
PHYSICAL REVIEW A VOLUME 36, NUMBER 10 NOVEMBER 15, 1987
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An analytical method is proposed to determine absolute total cross sections per scatterer and re-
lated mean free paths for low-energy electron scattering in disordered molecular solid films. The
procedure is based on a two-stream multiple-scattering model of the thickness dependence of the
film reflectivity for elastic electrons. The expected analytical behavior and accuracy are tested on
a model sample whose scattering properties are generated by a Monte Carlo simulation from ini-

tially known parameters. The effects of multiple scattering inside the film and at its interfaces are
taken into account and discussed. The thickness dependence of the elastic electron reflectivity of
H20 film condensed at 14 K is reported between 1 and 20 eV incident energy with a spectrometer
resolution of 10 meV. The proposed method is applied to extract from these measurements the
energy dependence of the total effective and total inelastic cross sections for electron scattering in

amorphous ice.

I. INTRODUCTION

The characterization of the electron-solid interaction
is of considerable importance for quantitative surface
analysis, ' hot-electron transport, and thermalization dis-
tance in polymeric dielectrics as well as for radiation
energy deposition in organic and biological materials.
This topic has been mainly developed at high energies
(i.e., greater than 500 eV) in connection with Auger elec-
tron spectroscopy (AES), x-ray photoelectron spectrosco-
py (XPS), and electron microscopy. At these energies,
the interaction of electrons with matter or the energy-
loss rate is well described within the first Born approxi-
mation. This latter leads readily to the concept of
energy- and momentum-dependent dielectric constant or
generalized oscillator strength.

The low-energy range (i.e. , less than 100 eV) is probed
in a number of surface science spectroscopies, namely,
electron-energy-loss, ultraviolet-photoelectron, and
inverse-photoelectron spectroscopy. At low energy,
electrons are known to play a key role in the degrada-
tion of high-energy radiation in matter, since in the
slowing-down processes of fast electrons, a considerable
amount of energy is relayed to electrons of energies
smaller than about 100 eV. The behavior of low-energy
electrons or hot electrons produced by dielectric break-
down is also of importance, when an insulator is sub-
jected to an intense electric field. With this respect, a
series of high-resolution electron-energy-loss
(HREEL), ' ' low-energy electron transmission
(LEET), ' ' and electron-stimulated desorption' exper-
iments have been performed on multilayer molecular
films condensed on a metal substrate. Considering that
cross sections for electron-molecule scattering are
greater at low energy and that conspicuous effects such
as the formation of transient negative ions take place, a
quantitative interpretation of the condensed phase re-
sults must be extended beyond the Born approximation

and must include multiple scattering within and between
sites.

The current microscopic theories not being developed
to a stage where they can generate the complete energy
and angular distribution of electrons scattered from
disordered molecular film, we have relied on models
based on the solution of the classical transfer equa-
tion"' ' ' for the analysis of the experimental results.
The apparent difhculty of a classical approach consists in
the precise physical interpretation of the macroscopic
parameters used to describe the scattering properties of
a medium. For instance, one could wonder about the re-
lation between the scattering probability per unit length
(SPUL) values or scattering cross sections per scatterer
and the microscopic scattering properties of individual
components as well as the dynamic structure of the
solid. A theoretical investigation which shed more light
toward this end, and where a line is drawn between
quantum and classical behavior of electron scattering in
amorphous condensed matter, has recently been present-
ed by Fano and Stephens. ' They introduced and
defined specifically a stochastic element of probability
k, (q, co) for energy fico and momentum fiq transfer per
unit path length to be used in a Boltzmann-type equa-
tion.

In surface analysis the quantities of interest are the in-
elastic mean free path (IMFP) and the attenuation length
(AL). ' The IMFP can be defined in the present context
as I/a;, where a; is the total inelastic SPUL which is re-
lated to k, (q, co) by a;= f f ok, (q, co)dqdco. It cor-
responds to the quantity calculated from the theory at
high energy. The AL is more akin to the experimental
measurements, in the sense that the IMFP is found to be
entangled with elastic and geometrical scattering factors.
The most common technique in AL measurements is the
overlayer method. ' This latter is based on the measure-
ment of the attenuation of a photoelectron signal
emanating from a substrate as a function of the thick-
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ness of a film deposited on that substrate. The interpre-
tation relies usually on a simple model where elastic
multiple sc-attering effects are ignored

The present work constitutes a first attempt to extract
the energy dependence of a; and IMFP in the low-energy
range from high-resolution experiments of electrons
elastically scattered by disordered solid films. This is
achieved by finding particular experimental conditions,
under which the multiple-scattering theory previously
elaborated" simplifies to a simple analytical expression
for the thickness dependence of the elastically backscat-
tered intensity. We have chosen to work with multilayer
films of amorphous ice formed and held at 14 K. This is
the first of two papers aiming to determine energy-loss
cross section per scatterer or SPUL values for electron
scattering in amorphous ice in the 1 —20-eV range. This
information should complement the numerous studies
intended to evaluate the rate of energy loss or IMFP by
high-energy electrons in water, a topic of considerable
importance to further develop our understanding of the
action of ionizing radiation in biological media.

This paper is organized in the following manner. In
Sec. II a simple analytical expression for the elastically
backscattered electron intensity is derived from the
multiple-scattering model developed in a previous pa-
per" (henceforth referred to as I). From this expression
a method is elaborated to extract total SPUf, or scatter-
ing cross-section values from the thickness dependence of
the elastic electron reffectivity of a molecular film depos-
ited on a metal substrate. The method is then tested on
a fictitious sample whose elastic electron reflectivity is
generated by a Monte Carlo calculation. The effects of
elastic multiple scattering within the sample and the film
interfaces are thus estimated separately and discussed.
The apparatus, the preparation and thickness determina-
tion of amorphous films of ice, and the normalization of
the scattered intensity scale are described in Sec. III. In
Sec. IV we present the results for the energy depen-
dence of the total electron scattering cross section or
SPUL values along with the related mean free path
(MFP) in amorphous ice. In Sec. V we discuss our data
and compare them with SPUL values recently deter-
mined' at 14 K and 3.2 eV from an ¹ hannel analysis
of combined transmission and H REEL spectra, AL
values available at 90 K between 18 and 68 eV, ' and
gas-phase data.

