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Fast proton-induced electron emission from rare-gas solids and electrostatic charging effects

R. A. Baragiola, M. Shi, R. A. Vidal, and C. A. Dukes
Laboratory for Atomic and Surface Physics, Engineering Physics, University of Virginia, Charlottesville, Virginia 22901

~Received 3 April 1998!

We have studied electron emission from solid Ar, Kr, and Xe films induced by impact of 10–100 keV
protons at normal incidence. Electron yields were measured as a function of applied anode voltage and film
thickness from 200 to 7000 Å. The observed electron yields are huge—hundreds of electrons per incident ion:
higher, per amount of electronic energy deposited, than for any other material studied so far. We extend an
electron emission model, developed for metals, to the case of insulators, and obtain electron escape depths of
hundreds of nm when fitted to the dependence of electron yield on target thickness. The experiments, espe-
cially those with Ar and Kr, are not well described by the model. The reason is the presence of strong electric
fields produced by charged traps in the films which, together with a low surface barrier~absence in the case of
Ar! ease the extraction of electrons from the films at sufficiently high anode voltages. A hysteresis in the
electron currents as a function of anode voltage is also attributed to macroscopic charging of the films. The
electrostatic surface potential of the films during ion bombardment is derived by comparing the dependence of
the electron emission current with anode voltage to results of computer simulations of electron trajectories near
the sample.@S0163-1829~98!07940-5#
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I. INTRODUCTION

Electron emission from insulators under light ion bom
bardment has been investigated far less than for metals
mainly to problems of sample preparation and electric cha
ing during bombardment. The electron emission yield~num-
ber of electrons emitted per incident particle! induced by
energeticelectrons or photonsis up to about an order o
magnitude larger for insulators than for other materials;1–3

this has favored the use of oxide surfaces for electron m
tipliers. Large electron yields have been attributed to lar
electron escape depths and lower surface barriers in ins
tors. The effect of the band gapEg of insulators and semi
conductors on electron emission has been discussed by G
and Bastawros4 using a model5 to analyze electron impac
experiments. They found that for semiconductors the e
tron yields do not vary withEg , while for insulators the
yields first increase withEg , pass through a maximum a
Eg;7 eV, and then decrease withEg . This dependence ca
be understood to result from competing processes: a l
band gap gives a low probability for energy loss by seco
ary electrons and hence large escape depths but req
more projectile energy transfer to excite the electrons.

Electron emission from some insulators bombarded w
protons and other ions has been measured as well.6–11 In
general, the phenomenon shows similar characteristic
photoelectron or secondary electron emission.12 However,
fast ions can produce a high density of ionizations in
solid along their penetration path~track!.13 Different studies
on ion-bombarded polymers,14 silicon oxide,9 and water ice11

have shown that unbalanced holes in the ionization tr
during electron emission can produce an electrical poten
that acts to oppose electrons leaving the solid. This can
viewed as the effect of a local charging of the material
each individual ion track. An additional, macroscopic, cha
ing that also acts to hinder electron emission results from
cumulative effect of many projectiles producing relative
PRB 580163-1829/98/58~19!/13212~7!/$15.00
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long-lived and localized~trapped! charges. Effects of charg
ing on electron emission from rare-gas solids have been s
under x-ray15 and VUV irradiation.16,17

Current theories of ion-induced electron emission ha
been covered in several review articles;12–23 they do not in-
clude ionization track effects and rarely address in any de
other issues particular to insulators.22 The scarcity of experi-
mental data and the complexity of the physical proces
involved have prevented the development of a compreh
sive theoretical picture. This prompted our current stud
aimed at identifying the main physical mechanisms acting
electron emission. Here we have chosen the rare-gas s
Ar, Kr, and Xe as target materials because they present
eral advantages. Their electronic states are well known
their band gap is high, so thermal effects can be neglec
Since they are inert, chemical alteration during bombardm
is ruled out. Also, the fact that they are weakly bound allo
their description as condensed gases and the applicatio
extant knowledge of gas-phase collision processes. Elec
emission from films of rare-gas solids has been studied
Gullikson and Henke for the case of dilute ionizations p
duced by high-energy x rays15,24 and positrons,25 and ana-
lyzed without consideration of the presence of holes or
image potentials they create near an interface.

