positrons are ejected due to

their negative workfunction mainly perpendicular to the sur-

face. 5® It seems reasonable to expect the same to hold for Ps

ejection from a molecular crystal surface, since the gradient of

the potential which gives rise to the ejection on average is

perpendicular to the surface. However, this still has to be.

proven by e.g. measurements on oriented monocrystals. The pres-

ent samples are ptobabiy polyerystalline with the crystallite

surfaces oriented at an angle to the average planar surface.

Hence, even if Ps is ejected perpendicular to the surface lo-

cally with the velocity vps, it may not be directly away from

the detector. Since only the velocity component vi pointing

away from the detector contributes (in first order) to the

Doppler shift, the shift will be reduced compared to that cal-

culated from vps. Estimates of the effects of an angular dis-

tribution of the Ps velocities lead to the conclusion that a

realistic estimate of the Ps affinity to ice,, Qps» is -2 ± 1 eV.
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4. Positron Diffraction

When the positrons enter the target chamber they pass through a

so-called accelerator gild.9 In most of the experiments this

grid was at a potential about 1 V below the moderator voltage

(e.g. 24 V and 25 V, respectively). Hence, if the incoming

positrons are scattered off the sample but with 1 eV or more

loss of energy in the beam direction (e.g. elastic scattering

at an angle) they d~> not have enough energy to pass the ac-

celerator 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 countryce in the detector will be independent of
E i n c a s illustrated in Fig. 1. Some measurements were carried

out with the accelerator grid grounded. This allows positron

back-scattered from the sample to escape the target region, be-

ing guided by the magnetic field, and to annihilate far from

the detector. This will reduce the total count rate as illus-

trated in Pig. 8(b) which also shows the result for a 24 V

grid bias (a). At the highest energies both curves are flat

suggesting that no back-scattering takes place. Hence, they

were normalized to 7 00 at these energies and the normalized

difference calculated (shown in Fig. 9(c}). This measurement is

analogous to those reported by Hills and Platzman52 for Al and

Cu. It is important to note that the Ps fraction vz. Ei n c was

identical for the two cases. Hence, the difference is not re-

lated to Ps formation. Furthermore, it shows that the back-

scattered positrons which are directed back again into the

sample by the accelerator grid enters the sample with essenti-

ally the same energy as the first time. 'Thus, the first scat-

tering has been essentially elastic.

This suggests that the observations in Fig. 8 are due to Bragg

scattering of positrons in the ice crystal. In order to test

this hypothesis we have made a simple calculation of the ex-

pected energy dependence of the Bragg scattering in polyery-

stalline ice Ic as discussed in ref. 57, The result is given

in Pig- 8{d).
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One can hardly claim that Figs. 8(e) and (d) are in very good

agreement. One the other hand we consider the similarity between

the curves as additional.support to the suggestion that we ob-

serve low energy positron diffraction in the ice crystal with

intensities as high as 30%. As discussed in ref. 52 one cannot

expect to observe the Bragg peaks exactly at the positions de-

rived from the present simple calculations. It would be

interesting to study this further with better energy resolution

and on oriented crystals.

5. Amorphous Ice

The results for as-grown amorphous ice are shown in Fig. 9.

They are significantly different from those for crystalline ice

(Figs. 1 and 2). At low energies f is constant, independent of

positron energy from Bi n c » 0 eV to at least 70 eV. This behav-

iour is identical to that for e~ floded crystalline ice (ref.

57), except that f is slightly lower for the amorphous ice.

Likewise the structure associated with positron diffraction

(Section 4) is absent for the amorphous ice. The beam onset is

at a nominal positron incident energy of -3.5 eV, i.e. 2.6 eV

lower than for crystalline ice. This difference cannot be ac-

counted for by contact potential differences, but roust be due

to negative charging of the sample. The charging probably oc-

curred by electrons from the ionization gauge which were trapped

in the amorphous structure during the growth of the sample. Such

electrons will probably be bound by only 1 - 2 eVf and even zero

energy positrons can form Ps with them. Thus, the low energy re-

sults may be an effect resulting from the presence of excess

electrons and not necessarily from the amorphous structure in

itself. To solve this probelm more investigations are needed.