II. MODEL AND MEASUREMENT PROCEDURE

We presented in I the derivation of particular analyti-
cal expressions for the energy distribution of electrons
backscattered from a disordered molecular film (i.e.,
energy-loss spectra) as a function of its thickness. We
started from the transfer equation for plane-parallel
problems which implicitly assumes no molecule-substrate
interaction and considers a homogenous film growth
with no thickness fluctuations. The aim of this section is
to develop and to test a procedure for the extraction of
the total SPUL or cross section for electron scattering in
the film. The method is based on the relation between
the elastically scattered intensity and the film thickness.

A. The three-dimensional approach
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Solving for a(Ep) we get, finally,
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which indicates that an appropriate semilogarithmic plot
of the elastic reflectivity ratio should yield a straight line
whose slope is a(Eo). Thus the thickness behavior of
the elastic reflectivity is linked to the value of the total
SPUL. But one may have concerns about this result
since multiple scattering within the film and reflections

In order to have a tractable analysis in a three-
dimensional (3D) approach, the basis of the procedure
can be illustrated first without the effects of the electron
reflection from the substrate, the angular deflection at
the film-vacuum interface due to the inner potential, and
the multiple-scattering processes. In this case the 3D ex-
pression for the elastically backscattered current density
I~(O, O, Q, Ep) at an incident energy Ep can be given by
the expression (5) in I with E =Ep, i.e.,

Io (yo Eo o)
Ii(O, O, Q, Eo)=

cosO[a(Eo ) /cosO —a(Ep ) /cosOp]

X ( I —exp [ —[a(Ep)/cosOo

—a(Ep)/cosO]I ) . (2.1)

In this expression yo is the deflection angle between the
incident current density (Ip) in direction Op, gp and the
backscattered direction 8,$ with respect to the inward
normal to the surface. L is the thickness of the film and
Q(yo, Eo,O) is the elastic SPUL per unit solid angle for
an electron to be deflected through an angle yo. Finally
a(Eo) is the total SPUL defined as

a(Eo)—:f +" f f Q(yo Eo E Eo)

Xd(cosO)dp dE,
where Q(yp, Eo,E Ep) is th—e SPUL per unit solid an-
gle, and per unit energy range for an electron of energy
Eo to lose an energy E —Eo and be deflected through an
angle yo. If we define the elastic reflectivity at a thick-
ness L as R, (O, B,Q, Ep) =I&(O, O, Q, E—p)/Io and that for
L~ap as
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at the film interfaces are neglected. In order to evaluate
their effects on the final result, let us now compare Eq.
(2.3) with the solution of the transfer equation, obtained
within the two-stream approximation. Although in this
latter the 30 aspect is approximated, it includes exactly
contributions arising from multiple-scattering processes,
the reflectivity of the substrate, as well as the deflection
at the film-vacuum interface.

B. The t~o-stream approach

With the above assumptions dropped, the energy dis-
tribution of the backscattered electron current density
resulting from the two-stream approximation of the
transfer equation is given by expression (13) in I, i.e. ,

TJ (OE)= T - ""R"'
( —isE)ds

2m. — 1 —(1—T)R (O, s)

(2.4)

T is the transmission coefticient taking into account the
average angular deflection experienced by the electrons
which escape the potential barrier set up between the
inner-film potential and the vacuum. In the present con-
text it is sufhcient to choose T as energy independent.
J„(O,E) is the sum of all fractions of outgoing current
density multiply reflected between the film and the

Eo E —Eo + f Eo E —Eo dE

where Q„(EO,E Eo)—and Qf(Eo, E Eo) ar—e the SPUL
per unit energy range for an electron of energy Eo to
lose an energy E —Eo, and be deflected in either direc-
tion (i.e., large-angle scattering) and only in the forward
direction (i.e., small-angle scattering), respectively.

The elastic intensity TJ„(O,E =ED) =J, is obtained by
substituting in (2.4) the value of R(O, s) by the intrinsic
elastic reflectivity [R (O, s )]& & . This latter corre-
sponds to the first term in the expansion of R (O, s )

around the elastic SPUL points Q„„Qf, as shown in
series (16) of I. If to simplify the notation, we let
I(O, s ) =Io and [R (—O, s )]~ i2 =—R„ then (2.4) becomes

Io TR,
1 —(1—T)R,

(2.5a)

with R, given explicitly by

potential-barrier interface. Thus TJ„(O,E ) corresponds
to the measured quantity. I(O,s) and R(O, s) are the
Fourier transform of the incident electron current and of
the intrinsic electron reflectivity of the film (i.e., without
the effect of the barrier), respectively. The general ex-
pression for R(O, s) is given by (9) in I, with the total
SPUL defined as

R „,[R,(L ) —1/R „,]—( 1/R „,)[R,(L ) —R „,] exp[ —eQ„,L (1/R „,—R „,)]
R, =

[R,(L ) —1/R, ]—[R,(L ) —R, ] exp[ eQ„,L(1/R— , —R, )]
(2.5b)

In this expression R, (L ) is the elastic electron
reflectivity of the substrate located at the position I
from the film surface (i.e., position 0). The parameter e
is phenomenological and arises from averaging the
electron-beam current over all angles in a stream direc-
tion. Finally, R, is the intrinsic elastic reflectivity cor-
responding to the semi-infinite film (i.e. , [R (O, s)]&
for L ~ ao ) and is given by the expression (17) in I eval-
uated at Q„„gf„i.e. ,

1 —[1—2Q„, /(a —Qf, )]'
1+[1—2Q„, /(a —Qt, )]'

(2.5c)

Solving Eq. (2.5b) for the factor in the exponential
yields

R, —R
ln

R, (L)—R„,
1/R, R, (L)—

1/R, —R,
= —eg„,(1/R „,—R „,)L . (2.6)

By introducing the ratio R, /R, into the left-hand side
and using for the right-hand side the relation
Q„,/(a —gf, ) =2R, /(1+R „,) derived from (2.5c),
Eq. (2.6) can be cast into a form similar to Eq. (2.3) as

1 —R, /R
ln

1 —R, (L )/R
1 —R,R

+ ln
1 —R, (L )R „,

1 —R= —2e(a —Qf, ) 1+R„, (2.7)