Below we present measurements of electron yields fr
thin films of Ar, Kr, and Xe under bombardment by proto
at normal incidence, as a function of projectile energy in
range 10–100 keV, applied anode voltage, and film thi
ness. We then discuss a model for electron emission, elec
escape, and surface charging.

II. EXPERIMENTS

The apparatus for measuring electron emission has b
described by Shiet al.11 The experiments were made in a
ultrahigh vacuum chamber~base pressure in the 10210 Torr
range! connected to the University of Virginia 120 kV heav
13 212 ©1998 The American Physical Society
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ion accelerator. Research grade gases (purity.99.997%)
were condensed onto the gold electrode of a quartz cry
microbalance,26 cooled by a closed-cycle refrigerator. Th
polycrystalline gold substrate was cleaned by sputtering w
5 keV Ar ions; the cleanliness was verified by measuring
electron yield using protons and comparing with previo
results.1 A clean substrate is important since it has been
served that insulating layers~e.g., an interface oxide! can
decrease the electron emission yields from rare gas film27

possibly because hole neutralization is hindered at the
strate. The films, which are expected to be polycrystallin28

were grown right after cleaning the substrate; growth te
peratures were 20 K for Ar and 24 K for Kr and Xe. The io
beam, collimated by a 5-mm-diam aperture, was incid
normal to the surface of the films; ion current densities w
between 40 and 300 nA/cm2. Irradiation fluences were kep
below 1015 ions/cm2 low to avoid significant changes in film
thickness due to sputtering and trapping of scattered pro
in the films.

A cylindrical aluminum anode that also acts as a h
shield surrounds the sample. The electron emission cur
was obtained from the change in the target current when
anode was biased positively. The electron yields are t
simply the ratio of the electron to ion currents.

III. RESULTS

A. I -V characteristics

For the three rare-gas solids, the electron yields are h
more than two orders of magnitude larger than what can
obtained from clean metal samples. Figure 1 shows theI -Va
characteristics~electron emission currentI versus applied an
ode voltageVa! for the case of Ar films bombarded by 55
keV protons. The measurements were made by scanninVa
up and down at a rate of 38 V/s and are consistent w
previous measurements.8 With increasingVa the electron
emission current reaches a saturation value, but only
thin films as observed previously using phot
excitation.16,17,29,30In contrast with theI -Va characteristics
of the bare gold substrate, which saturates at a few volts
I -Va curves for the condensed films saturate at relativ
high voltages, for instance, approximately 50 V for a 600

FIG. 1. I -Va characteristic for electron emission from Ar film
of different thickness under bombardment with 55-keV protons
normal incidence. The arrows indicate the direction in which
anode voltage is scanned. The proton current is 18 nA.
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argon film. The need for a higher saturation voltage indica
that the films charge up to a positive potential during el
tron emission. For a 3000-Å Ar film, the electron emissi
current grows slower withVa ; saturation is achieved at
few hundred volts, indicating a larger positive film potenti
For a 6000-Å film, the electron emission current increa
fast below 50 V and then grows steadily without showi
any saturation. Higher anode voltages produce dielec
breakdown in the film, as previously reported.8

In the case of Kr and Xe, we always observed a satura
behavior of theI -Va curves up to the largest thickness trie
;7 000 Å. We have not observed breakdown for these
gets. Figures 2 and 3 showI -Va curves for 55-keV protons
incident on Kr and Xe films of different thicknesses. Th
electron emission currents begin to saturate whenVa is be-
tween 40 and 80 V. The voltage at the knee of theI -Va curve
increases with film thickness and is larger for Kr than for X
For these films, a slight slope of theI -Va curves is observed
at largeVa . For all the condensed films we find that th
electron emission currents are substantial forVa50 and that
the I -Va curves have hysteresis; the curve measured w
increasingVa lies below that obtained with decreasingVa .
This effect is reversible since theI -V curves are reproduce
over several cycles. The origin of the hysteresis effect, a
reported previously for Ar films,8,31 is attributed to macro-
scopic charging and will be discussed below. The area of
hysteresis loop increases with the speed at whichVa is
scanned and decreases with increasing ion beam curren

t
e

FIG. 2. Same as Fig. 1 but for Kr films. The proton current is
nA for the 2000-Å Kr film and 14 nA for the 5000-Å Kr film.