For higher energies f decreases much more rapidly than for cry-

stalline ice (Fi<~. 2), but levels off at about 8 - 9%. As men-

tioned in ref. 23 we interprete the rapid decrease as due to

a much shorter Vs diffusion length (equivalent to a diffusion

constant D P s ~ ID""
3 cro2/sec) in amorphous ice (where Ps may

become trapped in the cavities in the structure) than in cry-
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stalline ice. The leveling off at high energies shows that

positrons injected several thousands of Angstrom into the sample

may annihilate by 3Y decay. One possible explanation of this

would be positron diffusion back to the surface where Fs for-

mation takes place (we discuss this possibility briefly in ref.

57jL Another, more likely, possibility is that the as-grown amorph-

ous ice contains large cavities in which Ps may become trapped.

In these cavities the o-Fs pick-off rate will be sufficiently low

to allow for an appreciable fraction of the o-Fs atoms to decay

by intrinsic 3ir annihilation. One can estimate23 that the cav-

ities must have average diameters of ~ 17 A or larger. Cavities

of this size are not unrealistic, since similar sized and oigger

voids have been observed in semiconductors.55*56 somewhat

smaller voids have also been observed in crystalline ice after

irradiation or HF doping and subsequent annealing. 1J* On anneal-

ing the present cavities disappear at around 100 K,23 the

sample apparently still being in the amorphous phase. 'This

is also consistent with observations of annealing of voids in

e.g. amorphous Ge.55 Finally the amorphous sample crystallizes

.at about 135 K,23 a crystallization temperature found in other

studies of amorphous ice as,well.^

CONCLUSIONS

The present work was a study of crystalline and amorphous ice

using monoenergetic positrons of energies 0 - 5 keV. These posi-

trons were injected into the ice and measurements were carried

out of the fraction of 3 Y annihilations {essentially equal to

the fraction of o-Fs escaping the ice surface into the vacuum!

and of the Doopler broadening of the 511 keV annihilation Y-

energy line.

Important information has been obtained about the Ps formation

probability as function of positron energy in crystalline ice.

At low energies 0 - 65 eV the Fs yield shows large variations

(Fig. 1). This was explained as Fs formation by the so-called

Ore process, a conclusion strongly supported by Monte Carlo
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calculations of the positron slowing down and Ps formation

processes (Fig. 3). At higher energies |E£nc > 100 eVJ the Ps

yield increases with energy as a result of thermalized electron-

positron recombination, i.e. spur processes (Pig. 2).

The influence of Ps diffusion to the surface was clearly ob-

served for positron energies above approximately 700 eV /Fig.. 2)

and the Ps diffusion constant was determined to Dps • 0.2 ±

0.1 cnvsec. Only a weak temperature dependence of Dps was

observed, if any (Fig. 4)*

A comparison was made of the Doppler broadening data with cal-

culations based or the 3Tf yields (Figs. 5 - 7 ) . In this way the

kinetic energy of the Ps which is ejected from the surface into

vacuum (i.e. the Ps affinity or workfunction) was estimated at

-2 ± 1 eV.

Evidence for diffraction of positrons in the low energy region

was obtained from a strong variation with energy of the number

of positrons annihilating at the sample. The variation was

found to roughly agree with a simple calculation of Bragg scat-

tering on a polycrystalline sample. The diffracted intensities

were as high as 30% (Fig. 8).

In the amorphous ice the" 3TT yield was energy independent at low

positron energies (Fig. 9). This lack of a structure similar to

that found in the crystalline ice was associated with charging

of the sample by electrons trapped in the amorphous structure

during sample preparation. A rapid decrease of the 3f yield at

higher energies was interpreted as a result of Ps diffusion to

the surface with a diffusion constant of Dps = 10 cm /see, i.

e. more than two orders of magnitude smaller than in crystalline

ice. The data also show the presence of large cavities [> 17 A

diameter} in the as-grown amorphous ice. These voids disappear

after annealing to about 100 K.