We can make the following observations in comparing
Eq. (2.7) with (2.3) and more specifically concerning the
effect of the initial assumptions. In the right-hand side
of (2.7) the 2e factor can be correlated with the tri-
gonometrical factor appearing in (2.3). The considera-
tion of a refl'ectivity for the substrate gives only constant
terms ivhich turn out to be irrelevant for the determina
tion of a slope. Besides the thickness-dependent term
ln(1 —R,R, ), the elastic multiple-scattering description
results in the SPUL gf, added to the total SPUL a and
to the factor (1—R, )/(1+R, ) which renormalizes
the (a —Qf, ) term. The presence of Qf, means that the
small-angle elastic scattering does not contribute to the
depletion of any electron-beam current. It is peculiar to
the two-stream approximation, and the same phenome-
nology can be found in the Landau formula which is de-
rived when only forward scattering is effective, as shown
in the expression (11) in I. Accordingly, this procedure



36 TOTAL CROSS SECTIONS FOR SLOW-ELECTRON. . . 4675

2ea, ttL(1——R „,)/(1+R „,) . (2.8)

In this expression the thickness behavior is now linked
only to the value of the intrinsic reflectivity ratio
R, /R, . However, as mentioned earlier, it is instead of
R, /R „, the ratio R, /R, including the effect of the
potential barrier which is the measured quantity in an
experiment. Using expression (2.5a), it is related to the
intrinsic reflectivity ratio R, /R, by

R,
R

TR,
TR

1 —(1 —T)R „,
1 —(1 —T)R,

(2.9)

By expanding the denominator in large parentheses and
applying the experimental conditions stated above with
T-0.5, it can be shown that the expression in large
parentheses is almost equal to 1 with a slight implicit
dependence on the thickness pertaining to R, . Thus Eq.
(2.9) can be simplified to

R, /R, =R, /R (2.10)

Hence, the effect of the potential barrier turns out to be
compensated in first order by the measurement of the
reflectivity ratio. Using this latter ratio directly in Eq.
(2.8) we obtain, finally,

ln( 1 R, /R, ) —in[1 R—, (L ) /R „,]—
= —2ea,sL(1 —R, )/(1+R „,), (2.11a)

if R, (L ) &R „„or
ln(R, /R „,—1)—ln[R, (L )/R „,—1]

= —2ea,sL(1 —R „,)/(1+R „,), (2.11b)

cannot provide an attenuation parameter corresponding
directly to the definition of the total SPUL a and calls
for a modified definition. This suggests defining instead
the term (o.—Q/, ) as an "effective" total SPUL (a,s)
which should lead to a with the knowledge of QI, . Al-
though it is not possible to determine Q&, and conse-
quently a from the two-stream analysis, a,& can be alter-
natively used with the determination of 2Q„, to provide
the total inelastic SPUL (a;=—a —Q/, —2Q„, ). Finally,
the potential-barrier transmission coefficient T intro-
duces via Eq. (2.5a) a nonproportional behavior between
the measured refiectivity (R,:J, /I—o) and the intrinsic
reflectivity R, of the film.

Hence, without the initial assumptions, the film thick-
ness dependence of the elastically backscattered intensity
follows a more complicated behavior than expected from
Sec. II A. However, if certain approximations suggested
by the experimental context are introduced at this stage,
it turns out that a simpler analysis is still possible. In
fact, if the refiectivities R, , R, (L), and R, are such
that R „,&0. 1, 0&R, (L )/R „,&3, and 0&R, /R
& 3, then the second term in the left-hand side of the re-

lation (2.7) can be safely neglected in comparison with
the first term. Thus, using a,s.=a —Q&„Eq. (2.7) is re-
duced to

In(1 —R, /R, ) —in[1 —R, (L )/R, ]

if R, (L))R „,.
These relations, derived under reasonable restrictions

in the multiple-scattering regime, predict a linear behav-
ior for the logarithm of 1 minus the normalized elastic
reflectivity as a function of the film thickness, the nor-
malization constant being the reflectivity at infinite
thickness. But the meaning of the slope, which was
directly related to a in Eq. (2.3), is now modified by the
Q&, term and entangled with multiple-scattering effects.
These latters arise from the factor (1 —R, )/(1+R „,)
which requires an absolute intrinst'c reffectivity Value R
for its evaluation. Fortunately, this factor is not very
sensitive to the value of R „' for instance, if R
changes by 100% (i.e. , from 0.05 to 0.10), it changes
only by 10% (i.e., from 0.90 to 0.82). Thus the measure-
ment of the elastic reflectivity R, for the semi-infinite
film should be suitable for this purpose considering all
other sources of error. Finally, one can see that since
the AL is more closely related to the experimental mea-
surements, it can be associated here to the inverse of the
entire factor a,g 1 —R „,)/(1+R, ) in Eqs. (2.11).

C. Test calculation

To test the procedure suggested in Sec. IIB, we have
simulated an electron scattering experiment with a
Monte Carlo calculation using initially known parame-
ters. The prime objective was to verify the analytical be-
havior of the predicted thickness dependence of the elas-
tic electron reflectivity ratio for scattering in three di-
mensions, and to compare the extracted value of the to-
tal SPUL a with the one injected. The parameters were
chosen so as to comply with the experiment. The in-
cident energy was fixed at 8 eV. The model sample was
characterized by a density similar to the cubic phase of
ice at —130'C with 3. 125)& 10 molecules cm, a to-
tal scattering cross section per scatterer of 10 ' cm
(i.e. , 0.0568 layer '), an isotropic elastic scattering cross
section per scatterer of 2.2X 10 ' cm (i.e. , 0.0125 lay-
er '), and an inner potential of 1 eV. The substrate was
characterized by an isotropic elastic scattering coefficient
of reflectivity equal to 0.15. The incident angle was fixed
at Oo ——14' and the calculation of the scattered intensity
performed for a small solid angle at 8= 135' (i.e.,
Od ——45' with respect to the outward normal). In general
the scattered intensity is dependent on 8 and P, but for
isotropic scattering cross sections it becomes P indepen-

0
dent. The calculation was performed by step of 1.76 A
corresponding to the thickness of a layer of ice and from
0 to 54.56 A (i.e., 0 to 31 layers). The number of events
was chosen in order to reduce under +2% statistic fluc-
tuations in the results.