FIG. 3. Same as Fig. 1 but for Xe films. The proton current
18 nA.
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An interesting observation in the case of Ar, but not Kr
Xe, films is that the electron yields were;20% lower for
films grown at a low rate,;1.5 Å/s, compared to typica
rates of>10 Å/s. The lower yields are attributed to an e
hanced formation of voids32,33 in the Ar films during slower
growth; these voids can act as electron traps due to the n
tive electron affinity of solid Ar.34 Since it is possible tha
electrons may be trapped in defects such as vacancies cr
by the ion beam we searched for a possible effect of irra
tion fluence~exposure! on the yields. We saw no fluenc
dependence for fluences up to 2.531015 ions/cm2, in con-
trast with the complex behavior seen for x-ray irradiation
Xe by Gullikson and Henke,15 which may be related to con
tamination from background gases in their moderate vacu
(1027 Torr).

B. Film thickness dependence of electron yields

In Figs. 4–6 we present the electron yields for 33-k
proton impact, obtained from the saturation values of
anode currents, as a function of the film thickness. The c
tribution of electron emission from the substrate to the to
emission current can be neglected except for very sm
thicknesses since the electron yields for protons on gold1 are
smaller than 2.5. As mentioned above, for Ar films thick
than 4000 Å it was not possible to achieve saturation in
electron emission current even using the maximum an
voltage~1000 V! allowed by our experimental setup.

FIG. 4. Electron yields and ratio of electron yields to the nu
ber of electron-hole pairs in the film vs film thickness for the bo
bardment of Ar films at 20 K with 33-keV protons at normal inc
dence. The solid line in the lower panel is a fit to Eq.~2! ~see text!;
d, electron yield for fast film grow rate and—fit;s, electron yield
for slow film grow rate. The dashed line is the calculated numbe
electron-hole pairs. The line in the upper panel is to guide the e
and has no other meaning.
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IV. DISCUSSION

To analyze the results we start with the standard elec
emission theory1 generalized to include insulators. A ligh
ion penetrating an insulator film loses energy mainly by el
tronic excitations and by generating electron-hole pairs al
its track. These pairs are produced very fast, in times of
order of 10216– 10214 s after the passage of the projectile,
a result of ionizations produced directly by the ions, Aug
decay of inner-shell vacancies, and ionizations created

-
-

f
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FIG. 5. Same as Fig. 4 but for Kr films at 24 K.

FIG. 6. Same as Fig. 4 but for Xe films at 24 K.
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fast secondary electrons in a cascade of collisions.35 A small
fraction of electrons will be ejected into vacuum or inject
into the substrate before this ionization cascade is over. A
the kinetic energy of the electrons falls belowEg further
ionization is not possible. The total number of electron-h
pairs produced,n, can be estimated by integratingDe(z), the
electronic deposited energy per unit depthz over the thick-
ness of the film,d:

n5E
0

d De~z!

w
dz, ~1!

wherew is the differential energy required for the productio
of a free electron-hole pair in the solid.36 After ionization is
complete, electrons and holes will drift inside the film su
ject to scattering by the lattice atoms, and electric fields
to the ionization track, image charges induced in the s
strate, and the externally applied anode potential. Electr
will lose energy as a result of excitations until their kine
energy falls below the excitonic band gap, and then v
slowly as a result of phonon excitation. If the electrons rea
the surface with energy above the vacuum level, they ma
emitted into vacuum. The number of electrons arriving at
surface with energies exceeding the vacuum level will
attenuated as some of them fall below this energy due
collisions. Excited electrons eventually slow down to th
mal energies and recombine with holes, become trappe
defects inside the film or go to the substrate. If the solid
negative electron affinity, such as Ar, even thermalized e
trons can escape the solid into vacuum if their accompany
holes are neutralized at the substrate.