Being the first slow positron study of a- molecular crystal the

present work of course leaves a number of interesting questions

and problems. First of all it would be very interesting to study
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other molecular crystals with low energy positrons» in order to

firmly establish the relationship between electronic structure

and Ps yield and to determine the Ps diffusion constant. Higher

precision can be obtained by using positrons of higher energies

than the 5 keV maximum of this study. In this connection it

might be interesting to look at crystals with no bulk Ps forma-

tion (e.g. anthracene) to obtain additional information about

the influence of the surface on the Ps formation. 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 tc that of Fig. 1 for uncharged amorph-

ous ice. It would be an important test of our interpretation to

perform this experiment. The voids discovered in the as-grown

amorphous ice would be better studied by conventional positron

lifetime measurements. Such an investigation would add important

information about the structure of amorphous ice and would be

valuable for comparison with similar voids in amorphous semi-

conductors. Finally, a direct measurement of the kinetic energy

of Ps ejected from an ice surface as well- as its directional

distribution would be very interesting.

Work performed at Brookhaven supported by the Division of Materials'Sciences,

U. S. Dept. of Energy, under contract OE-AO02-76CHOOO16-
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PIG. 1. The total number of counts, Tf, and the 3t yield, f,

as function of positron incident energy, Ei n c # for a freshly

grown ice crystal. The sharp rise in Tf clearly shows the

"beam on-set" which defines Ei n c * 0 eV [eguivalent to a nominal

positron energy of -0.9 eV, upper scale).



PIG. 2. The 37 yield, f, as a function of positron incident

energy. The curves are for the following temperatures: (a) 44 K,

(b) 98 K, and (c) 148 K. The increase i.i f results from an in-

crease 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 Eg. (2) to the data.
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FIG. 3. The calculated fractions of positrons forming o-Ps as

function of incident positron energy. The curves were obtained by

the Monte Carlo calculation described in Section 1 » The con-

tributions to the total curve (d) from the various electronic

bands are illustrated by the three other curves. They are results

(a) if only one band (ionisation energy 1^ * 9.8 eV),, (b) two

bands (Ii and 12 * 11.5 eV), and {c) three bands [[Ij I2, and

I3 * 16.3 eV) are included in the calculation. In (d) also the

fourth band (I4 - 30 eV) is included.
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FIG. 4. Values of E o derived by fitting Bq. (2) to spectra like

those in Fig. 2 as function of temperature. Data for two dif-

ferent crystaJLline samples are shown: {a} crystal 1f
(b) crystal 2.



FIG. 5. The Doppler broadening parameters S and W as function

of energy. The filled circles are measurements for crystal 1

at 145 K (left-hand seals)- The curves are calculated for

different kinetic energies of Ps perpendicular to the surface

(EpS) (right-hand scale). The left- and right-

hand scales are somewhat shifted relative to each other.
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FIG. 6. Measured Doppler broadening parameters S and W as

function of positron incident energy and for different tem-

peratures: 0, V 45 K, 0 95 K, A ISO K. The circles are for

crystal 1, the other symbols for crystal 2 {left-hand scz.le).

The curves are the best-fitting curves calculated 3s described

in Section 3 (right-hand scale}. Right- and left-hand scales

are somewhat shifted relative to each other. The energy written

at each curve is the value of Eps (kinetic energy of Ps per-

pendicular to the surface} for the calculated curve.
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FIG. 7. Calculated Doppler broadening parameters S and W as

function of positron incident energy for crystal 1 at 45 K.

Eps is the Ps kinetic energy in vacuum per-

pendicular to the surface. The Eps values are the same for the

S and W curves. The differences between curves with different

£ps values are due to red-shifts of the 511 keV annihilation

line of p-Ps in vacuum.
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F I G. 8. Evidence for positron diffraction, (a) shows total

countrate vs. S i n c for an accelerator-grid voltage <Va) of

24 V. (b) is like (a), but with V a - 0 V. (cj is the norma-

lized difference between (a) and (b). (d) is a simple cal-

culation of the Bragg scattering from a polycrystalline cubic

ice sample. The beam on-set is not as sbzrp in {a)

as in Pig. 1 due to a few volts charging of the sample.
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