The ratio R, /R, was calculated at each thickness
by using the reflectivity at the highest possible thickness
(i.e., 31 layers) for R, . By plotting this ratio minus 1

as a function of the thickness on a semilogarithmic chart
as shown in Fig. 1, a straight line was obtained between
0 and 20 layers with a departure from linearity above 20
layers. This latter behavior was predictable, since the
value of the reflectivity at 31 layers is slightly higher
than that expected for a semi-infinite film and therefore
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FIG. 1. Semilogarithmic plot of a Monte Carlo simulation

(dots) of the normalized elastic electron reflectivity minus 1 as
function of the thickness. The normalization constant is taken
as the elastic reflectivity at 31 layers. The angle of incident Oo

and of analysis 6td has been chosen similar to the experimental
configuration. The solid part of the straight line represents the
range where a least-square-fit analysis of the data has been per-
formed.

III. EXPERIMENT

A. Apparatus

The apparatus is housed in a bakeable cryopumped
ultrahigh-vacuum system ' (UHV) capable of sustaining
working pressures read at the ionization gauge in the
mid-10 "-Torr range. The samples to be studied are

pulls down the curve toward that limit. By applying a
standard least-square-fit analysis on these results in the
range 3 —18 layers, we obtained a correlation coefficient
better than 0.998 with a corresponding root-mean-square
deviation of +3.8%%uo for the slope. Using for the param-
eter e the value 1.22 calculated with the trigonometrical
factor in Eq. (2.3), and using to correct for the elastic
multiple-scattering effect the factor (1 —R „,)/(1+R, )

evaluated with the average reflectivity of 0.036 at 31 lay-
ers, we were able to retrieve a total cross section of
l. 1 X 10 ' cm (i.e., 0.062 layer '). Owing to the incer-
titude in the calculation of the slopes, the factor e, and
the factor (1 —R „,)/(1+R, ), the comparison with the
true value can be used to evaluate a posteriori the accu-
racy of the method at +10%%uo.

condensed from gas or vapor phases onto a metal sub-
strate cooled at 14 K. This latter is electrically isolated
and press fitted with a ceramic plate to the tip of the
cryopump which is mounted on a bellows to allow for
X, Y,Z positioning. The gases or vapors initially
prepared in a gas-handling manifold are introduced in
the system through an admission valve which is connect-
ed to a small tube having an opening located in front of
the cold tip. The manifold consists of two gas- or
vapor-inlet sources connected through a bypass and
precision-leak valves to a small chamber whose volume
(180 ml) is precisely known. This calibrated chamber is
evacuated by separate adsorption and ion pumping. The
absolute pressure of the gases or vapors leaked in or out
of this chamber is measured by a capacitance manome-
ter.

The electron scattering measurements were performed
with a hemispherical HREEL spectrometer' having the
following characteristics. With polar coordinates
defined relatively to the outward normal of the sample,
the polar angle of the monochromator (i.e., the angle of
incidence go) can be rotated between 14' and 70' at fixed
azimuthal angle. The polar angle of the analyzer (i.e. ,
the angle of analysis Od ) is fixed at 45' at the opposite
azimuth. Double-zoom electron lenses at the output of
the monochromator and at the input of the analyzer al-
low a nearly constant incident current over a wide ener-
gy range in the area viewed by the analyzer at the sur-
face of the sample. In the present experiment the com-
bined resolution of the selectors was adjusted at 10 meV
full width at half maximum (FWHM) for a correspond-
ing current at the substrate of -0.2 nA. The incident
electron energy (Eo) scale was calibrated, within +0. 1

eV with respect to the vacuum level, by measuring the
onset of electron currents transmitted through (i.e.,
currents measured on the substrate) and scattered from
the deposited films.

B. Sample preparation and film thickness measurement

The metal substrate consists of a 2.0&(1.0 cm poly-
crystalline platinum (Pt) ribbon of 0.2 mm nominal
thickness supplied by the Ventron Corporation with a
stated purity of 99.95%%uo. The ribbon was cleaned by
resistive heating in UHV to a temperature of 1500 C
and, in the presence of oxygen, to 900'C. Energy-loss
spectra obtained after these treatments were free from
any spurious vibrational losses. Moreover, the energy
dependence of the elastically scattered electrons in the
specular direction (i.e., 00 beam) indicated according to
a recent analysis that the substrate was characterized
by (111) microfacets oriented parallel to the surface, but
azimuthally disordered. The deposited HzO films consist
of triply distilled water degassed by repeated freeze-thaw
cycles under vacuum.

The accuracy in the determination of absolute SPUL
or cross-section values is linked to the precision in the
measurement of the number of molecules condensed on
the substrate. In previous experiments the coverage
could be estimated' by monitoring the differential pres-
sure drop in the calibrated chamber. Owing to the high
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sticking coefficient of water molecules which adsorbed
on the small tube and the walls of the manifold, a spuri-
ous pressure drop was recorded in the calibrated
chamber. Hence, for the present experiment, the previ-
ous monitoring was found inaccurate and weakly repro-
ducible. Instead, we developed a procedure by which
the transmitted current at the substrate Iz is calibrated
against the net pressure drop (b,P) [i.e., Is(bP)].

This calibration is achieved by establishing initially
steady-state conditions of flow in the manifold and the
small tube. This is done by opening the admission valve
and adjusting the leak valve at the source until the pres-
sure in the chamber is stationary. The vapor is then al-
lowed to flow for about 15 min. Thus we have the rela-
tion

G+bP/bt+AP, /bt =0,
where b,P/b, t is the net pressure-drop rate, bP, /bt is
the spurious pressure-drop rate, and 6 is the leak rate
from the vapor source. Under these conditions Iz is
measured as function of time to yield the curve Is(ht).
This latter is initiated at t =0 by a short temperature
flash of the substrate. Then the leak valve at the source
is closed and the total pressure drop (bPT-2%%uo ) is mon-
itored as function of time, i.e.,

APT/At =hP/ht+hP, /At .

Finally, the admission valve is shut and hP, /At is moni-
tored. From these rate measurements the time scale in
Is(b, t) is converted into a net pressure-drop scale as
Is(AP), where

In this manner, the differential couerage which is of pri-
mary importance for the extraction of absolute Ualues of
the total SPUI. or the total cross section can be accurately
determined.

In the next stage of calibration, the net pressure drop
(APML) corresponding to the amount of Ar gas neces-
sary to produce a monolayer on the Pt substrate near 14
K is monitored. The monolayer is identified precisely by
observing the amplitude of the quantum-size eff'ect (QSE)
as a function of coverage, either in the LEET' or in the
low-energy elastic specular intensity. The amplitude of
the interference for a monolayer saturates before other
structures related to additional layers appear.