A. Case of weak internal electric fields: exponential
electron attenuation

So far, the effect of electron attenuation on electron em
sion from insulators has been considered in the case of d
ionizations caused by low fluences of x rays or electrons

FIG. 7. Contours of electrostatic potential in volts and so
representative trajectories of electrons emitted from the film at
dom points of ion impact, angles of emission, and electron ener
in the range 5–10 eV. For the simulation, the beam spot is at 8
the substrate at 0 V, and the anode at 320 V. The ion beam co
from the right. The thickness of the film is exaggerated for clar
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such cases where electrostatic forces due to holes ca
neglected, an exponential lawe2z/L can model the fraction
of electrons surviving attenuation, whereL is called the elec-
tron escape depth. In this approximation, the electron yielg
is given by1

g5P fE
0

d De~z!

w
e2z/Ldz, ~2!

wheref is the fraction of the electrons that travel towards t
surface, andP is the probability that an electron that reach
the surface is transmitted into vacuum. For isotropic elect
cascades in a planar geometry,f 50.5, but since the primary
ionizations eject electrons predominantly in the forward
rection, f ,0.5.37–40 The quantitiesP andL should be inter-
preted as averages over the electron energy distribution.

In the case of metals or semiconductors,L is very small,
5–15 Å,23 due to strong inelastic scattering with valen
electrons. Over this short distance, we can approxim
De(z)'S05dE(E0)/dx, the electronic stopping powe
taken at the incident energyE0 , wherex is the distance along
the path of the ion. Figures 4–6 already suggest that
electron escape depths are of the order of thousands of Å
the rare gas solids. Since protons in our energy range s
down significantly over those distances we do not assu
that De(z) is constant but rather evaluate it accurately us
theTRIM Monte Carlo simulation code.41 This program takes
into account projectile slowing down and scattering duri
penetration and the effect of projectile reflection from t
substrate. For the simulations,TRIM uses a fit ofS0 to ex-
perimental data on gas targets assuming thatS0 is propor-
tional to E1/2 in the limit of low energies. In the absence o
data for solids, the use ofS0 for gases is justified since th
energy levels are only slightly modified for the rare gas
used in this work. The values obtained byTRIM for De(z) are
adjusted so thatDe(0) equals the value ofS0 measured in
low-energy experiments.42 Based on experiments and sim
lations on gases36 and solid Ar,43 we takew'W, the average
energy for the production of an electron-hole pair. This a
proximation should be good for proton energies down
about 1 keV; at lower values, energy loss due to elastic c
lisions with target atoms becomes a sizable fraction~.10%!
of the inelastic energy loss. We use the compiled values oW
~Ref. 44! listed in Table I.

In Figs. 4–6 we show the ratio between experimen
electron yieldsg and electron-hole pairsn, calculated with
Eq. ~1!. We fit our experimental electron yields with Eq.~2!
to obtain values for the electron escape depthL and the prod-
uct Pf, which are shown in Table I together with values

e
n-
es

,
es
.

TABLE I. Electron affinityU ~Ref. 44!, mean energy to produce
an electron-hole pair~Ref. 44!, W, electron escape depthsL and
fraction of emitted electronsPf for rare-gas solids bombarded b
33-keV protons. Only in the case of Xe is the attenuation rep
sented closely by an exponential function with a decay constanL.

Target U ~eV! W ~eV! L ~mm! Pf

Ar 20.3 2761 0.2460.02 1.0
Kr 0.3 2561 0.1960.04 0.83
Xe 0.4 2461 0.1860.02 0.70
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the surface barrierU ~electron affinity!. The values ofL,
around 0.2mm, can be compared withL50.1– 0.4mm re-
ported for the transmission of&3 eV electrons through films
of rare gas solids,44 and the values of 0.45mm for Ar and
0.23 mm for Xe obtained by modeling x-ray photoelectro
emission experiments.45 Since Ar has a negative electron a
finity, a finite attenuation length cannot result from electr
energy loss; i.e., even electrons at the bottom of the cond
tion band can leave the solid. Therefore, attenuation ha
be due to recombination with holes or trapping. Possi
traps are vacancy clusters or voids that trap electrons bec
of the negative electron affinity, or impurities that captu
electrons to form negative ions.

Although the values of the attenuation lengths are of
order of those reported for experiments using low fluence
weakly ionizing electrons or x rays,15 the fits cannot be con
sidered satisfactory. This is because the fitted values oPf
are larger than 0.5, the value to which they are bound in
model ~P<1 and f <0.5!. Values of f .0.5 have been no
ticed by Schwentner in photoemission experiments;17 he
concluded that they are due to the additional electron em
sion produced at the substrate. However, we observf
.0.5 for energetic ion impact, where electron emission fr
the substrate is negligible compared with that from the b
of the film. We therefore propose that the anisotropy is re
there are more electrons in the film traveling towards
surface than towards the substrate. Such an anisotropy ca
produced by an electric field inside the film, like the intern
fields larger than 1 kV/cm inferred by Grosjean, Baragio
and Brown31 to occur in MeV ion bombardment of thin
~;1000 Å! Ar films with positive anode voltages. We no
that fields above 10 kV/cm saturate the drift velocity of ele
trons in the rare-gas solids46 and even higher fields47 are
needed to prevent the recombination of electron-hole pair
the values ofSe pertinent to this work.

B. Case of strong electric fields and electrostatic charging

To estimate the internal fields in the films, we model t
I -Va curves calculating the electrostatic potential and el
tron trajectories in the region surrounding the target using
three-dimensional finite element programSIMION.48 In the
simulation, electrons of randomly chosen energies in
range 5–10 eV start in vacuum from the ion beam spo
random positions and angles randomly chosen within a
sine distribution with respect to the surface normal. Keep
the substrate and the target block at ground potential,
beam spot voltageVs is varied for different values of the
~positive! anode voltageVa and the fraction of the electron
reaching the anode is recorded. Not all electrons emi
from the film reach the anode, even ifVs,Va since a poten-
tial barrier can result in front of the film due to the closene
to the grounded substrate~see Fig. 7!. This condition is not
unique to our setup but is typical of experiments of parti
irradiation of insulators.

We obtained a set of surface potentials that would m
the fraction of electrons reaching the anode equal to the m
suredga /gs where ga is the measured electron yield at
given Va , averaged between increasing and decreasingVa
andgs is the saturation yield at highVa . Figure 8 shows the
thickness dependence of the surface potential of Ar films
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g/gs50.84, a condition close to saturation. The surface
tential is seen to grow quadratically with film thickness. T
results are quite consistent with those found for much thin
films during photon irradiation of thin films16,17 and calcu-
lated from the shifts in photoelectron energies. The surf
potentials for 2000–6000 Å Kr and Xe films are 10–15
and therefore quite sensitive to the assumed initial energ
the emitted electrons.

In the current and previous experiments, the nature of
charge has not been identified; it may be located for insta
at ionized impurities or at host ions trapped at defect si
We can calculate the magnitude of this trapped posit
charge from the surface potential in two simple cases:~a! a
uniform distribution of charges at the surface with areal d
sity s in q/cm2, whereq is the elementary charge, and~b! a
uniform charge distribution in the volume with densityr
(q/cm3). Case~a! is that of a plane electrostatic capacito
the potential inside the film as a function of distance from
substratez is given by

V~z!5sz/~««0!, ~3!

where« is the static dielectric constant of the rare-gas so
1.56, 1.78, and 1.98 for Ar, Kr, and Xe, respectively,49

and «0 is the permittivity of vacuum, 8.854
310214 C V21 cm21. The surface potentialVs in volts, for a
film of thicknessd in cm is given by

Vs51.8131026sd/«. ~4!

The amount of surface charge density that can be susta
may be limited to a value,Vs,max'107 d, that produces an
electric field of;10 MV/cm where a significant field elec

FIG. 8. Potential at the beam spot for an electron emission
rent 84% of the saturation value, for 33-keV protons on solid Ar
a function of film thickness~d!. Also shown are values derive
from the photoemission peak shifts measured by Schwentneret al.
~Ref. 16! during x-ray irradiation of thin Ar films~s!. The voltage
scale is logarithmic in the top graph and linear in the lower gra
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tron emission current will be drawn from the met
substrate.50 Part of the field emitted electron current will re
combine with the surface charge self-limiting it. The value
Vs,max implies s&1013 q/cm2. We note that the potential
Vs determined in this study are always belowVs,max.

In case~b!, the potential inside the film is given by

V~z!5rz~d2z/2!/~««0!, ~5!

wherer is the charge density trapped in the volume. Th
the surface potential increases quadratically with the th
ness of the film:

Vs50.931026rd2/«. ~6!

In this case the electric field is not constant inside the fi
but decreases linearly from a maximum value ofEmax
5rd/(««0) at the substrate. The same argument about fi
emission can be applied here, givingVs,max'53106d and
r&1013/d. Thus the quadratic growth of the surface pote
tial with d should eventually slow down at large thickness
limited by field emission from the substrate.