Finally, APMz is related to the density of a monolayer
(dML) of Ar on Pt and then used to convert the bP scale
of the Is(AP ) curve for HzO into a surface-density scale
(hd) (i.e., moleculescm ) with bd =(dMt /APML)bP,
assuming the same sticking coefficient. The formation of
a hcp struct. "e near the monolayer coverage seems to be
a general property of noble-gas-adsorption systems,
which manifests the relatively weak interaction between
the inert-gas atoms and the surface underneath. The
packing density of Ar adsorbed on various substrates
corresponds to a hcp cell parameter lying generally be-
tween 3.7 and 3.95 A. These values compare favorably
with the Ar-Ar distance at 3.76 A in the (111) plane of

bulk Ar at 20 K. Since there is no available data on
Pt(111), the monolayer coverage can be reasonably
chosen as equal to the latter density, with d ML=8. 167 &( 10' atoms cm

Since the measurement of the transmitted current as
function of time is an accurate step, the major incerti-
tude is found in pressure measurements (+5%) and in
the value chosen for the (111) plane density of Ar on Pt
(+5%). When combined in the b, d formula, these
latters lead to an incertitude of +15% on the value of
the molecular coverage. The H20 coverage can be con-
verted for convenience into a number of layers by using
the density 5.72)&10' moleculescm of the (111) face
of the cubic form of ice at —130'C.

To control our calibration, we measured in a different
type of experiment LEET spectra in the 0—20-eV range
as function of time during warming up of a 40-layer H20
film on the Pt substrate. As function of time, a break in
the transmitted intensity was observed for several in-
cident energies and attributed to a change either in the
desorption rate or in the crystalline structure of the
remaining condensate near the metal surface. By look-
ing for the value of the transmitted current at the break
point, we were able to deduce with our calibration a cor-
responding coverage of 1.03 &( 10' molecules cm
which is equivalent to 1.82 layers, if the density of H20
adsorbed on Pt(111) at 5.65 && 10' molecules cm is
used. ' This finding correlates well with the formation
of an ordered bilayer of ice around 180 K, as described
by several recent electron-stimulated desorption and vi-
brational spectroscopic studies of HzO adsorbed on
Ru(001) (Ref. 32) and Pt(111).

We assume for the extraction procedure and the thick-
ness calibration that a film grows homogeneously (i.e.,
constant density) as well as with a uniform thickness. In
practice, several types of film growth have been observed
and mechanisms proposed, particularly in relation with
studies of epitaxial growth on single crystals. The
three major types are the layer-by-layer growth (Frank
van der Merve), the isolated-island growth (Volmer-
Weber), and the mixed growth involving initially the for-
mation of a monolayer followed by an island growth
(Stranski-Krastanov). Which type is favored depends
mainly on structural effects and how the strain energy is
distributed inside the deposited film as well as between
the film and the metal substrate. For water vapor con-
densed on a Pt(111) substrate, LEED investigations '

conducted below 125 K indicate the formation of disor-
dered ice layers independent of the vapor flux. From x-
ray diffraction studies it has been inferred that water va-
por condensed at a deposition rate of 4—10 mg h ' on a
cold substrate grows at 77 K into a low-density amor-
phous form at 0.94 gem or at 10 K into high-density
amorphous form at 1.1 g cm . However, it has been
suggested shortly after that the high-density form is
more difficult to obtain, since it seems to depend on nu-
cleation steps and that under most slow-rate depositions
the low-density form is more likely to occur. From
these considerations we believe that for the first few lay-
ers the density of our ice films may vary due to the prox-
imity of the substrate. However, owing to the deposition
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rate (less than 0.004 mgcm h ') used in this experi-
ment, the density for the subsequent layers should be-
come constant and typical of the low-density amorphous
form of ice. Variations in film thickness are not expect-
ed to be too serious as long as they are smaller than the
mean free path.

C. Backscattered intensity normalization

Is J(8d ) =1 ~

Ip Ip d
(3.1)

Prior to a two-stream analysis an absolute reflectivity
scale is established for the experimental backscattered
electron intensity in the following manner. From the
law of current conservation it is shown in the Appendix
that under certain reasonable conditions we have be-
tween the transmitted current Iz and the backscattered
current per unit solid angle J(0d ) the following relation:
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In this equation Ip is the incident current impinging at a
particular angle Op on the surface of a film and Ip d is an
effective incident current related to the differential back-
scattered current at a particular angle of analysis Od.
However, with this apparatus, it is not possible to rnea-
sure directly either Ip or Ip d. Instead a full energy-loss
spectrum J(E,Hd ) (i.e., from threshold to the incident
energy) along with the transmitted current Iq are record-
ed either for various incident energies or several
thicknesses. By plotting Is versus J(E,Od ) once in-
tegrated from threshold to the incident energy to re-
trieve J(8d ) a straight line is obtained whose extrapolat-
ed ends intercept the ordinate and abscissa axes at Ip
and Ip d, respectively. The Ip d parameter can be alter-
natively visualized or interpreted as the incident electron
current backscattered in a particular direction by an
ideal medium whose total electron reflectivity is equal to
1 (i.e. , where all incident electrons are finally scattered
out of the film). Thus by normalizing the scattered in-
tensity scale of an energy-loss spectra by this effective in-
cident current as

J(E,od ) =R(E,Hd ),
Ipd

(3.2)

IV. RESULTS

A. Measurement of the elastic electron reflectivity

Measurements of the elastically backscattered electron
intensity were monitored at various angles of incidence
L9p between 14 and 70, and at an angle of analysis
6jd ——45', with respect to the outward normal of the sur-
face. The incident energy Ep was swept by step of 1 eV
between 1.2 and 19.2 eV. In Fig. 2 the energy depen-

the energy integral of an elastic or inelastic feature can
be expressed in terms of an elastic or inelastic absolute
reflectivity value. As long as the angular distribution of
the backscattered electron intensity does not change too
much as a function of the incident energy or thickness,
this method provides an experimental reflectivity scale
convenient for comparison with two-stream calculations.

0
0 2

I I I I I

8 B 10 12 14

ELECTRON ENERGY{eV)

18 1B 20

FIG. 2. Measurement of the elastic scattered electron inten-
sity as a function of the incident energy for various thicknesses
of amorphous films of ice condensed on a polycrystalline Pt
substrate. The angle of incidence (Ooj and of analysis (Od ) are
14' and 45', respectively, with respect to the outward normal of
the surface. The numbers near each curve indicate the thick-
ness of the film in layers. The intensity scale is calibrated in
absolute reflectivity by the normalization procedure explained
in the text.

B. Total effective and total inelastic scattering
cross section per scatterer

According to the finding of Sec. II, the plot of the
ln(

~
R, /R „,—1 ) term in Eqs. (2.11) versus coverage

for a particular electron energy should yield a straight
line. The slope (b ) is related to the total effective SPUL

dence of the elastic reflectivity at Op ——14' for H20 con-
densed at 14 K is presented for several film thicknesses.
The curve labelled 0 represents the elastic reflectivity of
the Pt substrate in the off-specular direction, and is
about two orders of magnitude smaller than that in the
specular direction. The reflectivity for the adlayers is
found to be weakly dependent on the incident angle Op

above eight layers. From that thickness two maxima de-
velop and only a decrease in the overall intensity is ob-
served for increasing coverage. Film charging limited
measurements to 40 layers. Since we preferred to collect
the maximum signal on a large energy range, the
transmission of the spectrometer optics particularly at
low energy is uncertain. This is not a serious problem
because most of the analysis relies on the reflectivity ra-
tio as explained previously. With the normalization pro-
cedure of Sec. IIIC, the elastic reflectivity in the 40-
layer curve is estimated around 6% and 7.5% for the
first and second maximum, respectively. It should be
noted that any imprecisions in the absolute reflectivity
are to be minimized in the (1—R „,)/(1+R „,) factor
of Eqs. (2.11).
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(a„)by

b =2ea,frL(1 —R „,)/(1+R, ), (4. la)

if the coverage is expressed in units of length (i.e., layer),
or to the total efFective-scattering cross section per
scatterer (cr T dr= a—,frln ) by

b =2eo T,rrnL(1 —R „,)/(1+R „,), (4.1b)

if the coverage is expressed in unit of surface density
(nL ), with n the bulk density of the sample. Owing to
the coverage cahbration of Sec. III B, it is cr r, tr in (4.1b)
which is to be directly extracted from the measurements.

In Figs. 3(a) and 3(b) we present for several incident
energies the semilogarithmic plots of the elastic
reflectivity ratio using the 40-layer curve as semi-infinite
data. For all these plots a good linear behavior can be
observed for a coverage above 5&10' moleculescm
(i.e., eight layers) despite some dispersion in the data
above 20 layers. The departure from the linear behavior
at low thicknesses is partly attributed to the anisotropic
reflectivity of the substrate and to that of the first few
layers. These reflectivities are characterized by a pro-
nounced specular component. Also, this could be attri-
buted to modifications in the growth mode of the first
few layers in matching the surface of the substrate with
the amorphous form of the bulk.

In Fig. 4 the open dots joined by the continuous curve

represent the total eff'ective-scattering cross section
[o 7 ff—(a —Qf, )/n] as a function of incident energy.
This latter leads directly to the total scattering cross sec-
tion (crT =—a/n) if the small-angle elastic SPUL com-
ponent (Qf, ) is zero. Each point results from the aver-
age value of the slopes b computed after two runs, then
corrected for the e parameter and the energy dependence
of the multiple-scattering factor according to Eq. (4.1b).
The e parameter is chosen constant in energy and equal
to the trigonometrical factor evaluated at the experimen-
tal configuration, as in the Monte Carlo simulation. The
multiple-scattering factor could be evaluated in a first
approximation with the 40-layer reflectivity measure-
ment (-R „,) shown in Fig. 2. Instead, it is calculated
more consistently with the corresponding intrinsic elas-
tic reflectivity (R „,) represented by the dashed curve in
Fig. 4. The origin of this latter is to be discussed short-
ly. The error bar associated with each open dot
represents plus and minus the root-mean-square devia-
tion of a slope value which results from a standard
least-square fit of a straight line to the data. It does not
include the systematic uncertainty dependent on the cov-
erage measurement (i.e., nL ), the E parameter, or the
multiple-scattering factor. We can attribute for these
latter two, as seems to indicate the fit to the data gen-
erated by the Monte Carlo simulation, a combined error
of +10%. With the additional error of +15% originat-
ing from the thickness measurement a value of +25% is
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FIG. 3. (a),(b) Semilogarithmic plot of the normalized elastic electron reflectivity minus 1 as a function of film thickness for vari-
ous incident electron energies. The normalization constant for each energy is taken as corresponding to the elastic reflectivity at 40
layers. This latter proves to be reasonably close to the elastic reflectivity of the semi-infinite film R „,. Each straight line results
from a least-square-fit analysis of the data comprised between 8 and 20 layers coverage (continuous part) and its slope is related to
the electron total effective and total inelastic-scattering cross section per scatterer.
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FIG. 4. The open-dot solid curve is the energy dependence
of the total effective cross section per scatterer
[o T ff:(a—gf, )/n] for electron scattering in amorphous ice.
The dashed curve represents the intrinsic (i.e., without the
effect of the film-vacuum potential barrier) elastic electron
reflectivity of a semi-infinite film of amorphous ice (see text). It
is related to the isotropic elastic-scattering cross section by Eq.
(4.3). The combination of this latter with 0T,& through Eq.
(4.2) leads to the total inelastic-scattering cross section per
scatterer cr T; shown by the dot-dashed curve.

finally obtained for the total systematic uncertainty. Of
course, this has little effect on the relative values of o.T ff

and should scale either up or down our results.
The dot-dashed curve in Fig. 4 represents the total

inelastic-scattering cross section (o r; =a; /n ). Since
o.T,& corresponds also to the contribution of the large-
angle elastic SPUL (2Q„, ) plus the total inelastic SPUL
(a; ) [i.e., o T,s ——(2Q„, +a; )/n ], o.T; is calculated
through the following relation:

o T; ——a T,s(1 —2Q„, /a, s), (4.2)

V. DISCUSSION

Since the present method is based on an analysis"
where only the average backscattered electron elastic in-
tensity is considered (i.e., the detail of the angular distri-

with the knowledge of the ratio 2Q„, /a, s.. This latter ra-
tio is obtained with an average accuracy of +4% by a
procedure based on a two-stream analysis of several
energy-loss spectra, "which will be described in detail in
a forthcoming paper. Furthermore, this ratio is also at
the origin of the R, curve through the expression (17)
in I evaluated at Q„„Qf„i.e.,

1 —( 1 —2Q„ /a, tr)
'