The surface potential of Ar shown in Fig. 8 can be fitt
to the expression Vs5(1.060.1)3106d1(4.660.3)
31010d2. The two terms correspond to the superposition
effects produced by a surface charges5931011 q/cm2 ~lin-
ear term! and a bulk charge densityr5831016 q/cm3 ~qua-
dratic term!. The value ofs corresponds to a concentratio
of ;0.001 holes per surface atom whereas the value or
represents a volume concentration of;331026 holes per
Ar atom. This value may be a result of an impurity content
this magnitude but the consistency of the surface poten
with those derived from the experiments of Schwentne17

made under different conditions, suggest that intrinsic tr
may be responsible for the charging behavior. The intrin
holes~Ar1 and Ar2

1! cannot, however, be responsible for th
behavior since, as we show below, their equilibrium conc
tration is too small. As an upper limit, neglecting recom
nation, the equilibrium hole concentration is given byp
5Jnt/d51/2Jn/u, whereJ is the beam current density,t
the mean hole lifetime~transit time to the substrate! and u
the mean hole velocity in the film. Using the low hole m
bility of Ar 2

1 , m50.02 cm2 s21 V21,44 an electric field of
106 V/cm, we obtain hole lifetimest of the order of ns, and
concentrations of only;108/cm3 at the current densitie
used. This value is nine orders of magnitude lower than
of r given above. This points to the need to postulate de
relatively immobile traps with lifetimes of the order of se
onds, the delay time seen in the hysteresis behavior, to
plain macroscopic charging.

The fact that the value of the surface charging does
depend on ion beam current over a range of 0.1–10
shows that the rate of decay of the traps depends on cu
as is the case for the ionization rate. This can be unders
if the lifetime of a trap during irradiation is mainly limited b
the availability of electrons that can neutralize it, rather th
by drift to the substrate.

The surface potential will then have two effects. On o
hand, it will enhance electron emission by causing a lar
fraction of the electrons liberated inside the film to reach
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surface and by pushing mobile holes into the substrate.
the other hand, the potential will hinder emission~unless the
external field is high enough! by causing a potential barrie
in front of the surface. The fact that charging increases
yields at anode voltages insufficient to cause satura
shows that the predominant effect of the resulting elec
field is to induce anisotropy in the electron flux inside t
film, with more electrons moving towards the surface th
towards the substrate. A secondary effect of the internal e
tric field is to heat up the electrons so that they can m
easily surmount the surface barrier. This is a likely expla
tion for the small slope of theI -V curves at high anode
voltages for Kr and Xe, which have a positive surface b
rier. We expect that the recombination of electrons and
trinsic holes is not important in these materials because
electron that is slow enough to recombine is also below
vacuum level and not able to escape into vacuum. In the c
of Ar, however, where even thermalized electrons may
cape due to the negative electron affinity, recombinat
competes with electron emission.

V. CONCLUSIONS

Ion-induced electron yields from Ar, Kr, and Xe ice film
bombarded by keV protons depend on film thickness and
very large~several hundred/proton! for thick films ~.4000
Å!. This is partly due to long electron escape depths and
surface barriers in rare-gas solids. TheI -Va collection curves
show saturation for anode voltages in the films for Kr and
films and thin Ar films, but not for thick Ar films. A simple
model, a straightforward extension of models origina
made for metals, gives electron escape depths of tenth
microns when fit to experiments. However the collection
more than 50% of excited electrons for Kr films and ne
100% for thin Ar films, indicate the existence of a larg
internal electric field that drives the electrons to the surfa
We associate this field to the presence of charged traps in
film which lead also to a high surface potential, responsi
for the large anode voltages needed to saturate the emis
current. Modeling theI -V curves allows deriving the surfac
potential, which is found to increase with film thicknes
This variation is consistent with the existence of surface a
bulk densities of traps that do not depend strongly on fi
thickness.

In the case of thin Ar films, the nearly complete collectio
at the anode of the electrons freed in the bulk is made p
sible both by the negative electron affinity of the surface a
by the high internal electric field that separates the electr
hole pairs preventing recombination. For thick Ar targets,
electric field leads to dielectric breakdown.
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