Rooe= (4.3)
1+( 1 —2Q„, /a, tr)

'

The uncertainty on R, is +5%%uo and results in a value
less than + 1% for the factor ( 1 —R, ) /( 1+R „,), be-
cause of the compensating effect mentioned in relation
with Eqs. (2.11). In Table I we give the numerical values
for o-T,& and o.T;, along with computed MFP values us-
ing the bulk density of low-density amorphous ice at
3.15 & 10 molecule cm

bution is neglected), it cannot provide a value corre-
sponding to the total scattering cross section (o r). In-
stead, it yields a total effective-scattering cross section
(err, tr) which differs from o.T only by the value of the
small-angle elastic SPUL component. In practice, this
latter occurs to be effectively transparent to the
electron-beam attenuation. As such, O. z,z is applicable
to various transport problems. For example, ~T,z can
be related to the elastic transmission through a slab of
matter (i.e., electron having undergone only elastic
scattering and so still available for energy-deposition
processes). This is readily achieved in the two-stream
approximation by solving the Eqs. (8) of I for the
transmitted current instead of the reflectivity. This
transport property when measured as function of the
film thickness constitutes the basis of the overlayer
method of AL measurements. ' Moreover, o.T,& is cen-
tral to the extraction of the cross sections per scatterer
for the major energy-loss processes. As will be shown in
a forthcoming paper, by using the two-stream model of
I to fit numerically the energy distribution of a HREEL
spectrum of a sufficiently thick film, the relative magni-
tude (i.e., with respect to O'T, s) of the cross sections can
be obtained. By resuming this analysis for several in-
cident energies and normalizing with o.T,&, the energy
dependence of the individual cross sections can be ob-
tained. Furthermore, o.T,& leads readily to the value of
the total inelastic-scattering cross section (cr r; ) which is
more relevant for the characterization of the energy
transferred by an electron to a medium. For amorphous
ice, we find that o.T,& is on the average 30% greater
than o T; in the 1 —20-eV energy range. Hence, the iso-
tropic (i.e., large-angle) component of the elastic-
scattering cross section can also be important for the
electron-beam attenuation in ice. However, this effect is
expected to be partially compensated in AL measure-
ments by elastic multiple scattering, as can be seen in
Eqs. (4) from the contribution of the factor 0. 8
((1—R „,)/(1+R „,) (0.9.

Comparisons of o.T,~ with other available data for ice
can only be made for the low and high end of our energy
range. At low energy, Bader et al. ' have proposed to
extract various SPUL values from a method based on a

¹ hannel analysis of HREEL data for a film at high
thickness combined with LEET measurements as a func-
tion of film thickness. They have obtained for similarly
grown film of amorphous ice an average total SPUL of
0.085 layer ' in the 0—3.2-eV range. This can be com-
pared to our total effective-scattering cross section or
corresponding SPUL values of 0.080, 0.059, and 0.047
layer ' at 1.2, 2.2, and 3.2 eV, respectively. As such, a
LEET measurement corresponds intuitively to the elec-
tron current collected by the metal substrate. This
transport property can be alternatively and better visual-
ized from the point of view of the electron current back-
scattered from the target and able to escape the
potential-barrier interface. In other words, a LEET
spectrum can be seen to result from the complement of
the total electron reIIectivity (i.e., angularly and energeti-
cally integrated) of the target. Thus, in order to describe
a LEET spectrum —for instance, in the two-stream
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TABLE I. Total effective crT,~ and total inelastic O. T; cross section per scatterer (10 ' cm ) with
the corresponding 1/a, q and 1/a; MFP values (A) for electron scattering in the low-density amor-
phous form of ice.

Electron energy
(eV)

1.2
2.2
3.2
4.2
5.2
6.2
7.2
8.2
9.2

10.2
11.2
12.2
13.2
14.2
15.2
16.2
17.2
18.2
19.2

1.40
1.03
0.83
0.96
1.02
1.02
1.23
1.18
0.98
0.82
0.83
0.90
1.03
1.18
1.19
1.05
1.17
0.97
0.90

22.7
30.8
38.2
33 ~ 1

31.1
31.1
25.8
26.9
32.4
38.7
38.2
35.3
30.8
26.9
26.7
30.2
27. 1

32.7
35 ~ 3

1.06
0.77
0.61
0.65
0.68
0.70
0.88
0.89
0.75
0.60
0.56
0.59
0.66
0.76
0.80
0.77
0.94
0.82
0.81

30.0
41.2
52.0
48.8
46.7
45.3
36.1

35.7
42.3
52.9
56.7
53.8
48. 1

41.8
39.7
41.2
33.8
38.7
39.2

Gas'

0.74
0.46
0.46
0.55
0.61
0.66
0.68
0.65
0.57

'The gas-phase values correspond to the sum of cross sections for the stretch and bending modes of
H20 taken from Seng and Linder (Ref. 22).

approximation —we need simultaneously the energy
dependence of the forward and backward components of
the cross sections for the major energy losses as well as
the potential-barrier transmission coefficient. Therefore,
a fit of LEET spectra as a function of the film thickness
becomes a multiple task and is particularly dependent on
the value chosen for the potential-barrier transmission
coefficient. Alternatively, the elastically backscattered
intensity ratio is almost independent from this latter
coefficient and leads more directly to O. T,&. Neverthe-
less, a good agreement between the measured and calcu-
lated LEET spectrum is needed a postiori to assess the
overall consistency of the parameters.

At higher energy, the only other avaiable data come
from the AL measurements of Kurtz et al. ,

' performed
in the 18—68-eV range for ice held at 90 K. They give
at 18 eV an AL of 18.2 A+35% which compares, within
experimental incertitudes, with our values 26 and 30.4
A+35/o at 17.2 and 18.2 eV, respectively. These latter
numbers differ from those in Table I, because the correc-
tion arising from the multiple-scattering factor in Eqs.
(4.1) was neglected in order to compare with values ex-
tracted from the overlayer method, where elastic multi-
ple scattering is not taken explicitly into account.

The most recent published gas-phase results on mea-
surements of the total cross section for electron-H&O
scattering which covers our energy range is that of
Szmytkowski. This work includes also comparisons
between recent and previous data in this field. Al-
though there is a certain discrepancy between the magni-
tude of the cross sections originating from various
sources, there is a good agreement with respect to their

general behavior. Total cross sections rise sharply below
3 eV and show a broad maximum around 9 eV. Howev-
er, the comparison between the total scattering cross sec-
tions measured in the gas and extracted in the solid
phase cannot be made too directly, because the various
nuclear and electronic excitation modes of an isolated
molecule are coupled in the condensed phase. For in-
stance, owing to the strong hydrogen bonding in con-
densed H20, the rotational and translational degrees of
freedom of the molecules become hindered, whereas the
intramolecular-vibrational modes are considerably per-
turbed. Furthermore, owing to the quantum properties
of the electron, cross sections for electron scattering in
solid, which are extracted from any classical analysis,
are subjected to include intrinsically correlation effects
related to the proximity of scattering sites. Hence, for
an amorphous solid an effective volume can be defined
whose linear dimension cannot be smaller than the elec-
tron wavelength, and beyond which a classical transport
equation is expected to work. This effective volume
should reduce to the size of a volume occupied by a mol-
ecule as in to the gas phase, only at sufFiciently high en-
ergy and for disordered medium.

Keeping in mind these concepts, we included in Table
I the sum of the intramolecular-vibrational cross sections
for electron-H20 scattering between 1.2 and 9.2 eV mea-
sured by Seng and Linder for comparison with AT;.
Although o.T; include additionally the cross sections for
electron-exciting hindered rotations and translations as
well as electronic states above 7.2 eV, our values com-
pare reasonably with those from the gas-phase data and
follow the same general trend. The features appearing in
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the o.T,& and o.T; curves of Fig. 4 can be better ana-
lyzed with the knowledge of the individual excitation
cross sections. These latters are obtained and discussed
at length in a forthcoming article. We summarize here
the key results for the sake of completeness. The
difference between o.T,& and o.T; is, according to Eq.
(4.2), the isotropic component of the elastic cross section
per scatterer (2Q„, In ). It is characterized by two broad
maxima located at 6 and 14.5 eV. These latter features
being correlated with two maxima in the structure factor
of amorphous ice suggest a priori that they could origi-
nate from interference effects. The rise at low energy in
o.T; is due to cross sections for electron-exciting hin-
dered translations and rotations and can be explained
by various direct scattering processes (i.e., electron-
dipole and electron-polarization interaction). The
feature around 7 eV in o T; originates mainly from the
sum of the cross sections for electron exciting the
stretching modes as well as the hindered translations and
rotations. These features are ascribed to the formation
of the molecular anion states B~, B2 (i.e., resonance
scattering) known to exist in this energy range from the
gas-phase data. ' ' Finally, the rise above 11 eV in
o.r; is attributed mainly to the total cross section for
excitation of various electronic processes and reaches
37% of o.T, at 17 eV. Although the uncertainty is
larger in this energy range, the two maxima which can
be observed around 15 and 17 eV could tentatively be
correlated with the features found in vacuum-ultraviolet
absorption spectra of ice around 14.5 and 17.5 eV, re-
spectively. This latter feature is associated with elec-
tronic transition of intramolecular type whereas the
former seems to be due to electronic transitions sensitive
.to the crystalline field.

APPENDIX: RELATION
BETWEEN THE TRANSMITTED

AND BACKSCATTERED INTENSITIES

Io =Is+ f f f J(E,O, &)dE sinOdOd&,
0 77/2 0

(A 1)

The integration limits are between threshold and the in-
cident energy E0 and for the half-angular space. Per-
forming the integration on the energy (Al) becomes

Io Is+ f ——f J(8,$) isnOdOdg,
0 ~/2

(A2)

where J(0,$) corresponds to the di6'erential backscat-
tered current. The angular distribution of this latter can
be expressed relative to a particular direction 8&, P~ as

J(0,$)=J(O~, Pp )+J'(0 —0~, $ —
P~ )

J'(0 —0~, P (b~ )—=J(0„$,) 1+ (A3)

where J'(0 —Oz, g —P ) is the variation of the backscat-
tered current expressed relative to the value J(0~,$& ).

Once (A3) is inserted in (A2) and the angular integra-
tion carried out, it yields

Jr(0~, $~ )Io=Is+ J(Op, gp) 4'+ (A4)

Consider an incident electron current I0 impinging on
a film at angles Oo, go with respect to the inward normal
of the surface. By conservation of currents, we have be-
tween the transmitted current I& and the backscattered
current per unit solid angle and per unit energy range
J(E,O, Q) the relation

VI. SUMMARY

We have shown that the multiple-scattering theory
previously elaborated" could yield under certain approx-
imations a formula relating a total effective-scattering
cross section o.z,z to the thickness dependence of the
elastic electron reAectivity of a film condensed on a sub-
strate. This cross section is the sum of the large-angle
elastic- and of all inelastic-scattering cross sections o.T;.
The ability of this formula to retrieve fundamental
scattering parameters was first tested in a Monte Carlo
simulation. Afterwards, the experimental conditions un-
der which this prescription applies were found for elec-
tron scattering from condensed H20, and the associated
total cross sections were obtained at 1 eV intervals be-
tween 1 —20 eV of incident energy. The extracted o.T,&,
o.T; and corresponding MFP are listed in Table I. The
overall accuracy is +35% of the quoted numbers.
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Io Is+J(0~,$~ )[4——~+a(Op, gp )] . (AS)

The evaluation of this equation for J(0&,gz )=0 provides
Iz ——I0, while for Iz ——0 it yields

J(Op, gp ) =Io l[47r+a(0~, $~ )]=Io ~ .

This latter relation allows (AS) to be written in the form

Is J(0~, (b~ )1=
I0 I0

(A6)

where I0 p is defined as an effective incident current par-
ticular to the measurement of the backscattered current
in the direction Oz, g~. For an isotropic angular distri-
bution I0 p is given by I0/4m as expected. If in order to
comply with the experimental configuration, the angle of

where

JT(8~,$~):—f f J'(0 —O~, P —P~) sinOdOdg .
0 ~/2

If JT(8&,gz ) is proportional to J(0&,gz ), i.e.,

JT(0,$ )iJ(8,$ ):—a(0,$ ),
or in other words if the angular distribution is indepen-
dent of the intensity of J(8&,P~), then (A4) can be con-
sidered as a linear equation
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analysis is fixed in the azimuthal plane of the incident
beam (i.e., (b~ =(bo), and is redefined with respect to the
outward normal of the film with Od ——m —0~, then (A6)
can be rewritten finally as

Is J(gd )1=
Io Io d

(A7)
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